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Cell surface hydrophobicity (CSH) of Candida species enhances virulence by promoting adhesion to host
tissues. Biochemical analysis of yeast cell walls has demonstrated that the most significant differences between
hydrophobic and hydrophilic yeasts are found in the acid-labile fraction of Candida albicans phosphomanno-
protein, suggesting that this fraction is important in the regulation of the CSH phenotype. The acid-labile
fraction of C. albicans is unique among fungi, in that it is composed of an extended polymer of �-1,2-mannose
linked to the acid-stable region of the N-glycan by a phosphodiester bond. C. albicans serotype A and B strains
both contain a �-1,2-mannose acid-labile moiety, but only serotype A strains contain additional �-1,2-mannose
in the acid-stable region. A knockout of the C. albicans homolog of the Saccharomyces cerevisiae MNN4 gene was
generated in two serotype B C. albicans patient isolates by using homologous gene replacement techniques, with
the anticipation that they would be deficient in the acid-labile fraction and, therefore, demonstrate perturbed
CSH. The resulting mnn4�-deficient derivative has no detectable phosphate-linked �-1,2-mannose in its cell
wall, and hydrophobicity is increased significantly under conditions that promote the hydrophilic phenotype.
The mnn4� mutant also demonstrates an unanticipated perturbation in the acid-stable mannan fraction. The
present study reports the first genetic knockout constructed in a serotype B C. albicans strain and represents
an important step for dissecting the regulation of CSH.

The modification of proteins by carbohydrate is conserved
throughout eukaryotic species. The stepwise addition of car-
bohydrate to nascent proteins occurs shortly after transloca-
tion of the polypeptide into the endoplasmic reticulum, and
posttranslational glycosylation is limited to a subset of total
cellular proteins that transit through the secretory pathway.
Core carbohydrate addition to specific amino acid residues is
essentially identical in all eukaryotes. However, the maturation
of glycans is variable between species and can vary between cell
types in a single organism. The addition of glycan to a protein
plays various functional roles for the protein and increases the
apparent molecular mass of the protein. The dissection of
carbohydrate maturation pathways has been accomplished by
the parallel use of biochemical analysis of glycosylation in
many cell types and the identification of microbial mutants
defective in carbohydrate addition.

The cell walls of fungi are composed of highly branched
polymers of glycan with embedded, highly glycosylated pro-
teins and serve an essential role in maintaining the structural
integrity of the cell (46). The addition of glycans to cell wall
glycoproteins in the budding yeast Saccharomyces cerevisiae
has been elucidated by the identification of a panel of viable
loss-of-function mutants at various points in the pathway (see,
e.g., references 3–7, 20, and 45), and the basic enzymology of
carbohydrate addition is essentially conserved between species.
Glycoproteins isolated from these mutants are smaller in mass
than those observed from the wild-type parent strain, due to
the decreased amount of carbohydrate. Glycosylation in all

eukaryotes can occur via the addition of carbohydrate to either
asparagine residues (N-linked) or to serine or threonine resi-
dues (O-linked). Eukaryotic N-linked glycosylation core carbo-
hydrate addition occurs by the transfer of a branched 9-man-
nose–3-glucose structure to select asparagine residues on the
polypeptide backbone by means of the oligosaccharyltrans-
ferase complex shortly after the protein enters the lumen of the
endoplasmic reticulum (reviewed in reference 8). This core
group is then modified and extended in yeast by the addition of
a long chain of �-1,6-mannose by proteins coded by OCH1,
MNN9, MNN10, VAN1, and others (reviewed in reference 13).
This outer chain is subsequently modified by the addition of
�-1,2-linked mannose side branches, via the action of MNN2,
MNN5, and KTR1 through KTR3 (13). These side branches are
terminated by an �-1,3-mannose unit, attached by Mnn1p.
Mannosylphosphate is added to a subset of the side branches
by the action of the MNN4 and MNN6 genes, which has the
functional effect of contributing a net negative charge to the
cell wall. Phenotypically, the ability of the cell wall to bind the
cationic dye Alcian blue can differentiate between strains con-
taining mannosylphosphate and those that do not contain the
structure (6, 17). The mannosylphosphate is further modified
by the addition of a variable number of mannose residues.
These resides are termed the acid-labile region, due to the mild
acid sensitivity of the phosphodiester bond linking them to the
remainder of the glycoprotein.

The relationship between the MNN4 and MNN6 genes is
complex and not yet resolved. The initial genetic description of
the S. cerevisiae mnn4-1 allele (6) indicated that this mutant
operated in a dominant-negative manner relative to the wild-
type locus in heterozygous strains, and this conclusion was
further confirmed by complete deletion of the MNN4 gene
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(41). A closely related gene sequence (YJR061w) does not
complement the mnn4� defect, and deletion of that gene does
not result in the loss of the ability of the strain to bind the
Alcian blue (32). Sequence analysis of the MNN4 gene product
did not indicate an obvious role of the protein in manno-
sylphosphate transfer but suggested a role in regulating the
activity of MNN6 (42). The MNN6 gene product in S. cerevisiae
shares significant structural similarity with the KRE2/MNT1
family of mannosyltransferases, and deletion of that gene is
recessive (56). Jigami and Odani (32) have proposed on the
basis of this relationship that Mnn4p acts as a positive regula-
tor of Mnn6p mannosylphosphate transfer in a dose-depen-
dent manner with an unidentified negative regulator of trans-
ferase activity. In vitro demonstration of this model has not
been accomplished. Functionally, null mutants of the mnn4
and mnn6 genes present essentially the same phenotype, re-
sulting in complete loss of detectable cell wall phosphate de-
tected by Alcian blue binding.

The cell wall of the commensal pathogen Candida albicans is
biochemically similar to that of S. cerevisiae, and sequencing of
the C. albicans genome has readily identified gene homologs in
many of the carbohydrate maturation pathways that have pre-
viously been described in S. cerevisiae. A modification unique
to C. albicans is the stepwise addition of �-1,2-mannose poly-
mers to the mannosylphosphate that is added in S. cerevisiae by
the MNN4 and MNN6 genes. The biosynthetic and genetic
basis for �-1,2-mannose addition has not been described, al-
though it is presumed to be the result of two or more enzymes.
This conclusion is based on the observations of Suzuki and
coworkers, who have identified enzymatic activities responsible
for in vitro �-mannosyltransferase activities that vary in their
substrate specificity (54).

