
REVIEWS

Fungal infections pose a mounting clinical problem,
especially for the vulnerable population of immuno-
compromised patients. Although Candida albicans is
the most common fungal pathogen of humans,
Candida glabrata is now emerging as another impor-
tant pathogen1,2. Even Saccharomyces cerevisiae, which
was once thought of as a harmless colonizer of plants
and a benign laboratory workhorse, has now been
identified as a human pathogen, presumably because it
is used in several countries as a biotherapeutic agent to
prevent antibiotic-induced diarrhoea3.

The presence of these fungi in internal organs raises
the question of how they gain access to and proliferate
within these sites. The ability of Candida spp. to gain
access to tissues that they do not normally colonize in
healthy humans is likely to result from their adhesion to
plastic devices such as catheters, prosthetic heart valves,
cardiac pacemakers, endotracheal tubes, dentures and
cerebrospinal-fluid shunts4. This ‘piggybacking’ theory is
supported by the correlation of intravenous catheteriza-
tion with infections of the blood by C. albicans (87%)5.
The mortality rate that is associated with such blood
infections, which is quite high (41%), drops by almost
half (to 21%) if the catheter is removed6. It has been sug-
gested that the proliferation of fungi on inert surfaces
might involve a form of colony growth that is known as
biofilm formation, which produces a reservoir of infec-
tive cells that have increased antibiotic resistance4,7.

The immune system recognizes distinctive properties
of the cell surface of microorganisms. Many bacteria and
protozoans have the ability to switch their cell-surface
molecules, a tactic that permits them to elude the
immune system and adhere to diverse materials and
cells. The immune system also poses similar challenges
to fungi, which have characteristic cell-surface molecules
that are recognized by dedicated phagocytic cells8–10.

These considerations raise several questions about
fungal adhesion. First, what are the cell-surface mole-
cules that permit the adhesion of fungi to inert surfaces
and to mammalian cells? Second, what generates the
diversity of these cell-surface molecules? Third, are these
adhesion molecules involved in biofilm formation?

The fungal adhesins
The genomes of many fungi contain a family of cell-
wall glycoproteins — known as adhesins — that confer
unique adhesion properties11–13. These molecules are
required for the interactions of fungal cells with each
other (flocculation and filamentation)11,13–15, inert sur-
faces (agar and plastic)14,16,17 and mammalian tissues18–20.
They might also be crucial for the formation of
biofilms16,21,22.

In pathogens such as C. albicans and C. glabrata
(in which adhesins are encoded by the ALS (agglutinin-
like sequence) genes12 and the EPA (epithelial adhesin)
genes, respectively23), these proteins are responsible for
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TELOMERES

The physical ends of linear
chromosomes. They are
associated with specialized
nucleoprotein complexes that
are required for the protection,
replication and stabilization of
the chromosome ends. In most
organisms, telomeres contain
many tandemly repeated DNA
sequences called ‘terminal
repeats’.

SUBTELOMERIC REGIONS

DNA sequences close to
telomeres. Genes in these
regions are often found in
multiple copies on different
chromosomes and might be
subjected to common regulatory
mechanisms as a consequence of
their proximity to the telomeres.
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rich in serine and threonine residues (for example,
domain B in FLO11 contains 60% serine/threonine
residues) and contains many tandem repeats. The car-
boxy-terminal region (domain C), which follows the
serine/threonine-rich region, is conserved only among
some subgroups within the adhesin gene families (for
example, it is conserved among FLO1, FLO5 and FLO9).

The adhesins undergo several post-translational
modifications. These proteins must move from the
endoplasmic reticulum (ER), through the Golgi and
pass through the plasma membrane as they exit the cell
to reach their final destination in the cell wall28,30. A gly-
cosyl phosphatidylinositol (GPI) anchor is added cova-
lently to the C terminus in the ER, and mannose
residues are added in the Golgi to the many serine and
threonine residues in domain B30–33. The presence of
many Asn-X-Thr/Ser sequences (where X represents
any amino acid) indicates that there might also be con-
siderable N-glycosylation. The adhesin proteins are
ultimately linked covalently through a GPI remnant to
the β-1,6-glucans that protrude from the fungal cell
wall34,35. Studies of the Epa1 protein of C. glabrata indi-
cate that the amino acids that are located around the
site of GPI addition are crucial for the localization of
Epa1 to the cell wall36.

The structural and functional analysis of the
adhesin multigene families is most straightforward in
S. cerevisiae, which has a highly tractable genetic system
and for which a complete genome sequence has been
assembled. These features make it possible to analyse
the functions of each member of a multigene family.
The genome sequence shows that there are five
unlinked FLO genes in the adhesin family (FLO1,
FLO5, FLO9, FLO10 and FLO11), four of which (FLO1,
FLO5, FLO9 and FLO10) are located adjacent to telom-
eres (FIG. 1). The fact that only FLO11 is expressed in
laboratory strains of S. cerevisiae — whereas FLO1,
FLO5, FLO9 and FLO10 are transcriptionally silent37 —
simplifies the functional analysis of this family, as all
adhesion-specific phenotypes in these strains are
dependent on a functional FLO11 gene11,14.