Clinical isolates of C. albicans can be broadly differentiated
into two serotypes, originally described by Hasenclever and
Mitchell (23), based on their immunoreactivity with specific
agglutinating sera (Candida Check; Iatron Laboratories). The
individual differences between serotypes can be traced to dif-
ferences in their cell wall glycoproteins. Specifically, �-1,2-
mannose is found in both the acid-stable and acid-labile region
of serotype A strains, whereas it is only in the acid-labile region
of serotype B strains (Fig. 1). Suzuki et al. have speculated (54)
that the lack of �-1,2-mannose in the acid-stable region in
serotype B strains is the result of a mutational event affecting
one of the enzymes responsible for �-1,2-mannose addition.

Recently, a homolog of the C. albicans MNN4 gene has been
described (29), and elimination of that gene in the standard
strain (strain CAI4 [16]) for knockout generation results in a
derivative that is negative for cell wall mannosylphosphate
addition and does not have an acid-labile mannan fraction.
Strain CAI4 is derived from a serotype A isolate and, as a
result, still contains �-1,2-mannose in its acid-stable region.
The C. albicans MNN4 gene is one of a family of related gene
products in this fungal species that can be identified by com-
puter analysis of the C. albicans genome, and the contribution
of the rest of the members of the family to mannosylphosphate
addition is not known.

As part of our ongoing studies of cell surface hydrophobicity
(CSH) as a virulence contributor of C. albicans, we described
variations in the acid-labile region of serotype B clinical iso-
lates and their correlation with CSH (36, 37). Specifically,

acid-labile mannan lengths in phenotypically hydrophobic cells
are generally longer than in hydrophilic cells. Acid-stable man-
nan is comparable in structure in hydrophobic and hydrophilic
cell populations, suggesting the hypothesis that regulation of a
single modification is able to affect cell wall ultrastructure and
surface hydrophobic characteristics (35). Because serotype A
strains still contain readily detectable amounts of �-1,2-man-
nose in their acid-stable regions, we have constructed a dele-
tion derivative of the MNN4 gene in two serotype B strains by
using a standard homologous recombination approach for
gene targeting in order to test the hypothesis that the �-1,2-
mannose structure directly affects CSH. The consequences of
this knockout on adhesion and pathogenesis were also as-
sessed.

MATERIALS AND METHODS

Strains and growth. Strains used in this study are summarized in Table 1. The
mnn4�/mnn4� derivative of CAI4, designated CDH5, was kindly provided by N.
Gow and R. Hobson (Aberdeen University). The mnn9�/mnn9� derivative of
CAI4, designated SS-19, was obtained from C. Specht (Boston University). The
mnn9 deletion derivative contains a significant N-glycan defect and only adds the
core glycan to proteins; it does not add mannosylphosphate. CAI4 and serotype
B strains LGH1095 (ATCC MYA-2719 and A9 [57]) were used for the gener-
ation of knockout derivatives and were grown in phosphate-buffered 0.67% yeast
nitrogen base (Difco)–2% glucose (YNB2G) medium at either 25 or 37°C to
early stationary phase as described (28). Strains with a ura� phenotype were
grown in medium containing 1% yeast extract, 2% peptone, and 2% dextrose. All
strains were maintained as frozen stocks (�80°C) in 100 mM sucrose–2 mM
ZnSO4 (25).

Knockout strategy. Potential homologs of the S. cerevisiae MNN4 gene were
identified in the unannotated C. albicans genome database by using the FASTA
algorithm. Elimination of the MNN4-3 gene in strain CAI4 to generate strain
CA-DSH5 was accomplished by using the modified URA-blaster strategy (58)

FIG. 1. N-linked carbohydrate structure of serotype B C. albicans
mannoproteins. White circles represent �-1,6-linked mannose, gray
circles represent �-1,2-linked mannose, and black circles represent
�-1,2-linked mannose attached to �-1,2-mannan chains via a phos-
phodiester bond that defines the acid-labile mannan region. The ex-
tended �-1,6-linked mannose backbone can be very extensive, and
�-1,2-mannose side chains can be of variable length along the back-
bone. Mannosylphosphate addition can also occur at multiple sites
along the �-1,2-mannose side chains, resulting in significant heteroge-
neity of the mature glycan. Serotype A C. albicans strains contain
additional �-1,2-mannose extending the �-1,2-mannose residues in the
acid-stable region which is not phosphate linked.
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with PCR primers flanking the putative MNN4 gene open reading frame (ORF).
This gene sequence was the first gene identified during our screen for MNN4
homologs in the initial publicly accessible iteration of the C. albicans genomic
database.

To knockout the MNN4 homolog in the URA� serotype B strains, we used the
positive selection scheme used by Wirsching et al. (59) for targeted gene disrup-
tion in C. albicans. PCR fragments of 600 to 800 bp in size flanking the ORF of
the MNN4 gene were generated by using the MNN4 sequence to design primers
(mnn4F1, GGCCCCTCGTTTATAATAGCAACAAC; mnn4F2, GCTCGAGG
AACCAAAGAATAATAACCCTG; mnn4F3, GCTCGAGGCTAAATAGTCA
ATGTTGTAAT; mnn4R1, CCGCGGGATAATGGGTTTATGGAAATTG;
mnn4R2, CCGCGGGCAATTGACTTTTGGTAAATC; and mnn4R3, GGAG
CTCGCTTAACACCTCATTTTAATCC). Two MNN4 knockout cassettes were
cloned to eliminate either allele of the MNN4 locus. Primers mnn4F1/mnn4F2
and mnn4R2/mnn4R3 were used to amplify MNN4 segments at the 5� and 3�
ends of the ORF, respectively, for one knockout cassette, and primer sets
mnn4F1/mnn4F3 and mnn4R1/mnn4R3 were used to amplify segments for a
second cassette. Fragments were cloned into plasmid pSFI1 to flank an expres-
sion cassette conferring mycophenolic acid resistance and the FLP recombinase
gene under the control of the C. albicans inducible secreted aspartyl proteinase
promoter. The expression cassette is in turn flanked by tandem repeats that are
able to recombine and loop out the cassette after integration and induction by
growth in medium containing bovine serum albumin (BSA) as the sole nitrogen
source.

Strains LGH1095 and A9 were transformed by the standard LiAc-mediated
method (58) or by electroporation (44) and plated on YNB2G agar plates
containing 10 �g of mycophenolic acid (Sigma) per ml for incubation at 30°C
until colonies appeared. Candidate colonies were restreaked to fresh plates, and
potential heterozygotes were assessed by Southern blotting for proper insertion
of the transforming cassette at the MNN4 locus. Mycophenolic acid (MPA)-
resistant heterozygotes were reverted to MPA sensitivity by incubation in yeast
carbon base-BSA liquid medium at 30°C for 3 days. Cells from growth in yeast
carbon base-BSA medium were plated to single colonies and scored for MPA
sensitivity or resistance. MPA-sensitive clones were retransformed as before to
knock out the other locus by selection on MPA-containing plates. Potential
homozygotic transformants were screened phenotypically by growing clones in
96-well plates and were assayed for Alcian blue binding in microtiter plates,
based on the observation of multiple investigators (6, 17, 29) that elimination of
the MNN4 gene results in greatly diminished levels of dye binding.

For subsequent reintegration of the intact MNN4 gene into the deletion
mutant, a reintegration vector was constructed by replacing the URA3 gene of
vector CIP10 (39) with the nourseothricin resistance cassette from vector pSFS2
(44) to construct vector pNATCIP. A full-length MNN4 genomic clone was
generated by PCR by using the primers CAMNN4-7 (GAACAAGAGCTCTC
TTCTTTTTCTTTTATAAC; [29]) and CAMNN4-Pst (GCTATGGTAACTGC
AGTTGAAACCGG) and subcloned into pNATCIP, which allowed targeting of
the reintegration vector either to the RP10 locus advocated by Murad et al. (39)
and used for reintegration of the C. albicans MNN4 gene by Hobson et al. (29)
by digestion with StuI or to the native MNN4 locus by digestion with BglII.
Transformation of the deletion derivative to generate reintegrants was accom-
plished by electroporation according to the method of Reuss et al. (44) by using
gel-purified linearized plasmid DNA, allowing a 3-h recovery period postelec-
troporation prior to plating on agar plates containing 1% yeast extract, 2%
peptone, and 2% dextrose supplemented with 100 �g of nourseothricin (Werner
BioAgents; Jena, Germany).

Phenotypic analysis of the mnn4�/mnn4� mutant. Growth rate and germina-
tion efficiency were measured as previously described (50). Whole glycoproteins
were analyzed following enzymatic release from intact cells by digestion with
Zymolyase 100T (ICN) in the presence of 1 M sorbitol as an osmotic stabilizer
as described (49). Protein samples were then subjected to Western blot analysis
by using monoclonal antibody (MAb) B6.1, recognizing a �-1,2-mannotriose
structure (9), and MAb B6 (21), which recognizes an incompletely characterized
epitope on the acid-stable region (both antibodies courtesy of J. Cutler, Research
Institute for Children, New Orleans, La.).

Adhesion of yeasts to extracellular matrix proteins was measured on coated
tissue culture plastic in a static binding assay (38, 50) and on coated glass
capillaries in a dynamic shear binding assay (18). The static adhesion assay was
performed by allowing yeast cells to adhere to fibronectin-coated tissue culture
dishes for 15 min at 37°C, and nonadherent cells were gently washed off. Dishes
were then overlaid with corn meal agar and incubated overnight at 30°C for
subsequent quantification of CFU. Sterile glass capillaries were prepared for the
shear force assay by coating with fibronectin overnight as described elsewhere
(38), and the capillaries were then washed five times with assay buffer (Dulbec-
co’s phosphate buffer with Mg2� and Ca2�, pH 7.4). The capillary was placed in
line into a recirculating buffer system and exposed to a constant shear force of 2
dynes/cm2 (equivalent to venous capillary shear force), and yeast cells were
introduced via a sampling port. Adhesion was measured microscopically as yeast
foci attached per unit area of capillary after 8 min of incubation.

Assays. CSH was measured by the hydrophobic microsphere assay developed
in our laboratory (24, 27). Microsphere attachment is assessed by bright field
microscopy at a magnification of �400. The percentage of cells with three or
more attached spheres is recorded as the percent hydrophobicity. Hexose con-
tent was determined by the phenol-sulfuric acid method of Dubois et al. (14).
Sample absorbances were compared to a mannose standard curve. Protein con-
centration was determined by the bicinchoninic acid assay (Pierce Chemical)
(51). BSA was used as the standard protein to generate a standard curve.
Phosphate concentration was determined by using the method of Ames and
Dubin (1) with K2HPO4 to make a standard curve and D-glucose-6-phosphate as
a control. Oligosaccharide concentration was determined by measuring the con-
centration of reducing ends as reported by Dygert et al. (15).

Alcian blue binding of C. albicans derivatives was assessed as described pre-
viously (41) and according to the method of Wang et al. (56). The cationic dye
Alcian blue binds to phosphate in the yeast cell wall. A culture of early stationary
phase yeast was pelleted and suspended in 0.05% Alcian blue dye dissolved in
0.02 N HCl and incubated for 15 min at room temperature. The cells were then
pelleted and assessed visually for dye binding. To quantify dye binding, constant
numbers of cells were resuspended in dye as above, and dye remaining in the
supernatant after binding was measured spectrophotometrically and compared
to a dye standard curve. Residual levels of Alcian blue dye binding in mutants is
due to incompletely dissolved dye.