The SUBTELOMERIC FLO genes are transcriptionally
silent, but their functions can be assessed by replacing
the endogenous promoter for each gene with the
inducible GAL1 promoter11. The expression of these
GAL1–FLO fusions was determined for the silent genes

adhesion to mammalian tissues and plastic. In S. cere-
visiae, the FLO (flocculation) genes confer adhesion to
agar, plastic and other yeast cells (flocculation)11. The
adhesin gene family within each organism consists of
many genes, and the protein encoded by each gene has
considerable sequence identity with other family mem-
bers11–13,24. Nonetheless, the different adhesin genes
confer distinct cell-surface properties and function as a
resource for cell-surface variation11,25,26. Many mem-
bers of these fungal gene families are located near
TELOMERES (FIG. 1), and this might be important for their
expression, genetic interactions and evolution13,23,27.
Although many other factors might contribute to
adhesion, the adhesins seem to have an important role
in several fungi, and these glycoproteins are now being
studied intensively.

Structure of adhesins
The adhesins of S. cerevisiae, C. albicans and C. glabrata
form a superfamily that is united by a common struc-
ture. Members of the adhesin family have a modular
configuration that consists of three domains (A, B and C;
FIG. 2) and an amino-terminal secretory sequence that
must be removed as the protein moves through the
secretory pathway en route to the plasma membrane28.
The N-terminal domain (A) is thought to provide
much of the affinity of these proteins for surfaces28,29.
The C. albicans ALS genes have considerable sequence
similarity in the region that encodes the A domain,
whereas some of the S. cerevisiae FLO genes show less
similarity in this region. This domain is followed by a
segment of variable length (domain B) that is extremely
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Figure 1 | Chromosomal localization of adhesin genes
and pseudogenes in the Saccharomyces cerevisiae
laboratory strain S288C. The numbers on the left indicate
the yeast chromosomes on which the FLO genes reside; the
red dots represent the centromeres. Ψ indicates the sites of
FLO pseudogenes on the chromosomes. The silent FLO
genes and pseudogenes are all located within 40 kb of the
telomeres (Tel). FLO11 is neither centromeric nor telomeric. 
A BLAST search of other sequenced species of the
Saccharomyces genus68 shows that these organisms also
have orthologues of the S. cerevisiae FLO genes. 
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Figure 2 | Domain structure of adhesins. Adhesins
comprise three domains — A, B and C — which are preceded
by an amino-terminal signal sequence. The N-terminal domain
(A) is thought to confer adhesion. The central domain (B)
contains a serine/threonine-rich region that is encoded by
many repeated nucleotide sequences. The carboxy-terminal
domain (C) contains a site for the covalent attachment of a
glycosyl phosphatidylinositol anchor (shown in red).
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provides evidence that the introduced Candida gene
has a role in this tropism. Using this system, several
ALS genes have been shown to enable S. cerevisiae to
adhere to extracellular-matrix (ECM) proteins17,
human umbilical-vein endothelial cells43 and various
other substrates45. In a similar assay, expression of the
C. glabrata EPA1 gene was shown to enable S. cerevisiae
to bind to epithelial cells18. Of course, the interpreta-
tion of these heterologous expression experiments
must be tempered by the recognition that a gene that is
expressed in a foreign host might not show the com-
plete range of its functions or might show functions
that it does not have in its natural host.

Generation of adhesin diversity by recombination
Sequence analysis shows that there are several DNA
motifs that are conserved among different S. cerevisiae
FLO genes (FIG. 3). The most striking conservation is in
motif 4, which is a highly conserved sequence of about
100 nucleotides that is present as a tandem repeat in
the regions that encode domain B in FLO1 (17 copies),
FLO9 (13 copies) and FLO5 (8 copies) (FIG. 4). Both
FLO10 and FLO11 also have tandem nucleotide repeats
in the regions that encode domain B, but these are all
distinct from motif 4. There are other large motifs at
both the 5′ and 3′ ends of each gene that are shared
among several FLO genes. A comparison of the pro-
teins that are encoded by these genes at the amino-acid
level provides a further indication of the close relation-
ship between the Flo proteins. There are several highly
conserved amino-acid motifs that are not highly con-
served at the DNA level (see motifs 3, 5 and 7 in FIG. 3).
Presumably, these segments were retained because of
their importance for the function of the protein.