Systemic challenge. Six-week-old female AJ mice were challenged via injection
into the lateral tail vein with 105 to 106 live yeast cells suspended in Hanks’
buffered saline and monitored three times daily for development of disease. For
coinfection, a suspension of equal numbers (2 � 105 to 5 � 106 total CFU) of C.
albicans strain LGH1095 and its mnn4�/mnn4� derivative were injected into
mice and monitored for disease progression. Kidneys were recovered from ani-
mals following euthanasia and homogenized in sterile water (55), and infective
CFU were isolated following plating of the homogenate onto YNB2G agar
plates. The phenotype of individual colonies was determined by overnight growth
in liquid culture in 96-well plates, followed by determination of Alcian blue

TABLE 1. C. albicans derivatives of CAI4 used in this study

Strain Genotype Source or reference

LGH1095 Wild-type, serotype B 28
CA-DSH4 LGH1095 derivative, mnn4�/mnn4� This study
CA-DSH6 CA-DSH4 derivative, mnn4�/mnn4�::MNN4::RP10::caSAT1 This study
A9 Wild-type, serotype B 57
CA-JMH1 A9 derivative, mnn4�/mnn4� This study
CAI4 ura3�::	imm434/ura3�::	imm434 16
CDH5 ura�::	imm434/ura3�::	imm434

mnn4�::hisG-URA3-hisG/mnn4�::hisG
29

CA-DSH5 ura3�::	imm434/ura3�::	imm434
mnn4-3�::hisG/mnn4-3�::hisG

This study

SS19-4 ura3�::	imm434/ura3�::	imm434 mnn9�::hisG/mnn9�::hisG 52
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binding as described above. All animal work was carried out in American Asso-
ciation of Laboratory Animal Care-approved facilities by using protocols ap-
proved for use by the University of Virginia Institutional Animal Care and Use
Committee.

Mannoprotein preparation. Glycans (glucan and mannoprotein) were ex-
tracted from the cell wall by using a protocol based on that of Peat et al. (43) and
described previously (35, 37). The washed cell pellet was immediately suspended
in 50 ml of distilled H2O, and the cell suspension was autoclaved at 121°C for 90
min. Mannoprotein was separated from glucan by using a sequential ethanol
precipitation strategy based on that of Lloyd (34, 36). Fractionation of mannan
into acid-labile and acid-stabile fractions was carried out by mild acid hydrolysis
as described previously (35) and labeled with 8-aminonaphthalene-1,3,6-trisul-
fonic acid (ANTS) for fluorophore-assisted carbohydrate electrophoresis
(FACE) analysis (37). Acid-stable fractions were further hydrolyzed in acid as
previously described (35) to preferentially digest the �-1,6-glycosidic backbone,
leaving the side branches intact for subsequent FACE analysis. Dextran (�-1,6-
glucose) (catalog no. 31391; Fluka) was subjected to acid hydrolysis (60), fluo-
rescently labeled, and used as an electrophoretic mobility marker.

FACE. FACE was performed essentially as described by Jackson (31) and
modified by Goins and Cutler (19). Prior to use, gel plates were soaked in 10%
(wt/vol) methanolic KOH, washed with detergent (7X; ICN), rinsed with deion-
ized water, and finally rinsed with 95% ethanol. Electrophoresis was carried out
in a Hoeffer SE600 gel electrophoresis apparatus (Amersham). Run parameters
were 600 V for 4 to 6 h or until the ANTS front reached 1 cm from the bottom
of the gel. The gel was cooled with a recirculating water bath set to 4°C. Gels
were imaged with a Kodak EDAS 290 system containing a DC290 digital camera
and UV transilluminator (302 nm). Image contrast and brightness were opti-
mized by using Photoshop version 7.0 (Adobe).

RESULTS

Elimination and reintegration of MNN4. The present study
describes the first knockout of a gene involved in N-linked
glycosylation in a serotype B isolate of C. albicans. The MNN4
gene is essential for the biosynthesis of the acid-labile fraction
of cell wall mannoproteins in yeast, and elimination of this
gene product in both S. cerevisiae and C. albicans has the effect
of blocking the addition of mannosylphosphate to �-1,2-man-
nose side branches on N-glycans (Fig. 1). This mannosylphos-
phate is further modified by an enzyme presumably unique to
Candida species that transfers mannose to extend �-1,2-linked
mannose polymers of various length. Although C. albicans
knockouts are generally made in the CAI4 strain, this strain
was derived from a serotype A clinical isolate, which has been
demonstrated to add �-1,2-mannose to the acid-stable mannan
fraction and to show less hydrophilicity than serotype B strains
when grown at 37°C (37). As a result, although an mnn4�/
mnn4� knockout derived from CAI4 does not bind the dye
Alcian blue (29), it retained significant immunoreactivity with
an antibody of clinical relevance (21) that recognizes a �-1,2-
manntriose.

Elimination of the MNN4 gene in two serotype B C. albicans
strains resulted in derivatives that are virtually negative for
binding the cationic dye Alcian blue (Fig. 2) and generates
white cell pellets in comparison to the dark blue pellets seen
for the parent strains. This confirms and extends the observa-
tion made for a knockout derivative of the same gene in the
standard strain background used for C. albicans genetic studies
(29). Heterozygotic strains were observed to generate an in-
termediate phenotype for Alcian blue binding. The exponen-
tial phase growth rate of the LGH1095 mnn4�/mnn4� deriv-
ative was comparable to the parent strain in YNB2G medium
at 25°C. The A9 mnn4�/mnn4� demonstrated a slight (
20%)
reduction in exponential phase growth rate, but stationary
phase cell densities (26 h) were comparable. A moderate

growth defect (as assessed by colony size) was observed by
plating the mnn4�/mnn4� strain on Sabauroud’s glucose
plates at 24 h, but comparable colony sizes were observed at
later time points. Both strain backgrounds showed similar
yeast-to-hyphal transition of the derivatives upon reinoculation
at low cell density into defined media (Table 2). Dye binding in
the LGH1095 and A9 mnn4�/mnn4� derivatives was dimin-
ished to levels observed for the serotype A mnn4�/mnn4�
strain in comparison to the parent strains (Table 3). Reinte-
gration of the MNN4 gene in the LGH1095 mnn4�/mnn4�
derivative to the MNN4 locus by digestion of the targeting
cassette with BglII appeared to be efficient, as greater than
90% of the transformants recovered Alcian blue dye binding.
In contrast, only about 10% of colonies recovered from trans-
formants with StuI-digested DNA targeting the RP10 locus
demonstrated recovered Alcian blue binding. This result is
consistent with the observation of Hobson et al. (29) that
multiple copies of the reintegrated MNN4 gene are necessary
to rescue the mutant phenotype when the RP10 locus is used
to target reintegration.

Although there is an increasing number of other C. albicans
genes that appear to be redundant or cooperative members of
multiple paralog gene families, elimination of a single ORF led
to a derivative that is phenotypically similar to the homologous
genetic knockout in S. cerevisiae. The function of other mem-
bers of the MNN4 gene paralog family is unknown; however,
knockout of one of these genes during the initial phase of this
study (orf19.5557; this represents the second most similar ORF
to the S. cerevisiae MNN4 gene sequence by FASTA analysis
with an E value of 10�7 and contains significant conservation
of domain order with the budding yeast protein) in the strain
CAI4 background had the result of partially lowering total
Alcian blue binding (Table 3, strain CA-DSH5). This result
was not unexpected, however, as a recent survey of 622 non-
essential S. cerevisiae deletion strains found that approximately
10% showed alterations in Alcian blue binding (11), conclud-
ing that many diverse cellular pathways can ultimately contrib-
ute to the amount of cell wall mannosylphosphate.

Hydrophobicity and adhesion of the mnn4�/mnn4� knock-
out. Our phenotypic analysis of the two serotype B mnn4�/
mnn4� deletion strains had determined that the CSH of the
mutants was indistinguishable from the parent strain in cells
grown under conditions that promote the hydrophobic pheno-
type. When grown under conditions that promote the hydro-
philic phenotype at 37°C, wild-type strain cell populations are
composed of less than 5% hydrophobic cells, whereas hydro-
phobicity in the mnn4�/mnn4� knockout derivatives reproduc-
ibly increased to 25 to 60% (Tables 2 and 4). This result was
different from what has been observed in the serotype A
mnn4�/mnn4� deletion derivative CDH5, which demon-
strated CSH levels comparable to the parent strain CAI4 un-
der all growth conditions (data not shown).

Adhesion of the mutant derivative grown at 37°C as assessed
in a static binding assay to fibronectin-coated plates was
slightly elevated relative to strain LGH1095. Cells of either
type grown at 25°C to promote the hydrophobic phenotype
bound equally well. A much more pronounced difference was
observed when there was adhesion of yeasts to coated capil-
laries under physiologic shear forces (Table 2). The knockout
derivative grown at 37°C bound significantly more frequently
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to fibronectin-coated capillaries than the parent strain, corre-
lating with the observed differences in hydrophobicity. The
increased difference between the mutant and parent strains in
the shear assay demonstrates the benefits of the assay for
assessing relative changes in adhesion.

Virulence of the mnn4�/mnn4� knockout. We have also
examined the relative virulence of the knockout strain by sys-
temic infection via the lateral tail vein in AJ mice. Both the
mutant and parent strains were virulent at 105 or 106 CFU/
dose, and the disease course progresses with similar kinetics in
both cases (data not shown). We have additionally used the
mnn4�/mnn4� derivative together with strain LGH1095 in
coinfection experiments and recovered CFU from kidneys of
animals at the experimental endpoint. Colonies (24 per mouse;
5 mice per infective dose; 3 different doses of between 2 � 10
to 5 � 106 CFU per dose) were then randomly chosen and
plated in 96-well plates, grown overnight, and phenotypically
scored as either the knockout or parent. Equal ratios of mutant
to parent cells were observed directly after infection and up to
3 days postinfection, indicating that neither strain has a short-
term infective advantage relative to the other. The serotype A
mnn4�/mnn4� mutant was also found to be equally virulent in
mice in comparison to its cognate parent strain and did not
demonstrate a deficit in macrophage interaction (29).

Altered immunoreactivity of carbohydrate epitopes in the
mnn4�/mnn4� mutant. The most significant phenotypic effects
of the mnn4�/mnn4� mutant are on the mature structure of

cell surface glycoproteins. Both the serotype A and serotype B
mnn4�/mnn4� derivatives lack an acid-labile mannan fraction
on N-linked wall glycoproteins. The serotype B mutants were
unreactive with an antibody that recognizes the �-1,2-man-
notriose structure that is added distally to the mannosylphos-
phate, which is missing due to the disruption of MNN4 (Fig. 3,
top panel). However, the serotype A mnn4�/mnn4� strain
CDH5 retained significant immunoreactivity with MAb B6.1.
Deletion derivatives constructed in both serotypes showed an
unanticipated altered immunoreactivity with an antibody that
is reactive with an incompletely characterized epitope on the
acid-stable mannan region (Fig. 3, bottom panel).

FACE analysis. Absence of the acid-labile fraction in the
serotype B mnn4�/mnn4� mutants was further demonstrated
by FACE analysis (Fig. 4). Mannoproteins extracted from wild-