The conservation of the DNA motifs within indi-
vidual FLO genes and among the FLO family indicates
that they have functional significance. Without strong
selection for the conservation of these DNA motifs
they would have degenerated over time, accumulating
— at the very least — many changes at the third-
nucleotide positions of codons. Such drift away from a
conserved DNA motif to a conserved amino-acid

in a flo11-mutant background, so that any adhesive
phenotype was a consequence of the FLO gene being
studied. The results showed that the silent genes are
functional when they are expressed from the GAL1
promoter. FLO10 and FLO11, but not FLO1, promote
both adhesion to agar and plastic, and filamentation.
FLO1 and, to a lesser extent, FLO10, promote cell–cell
adhesion, but FLO11 does not11. So, expression of each
of the Flo proteins provides new cell-surface antigens,
as well as new adhesion characteristics.

The analysis of adhesin gene function in Candida
species is impeded at present by the large number of
family members. Although the assembly of the C. albi-
cans genome is not complete, there are at least eight
members of the ALS family and there might be many
more adhesin genes — such as EAP1 (REFS 19,26,38),
INT1 (REF. 39) and HWP1 (REFS 40–42) — that are not
strictly considered to be family members.

Several laboratories have generated mutant strains
in both C. glabrata and C. albicans in which specific
members of the adhesin gene family have been
knocked out. However, these strains often have weak
phenotypes or no phenotype at all18,23,43,44. This is pre-
sumably because of overlapping functions of adhesin
family members, so that a defect that is caused by one
mutation is compensated for and masked by the
remaining functional copies of other family members.
Some information has been gleaned from overexpress-
ing Candida genes in Candida mutants that are defec-
tive in the regulation of filamentation, such as the efg1
mutant. For example, overexpression of ALS1
enhanced filamentation, flocculation and adhesion in
the efg1 mutant44. However, the phenotypes that are
conferred by overexpression can often be misleading.

Another method for studying the function of
Candida genes is to transform them into S. cerevisiae
and study the phenotypes of the resulting transfor-
mants. For example, a Candida gene might be trans-
formed into an S. cerevisiae strain to determine
whether heterologous expression confers the ability to
adhere to animal cells. As S. cerevisiae does not adhere
to animal cells, increased adhesion of a transformant
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Figure 3 | Repeated nucleotide motifs in the FLO genes. The five FLO genes and a gene with a related structure (FIG2), but
which has only limited sequence similarity with the FLO genes, are shown. The boxes show highly conserved DNA-sequence
motifs. The nucleotide motifs were established by first identifying conserved amino-acid sequences within each protein using the
Meme69, BLAST70, Etandem71 and ClustalX72 programs, and then identifying the corresponding DNA sequences. The analysis
required the designation of a repeat size that is large enough to represent a good target for recombination (>30 nucleotides). The
numbers below the sequences show the distance in nucleotides from the translational start signal. Boxes marked with an ‘X’
represent repeated amino-acid motifs that are not conserved in the DNA sequence (see FIG. 5 for a detailed analysis of motif 1 in
FLO1 and FLO10). These sequences are thought to have undergone genetic drift over time, resulting in many third-position
nucleotide changes within codons.
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versions of one of the adhesins. Slippage during repli-
cation would have the same effect. Mechanisms that
are similar to these have been proposed for variations
in MINISATELLITE regions in the S. cerevisiae genome that
occur during mitosis46 and meiosis47. The loss of
repeated motifs in one of the FLO genes has been
associated with loss of flocculation in strains of S.
cerevisiae that that are used in brewing, indicating that
the number of repeats correlates with the strength of
cell–cell adhesion48,49.

In C. albicans, the evidence for such intragenic
recombination events is compelling. In strain SC5314,
the adhesin genes ALS1, ALS5 and ALS9 are present in
a long form on one chromosome and in a short form
on its homologue. The most notable difference
between the long and short forms is the number of
repeated nucleotide motifs: the two forms of ALS1 dif-
fer by 12 repeats, those of ALS5 by 1 repeat and those
of ALS9 by 3 repeats26. All of the long forms are linked
on the same homologue. The variation in the number
of repeats means that although C. albicans has three
ALS genes on chromosome 6, this region can specify

motif can be seen in DNA motif 1 of FLO10 (FIG. 5).
However, other motifs, such as motif 4, are not only
highly conserved at the amino-acid level, but also at the
nucleotide level. The simplest explanation for the con-
servation of the nucleotide motifs is that these
sequences provide sites for homologous recombina-
tion, and that these exchange events provide some
selective advantage. New adhesins might, for example,
confer greater adhesion to solid surfaces or new adhe-
sion properties that enable attachment to different sur-
faces or cells.