FIG. 2. (A) Restriction map of MNN4 locus. The genomic region
containing the C. albicans MNN4 gene (ORF, nucleotides 27312 to
30302 of contig19-10162; GenBank accession no. AACQ01000084) is
mapped schematically for the wild-type, MPA-sensitive deletion, and
the nourseothricin-resistant (reintegrant) loci. Hash marks indicate
HinDIII (H), EcoRI (R), BglII (B), SacII (S), and XhoI (X) sites in
the sequence, and the black bar indicates the probe fragment from the
3� end of the MNN4 gene sequence used for Southern blotting.
(B) Southern analysis of LGH1095 and derivatives. Genomic DNA
prepared from strains LGH1095 (lanes 1), CA-DSH4 (lanes 2), and
CA-DSH6 (lanes 3) was digested by restriction enzymes EcoRI or
HinDIII, separated by agarose electrophoresis, and transferred to ny-
lon for Southern blotting. Blots were hybridized in formamide-con-
taining hybridization buffer overnight at 45°C with 32P-labeled probe
corresponding to the 3� end of the MNN4 open reading frame, washed
at high stringency at 62°C, and then exposed to film. (C) Alcian blue
binding by LGH1095 and mnn4 derivative. Colonies of either strain
LGH1095 or the isogenic mnn4-deficient derivative (CA-DSH4) were
grown overnight in YNB2G medium in 96-well microtiter plates. Fol-
lowing overnight growth, cells were pelleted and resuspended in a
solution of 0.05% Alcian blue dye in 0.02 N HCl for 15 min at room
temperature. The microtiter plate was again centrifuged and was in-
spected visually. Wild-type cell clones are able to bind all of the dye in
solution and generate blue cell pellets. Mutant cell clones do not bind
the dye, generate creamy white cell pellets, and leave unbound dye in
the well that can be quantified by spectrophotometry. Comparable
results are observed with strain CA-JMH1.
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type, hydrophobic cells produced greater amounts of acid-
labile oligosaccharides. The concentration of oligosaccharide
was 5- to 10-fold higher in these samples than in any other
sample. An unexpected result was that a small amount of
oligosaccharide was detected in the acid-labile fraction of the
mnn4-disrupted strains. Because of the sensitivity of the assay,
the detected oligosaccharide could represent environmental
contaminants. The material detected by the oligosaccharide
assay can be seen as a faint signal in some of the mnn4 lanes.
The weakness of this signal relative to the wild-type lanes
suggests that this is not due to bona fide acid-labile mannan.
Furthermore, none of the bands in the mnn4 lanes comigrates
with bands in the wild-type samples. This indicates that none of
the mnn4 bands are �-1,2-oligomannosides because electro-
phoretic mobility is affected by glycosidic linkage anomericity
(� versus �) and position and the component monosaccharides
(J. Masuoka and K. C. Hazen, unpublished results.) More
likely, it is due to a small amount of acid hydrolysis of the
underlying glucan that takes place even in 10 mM HCl when
heated in boiling water for 60 min.

A perturbation of the acid-stable region is also apparent by
FACE analysis where acetolysis of the acid-stable mannan was
followed by electrophoretic separation of the released
branches. Compared to the wild-type cells, acetolysates from
the mnn4�/mnn4� strains showed a greatly simplified electro-
phoretic profile (Fig. 5). The number of bands was reduced,
and their relative mobilities were changed in most cases. In
addition, the majority of the fluorescent signal appeared at the
top of the gel. One interpretation of this result is that the
structure of the acid-stable mannan (e.g., the �-1,6-mannose
backbone which is cleaved during acetolysis) in mnn4�/mnn4�

cells has been altered so that it is more resistant to acetolysis
than the corresponding fraction from wild-type cells. The sig-
nificant loss of MAb B6 immunoreactivity seen in Fig. 3B could
therefore be due to obscuring of the epitope as a result of this
change in structure, without any other significant disruption of
the mature mannan biosynthesis.

Compositional analysis of mannan prepared from hydropho-
bic (grown at 25°C) or hydrophilic (grown at 37°C) cells was
performed to ascertain whether bulk mannan from wild-type
or mnn4�/mnn4� mutant cells was comparable in makeup
(Table 4). Relative levels of protein to hexose in mannopro-
teins were very similar between the wild-type strains and cog-
nate mnn4�/mnn4� mutants, indicating that a glycan structure
comparable in size is formed. Similar levels of phosphate were
measured in both wild-type and mnn4 mutant cells. As Ballou
et al. (6) observed in S. cerevisiae, disruption of MNN4 elimi-
nates Alcian blue binding but does not eliminate phosphate
from the cell wall (6) (Table 4).

DISCUSSION

We have used gene replacement by means of homologous
recombination to independently knockout the MNN4 gene in
two serotype B C. albicans strains. Standard molecular tech-
niques in C. albicans typically use selection of a prototrophic
marker for identifying transformants. We have used a positive
selection scheme (59) to generate a deletion derivative that
differs from the parent strain only at the gene of interest. The
selection scheme with mycophenolic acid resistance acquisition
is typically leakier than the standard prototrophic marker se-
lection, resulting in the need to screen larger numbers of trans-

TABLE 2. Phenotypic characterization of mnn4� mutantsa

Parameter

Strain (culture temperature)

LGH1095
(25°C)

A9
(25°C)

LGH1095
(37°C)

A9
(37°C)

DSH4
(25°C)

JMH1
(25°C)

DSH4
(37°C)

JMH1
(37°C)

Exponential phase doubling time (min) �50 �100 ND �60 �50 �120 ND �100

% Germination at 1 hb �50 50 �50 50
% Germ tubes 58 45 65 55
% Pseudohyphae 24 2 20 4
% Yeast formc 18 53 15 41

Hydrophobicity (% phobic cells) 98.5  0.7 95.3  2.2 1.7  0.8 4.2  1.1 98.9  0.6 88.7  4.5 31.3  9.8 11.2  1.5

Adhesion (mean no. of foci per field) 58.3  3.2 50.8  10.5 2.5  0.5 3.3  0.9 65.0  0.6 33.4  7.7 19.9  10.9 6.0  2.6

a All assays were performed as described in Materials and Methods. For germination determination, cell morphology was assessed at 3 h post/inoculation (80 min
for strain A9 and its derivative) into germination media as either having true germ tube morphology (no constriction at the hyphal neck), pseudohyphal morphology
(constriction at hyphal neck), or yeast form. Similar ratios of each cell type were seen for both strain backgrounds. ND, not determined.

b Cells grown at 37°C do not form true hyphae; consequently, germination data are presented only for cells grown at 25°C transferred to germination media.
c 100% yeast at time zero for cells grown at 25°C.

TABLE 3. Relative Alcian blue binding by glycosylation-deficient C. albicans derivatives grown at 37°C

Value
Alcian blue binding (�g/OD unit) by strain (n):a

1095 (4) DSH4 (4) DSH6 (2) A9 (4) JMH1 (4) CAI4 (3) CDH5 (4) DSH5 (2) SS19-4 (3)

Avg 42.5 6.0 38.3 49.2 7.4 27.5 7.3 12.9 5.9
SD 4.38 6.21 NA 5.70 4.91 6.70 7.56 NA 2.73

a Data are presented as micrograms of Alcian blue bound per optical density (OD) unit of early stationary phase (26-h culture) cells. n, number of independent
experiments used to generate values for each strain; NA, not available.
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formants for insertions of interest; however, the single gene
difference between the two strains ultimately facilitates phe-
notypic comparisons between deletion derivatives and the par-
ent strain. Of particular significance is the fact that the recently
observed position effects on gene expression (33, 53) of the
URA3 selectable marker are not relevant with these mutants,
making virulence studies easier to interpret. Multiple investi-
gators have reported that reintroduction of the URA3 selection
marker at different chromosomal sites independent of other
mutational events has profound effects on the ability of the
yeast derivative to survive within the host, due to variability in
the levels of expression of the URA3 gene (2, 10, 33).

The present study was undertaken to further examine the
relationship between CSH and mannoprotein makeup. Previ-
ous work had demonstrated that cell walls appear different
ultrastructurally between hydrophobic and hydrophilic cell
populations (26). However, gross protein profiles and overall
glycosylation appear similar between the two phenotypes, and
the major glycosylation difference that has been found is an
increase in the length of the acid-labile mannan fraction in
hydrophobic cells (36, 37). This observation has led us to pos-
tulate that the length of this structure in wall mannoproteins
affects the folding of cell wall fibrils, potentially by interacting
with other proteins or carbohydrates (37). One can extend this
reasoning to expect that elimination of the acid-labile fraction
in the serotype B background might affect CSH, which we
anticipated would result in conversion to the hydrophilic phe-
notype. We have found that the mnn4�/mnn4� mutant does
have a significant effect on CSH; however, the mutant strains
demonstrate an increased hydrophobic phenotype in compar-
ison to the parents. The reason for this effect is unknown but
does continue to support a role of the �-1,2-oligomannose
group in the regulation of hydrophobicity, in that subtle dif-
ferences in glycosylation can have a remarkable effect on CSH.

Readily detectable levels of phosphate in purified mannan
from wild-type and mnn4 mutant derivatives confirmed earlier
observations in S. cerevisiae. Ballou et al. (6), and before them
Friis and Ottolenghi (17), speculated that quantity and loca-
tion of the phosphate groups contributed to Alcian blue bind-
ing, suggesting that in the mnn4 mutant mannosylphosphory-
lation might occur in a region of the glycan inaccessible to dye
binding. Both groups observed that mannosylphosphorylation
was linked to only a single gene and correlated with the addi-
tion of a single specific group to maturing glycoproteins. But
both groups also observed cell wall phosphate in the back-
ground of an mnn4 or mnn4-like mutant and speculated that

this additional phosphate was deeper in the wall and inacces-
sible to dye. It was unclear from the previous analyses whether
these additional phosphate groups are also attached to man-
noprotein or are on another cell wall component. Several pos-
sible scenarios arise to fit these results. First, mannosylphos-
phorylation continues to occur in the mnn4 background, but
the phosphate groups are added to glycan proximal to the

FIG. 3. Immunoreactivity of glycosylation-deficient C. albicans de-
rivatives with anticarbohydrate antibodies. Cell wall proteins from
stationary phase cultures of C. albicans glycosylation mutants were
extracted by digestion with Zymolyase 100T (a �-1,3-glucanase; ICN
Biochemicals) and separated by on 12% polyacrylamide gels for trans-
fer to nitrocellulose. Western blots were probed either with MAb B6.1,
which recognizes a �-1,2-mannotriose, or MAb B6, which recognizes
an incompletely characterized epitope in the acid-stable mannan frac-
tion. Lanes were loaded with equal amounts of protein, which resulted
in a consistent pattern across the blot as visualized by staining with
Ponceau S. The sample on the right (LGH1095*) represents total cell
lysate generated by glass bead breakage of a cell pellet (49).

TABLE 4. Compositional analysis of C. albicans mannan

Strain nb

Composition (% dry weight) of mannan sample from:a

Hydrophilic cells Hydrophobic cells

CSH Protein Hexose PO4 CSH Protein Hexose PO4

A9 3/3 4.0 (1.0) 5.13 (0.47) 79.9 (13.7) 3.17 (0.11) 93.6 (3.1) 6.0 (0.87) 74.3 (3.6) 3.9 (0.1)
JMH1 3/1 11.0 (1.7) 3.4 (0.87) 82.5 (11.0) 3.3 (3.2) 92.5 4.2 71.3 5.1
LGH1095 3/3 1.4 (1.7) 5.6 (1.1) 80.9 (2.6) 3.7 (0.1) 99.2 (0.7) 4.93 (0.93) 77.6 (5.8) 4.7 (0.5)
DSH4 3/2 61 4.23 (0.32) 92.8 (3.3) 2.3 (0.95) 99.3 4.25 57.5 10.3

a Hydrophilic cells were grown as described in the text at 37°C to early stationary phase (26 h), and hydrophobic cells were grown at 25°C. Data are the means (SD)
of determinations of total protein, hexose, and phosphate in mannan samples (dried to constant mass).

b n, no. of independent mannan preparations from hydrophilic cells/no. of independent mannan preparations from hydrophobic cells.
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polypeptide or are on glycoprotein components buried deeper
in the cell wall. In either case, Ballou et al. (6) speculated that
the phosphate groups might not be accessible enough to inter-
act with the dye. Unlike Coomassie blue, Alcian blue does not
form colloids and is relatively small, which likely allows it to
penetrate the outer layers of the cell wall. Our results suggest
that this interpretation is incorrect by assessing the phosphate
content of purified mannoproteins. No acid-labile oligosaccha-
rides were detected throughout the glycan in the mnn4�/
mnn4� mutant, indicating that in the purified mannoproteins
alteration of mannosylphosphorylation occurs on a global
scale, not just at the distal ends of the glycans more likely to
interact with the dye. Second, phosphate might exist in N-
linked glycans aside from an acid-labile mannosylphosphate
linkage, such as in the core portion of the N-glycan. Odani et
al. (41) observed that the mannosylphosphate content of the

core oligosaccharide in mnn4 mutants was greatly diminished
relative to wild-type in S. cerevisiae, suggesting that this source
of phosphate is also not significant in the C. albicans mnn4
mutant. Third, other sources of phosphate distinct from the
acid-labile fraction mannosylphosphate that might contribute
to cell wall-associated phosphate are potential plasma mem-
brane contamination or the phospholipomannan fraction that
has been recently described to mediate fungal cell adhesion
(12).

An unanticipated perturbation of the acid-stable region is in
apparent contradiction to the reported function of the MNN4
gene product as strictly a regulator of mannosylphosphate ad-
dition in S. cerevisiae (40, 42). No reported role of the MNN4
gene has been biochemically or genetically demonstrated else-
where in the mature mannan structure. The standard model of
glycoprotein biosynthesis holds that maturation of carbohy-
drate structure occurs in a sequential manner, due to the ac-

FIG. 4. Acid-labile mannan analysis of C. albicans derivatives by
purification and FACE. Bulk mannan was prepared from wild-type
(LGH1095 and A9) and mnn4�/mnn4� cells grown at either 25°C
(RT) (hydrophobic cells, lane 1) or 37°C (hydrophilic cells, lane 2) and
extracted to obtain the acid-labile fraction as described in the text.
Equal moles of reducing end sugars were labeled with ANTS, electro-
phoretically separated, and visualized by UV-fluorescence. wt, wild
type.

FIG. 5. Acid-stable mannan analysis of C. albicans derivatives by
purification and FACE. Bulk mannan was prepared as before from
wild-type (LGH1095 and A9) and mnn4�/mnn4� cells grown at either
25°C (hydrophobic cells) or 37°C (hydrophilic cells). The �-1,6-man-
nose backbone of purified acid-stable mannan was cleaved by acetol-
ysis as described in the text, and equal moles of cleaved reducing ends
were labeled with ANTS and electrophoretically separated as de-
scribed in the legend of Fig. 4. The left-hand lane is a labeled ladder
of hydrolyzed dextran (�-1,6-glucose) as an approximate sizing stan-
dard, and the right-hand lane is a acid-labile ladder from phobic cells
prepared as described in the legend of Fig. 4. wt, wild type; Dex,
dextran; AL, acid-labile ladder; Phil, hydrophilic; Phob, hydrophobic;
KO, knockout.
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tion of multiple gene products as the protein migrates through
sites within the secretory pathway, and in yeast this is mainly
due to the activity of numerous specific mannosyltransferases.
Loss of a specific enzymatic activity would then be predicted
not to have an effect on the structure that had been previously
synthesized. Our results suggest that MNN4 function (and
therefore mannosylphosphate or �-1,2-mannose addition) is
important for proper glycan structure or function, and elimi-
nation of Mnn4p activity has unexpected repercussions on
overall mannan structure. It is not known whether a perturba-
tion in the acid-stable region is present in S. cerevisiae mnn4
mutants; however, mannan structure up to the point of �-1,2-
mannose addition is similar between the two fungal species. It
can be anticipated that if the presence of mannosylphosphate
is necessary to form a proper glycan structure, then the S.
cerevisiae mnn4 mutant would demonstrate a similar defect. If
it is the lack of acid-labile associated �-1,2-oligomannose in
mnn4�/mnn4� mutants that causes the acid-stable perturba-
tion, this defect would be restricted to Candida species. Anal-
ysis of the cognate S. cerevisiae mutants is currently being done.

The physiologic role of glycan mannosylphosphorylation in
fungi has not been identified. Comparison of the S. cerevisiae
Mnn4p sequence with the GenBank database readily identifies
paralogous sequences in all fungal genomes deposited to date,
arguing that the regulation of mannosylphosphate addition has
been conserved during fungal divergence. Elimination of the
MNN4 gene in S. cerevisiae and C. albicans demonstrated that
mannosylphosphorylation is not essential for viability and in
the latter species is not necessary for virulence in a hematog-
enous dissemination model (the present study) and for mac-
rophage recognition (29). In light of these observations, several
possible scenarios can be postulated about the role of Mnn4p-
mediated mannosylphosphorylation in fungi and why it has
been preserved among disparate fungal species. First, the
phosphodiester bond is a labile linkage that might allow patho-
genic fungi to rapidly alter antigenic characteristics or other
surface properties. However, there is as yet no evidence that
this mechanism is utilized for immune circumvention by fungi.
Second, the carbohydrate-associated phosphate confers a net
negative charge on the cell wall, which may mediate intercel-
lular contact through ionic interactions or disrupt cell aggre-
gation by electrostatic repulsion. Ionic interactions have been
demonstrated in binding of a plant antifungal protein with
yeast phosphomannan (30, 47). Third, mannosylphosphoryla-
tion might be necessary for proper glycan conformation, which
in turn would allow proper structure and function of the cell
wall elements. The preliminary data presented here are con-
sistent with this possibility, but further experimentation is nec-
essary to demonstrate a role for Mnn4p in affecting cell wall
morphology in C. albicans and to extend it to other fungal
species.

In summary, elimination of the MNN4 gene blocks the ad-
dition of �-1,2-mannose residues that extend from manno-
sylphosphate. The �-1,2-mannose polymer forms an epitope of
diagnostic significance and of clinical and therapeutic rele-
vance (12, 22, 48). Although there is not an immediately ob-
vious effect on virulence in the mouse, absence of this carbo-
hydrate modification leads to a significant change in CSH,
which in turn affects adhesion to fibronectin. Loss of the acid-
labile mannan fraction in a serotype B C. albicans strain does

not result in significant changes in the ratio of protein to
hexose, suggesting that the overall extent of glycosylation is
relatively similar in the mnn4�/mnn4� strain background. An
uncharacterized perturbation of the acid-stable region as as-
sessed by FACE analysis of purified acid-stable mannan and
immunodetection supports the hypothesis that loss of the acid-
labile fraction results in an overall change in mannoprotein
conformation and confirms its role in the regulation of cell
surface hydrophobicity.
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