Recombination within adhesin genes. The motifs
within each adhesin gene, their presence in multiple
copies and the chromosomal arrangement of duplicated
genes provide the basis for a constantly shifting reper-
toire of cell-surface molecules (FIG. 6). Recombination
between the tandem repeats of a motif within a single
adhesin gene can provide an inexhaustible source of
diversity. UNEQUAL CROSSOVER between homologues in 
a diploid cell, or during the G2 phase of the cell cycle
in a haploid cell, might produce larger and smaller

UNEQUAL CROSSOVER

A recombination event between
DNA sequences that are not
correctly aligned. This often
occurs in repetitive sequences
when the repeat units (DNA
motifs) are paired out of register.

MINISATELLITES

Also known as variable-number
tandem repeats. These are DNA
sequences of variable length that
consist of many tandemly
repeated DNA motifs of
5–35 base pairs. Minisatellite
regions are unstable and often
expand or contract during
meiosis and mitosis, making
them good targets for
genotyping.
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------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAAC-

------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAAC-

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACTGGCACCAATGGTGTACGAACTGACGAAACCATCATTGTAATCAGAACACCAACA

------------ACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACTGGCACCAATGGTGTACGAACTGACGAAACCATCATTGTAATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATCACCACCGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATCACCACCGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATCACCACCGTCACCGGTACCACCGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATCACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACA

------------ACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACA

CCATGGACTGGTACTTTTACTTCTACATCTACTGAAATGACCACCATTACTGGAACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAAC-

CCATGGACTGGTACTTTTACTTCTACATCTACTGAAATGACCACCATTACTGGAACCAATGGTCAACCAACTGACGAAACCGTTATTGTTATCAGAACTCCAAC-

CCATGGACTGGTACTTTCACCTCTACATCCACTGAGATGACCACCGTCACCGGTACTAACGGTCAACCAACTGACGAAACCGTGATTGTTATCAGAACTCCAAC-

CCATGGACTGGTACTTTCACCTCTACATCCACTGAGATGACCACCGTCACCGGTACTAACGGTCAACCAACTGACGAAACCGTGATTGTTATCAGAACTCCAAC-

CCATGGACTGGTACTTTCACTTCTACATCTACTGAAATGACCACCGTCACCGGTACTAACGGTCAACCAACTGACGAAACCGTGATTGTTATCAGAACTCCAAC-

CCATGGACTGGCACTTTCACTTCGACTTCCACTGAGGTTACCACCATCACTGGAACCAACGGTCAACCAACTGACGAAACTGTGATTGTTATCAGAACTCCAAC-

CCATGGACTGGTACTTTCACTTCTACATCTACTGAGGTTACCACCATCACCGGTACCAACGGTCAACCAACTGACGAAACTGTTATTGTCATCAGAACTCCAAC-

CCATGGACCGGTACTTTCACCTCTACATCCACTGAGGTTACCACCATCACTGGTACCAACGGTCAACCAACTGACGAAACCGTGATTGTCATTAGAACTCCAAC-

CCATGGACTGGTACTTTCACCTCTACATCTACTGAGGTTACCACCATCACTGGTACCAACGGTCAACCAACTGACGAAACCGTGATTGTCATTAGAACTCCAAC-

CCATGGACCGGTACTTTCACCTCTACATCTACTGAGATGACCACCATCACTGGAACCAACGGTCAACCAACTGATGAAACTGTCATTATTGTCAAAACTCCAAC-

CCATGGACCGGTACTTTCACCTCTACATCCACTGAGATGACTACTGTGACCGGTACCAACGGTCAACCAACTGACGAAACTGTTATTGTCATTAGAACTCCAAC-

CCATGGACCGGAACTTTCACCTCTACATCCACTGAGATGACTACTGTGACCGGTACCAACGGTCAACCAACTGACGAAACTGTTATTGTCATTAGAACTCCAAC-

CCATGGACCGGTACTTTCACCTCTACATCCACTGAGATGACTACTGTCACCGGTACCAACGGTCAACCAACTGACGAAACTGTTATTGTCATTAGAACTCCAAC-

CCATGGACCGGTACTTTCACCTCTACATCTACTGAGATGACTACTGTCACCGGTACCAACGGTCAACCAACTGACGAAACTGTTATTGTTATCAGAACTCCAAC-

CCATGGACCGGTACTTTCACTTCTACATCCACTGAGATGACCACCATCACCGATACTAACGGTCAATTAACTGATGAAACTGTCATTGTCATCAGAACTCCAACA

CCATGGACCGGTACTTTCACTTCTACATCTACTGAAATGACCACCGTCACCGGTACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAACA

CCATGGACCGGTACTTTCACTTCTACATCTACTGAAATGACCACCGTCACCGGTACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAACA

CCATGGACCGGTACTTTCACTTCTACATCTACTGAAATGACGCACGTCACCGGTACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAAC-

            ***** ** ** ** ** ** **  * **     * ** *  ** *  **      ****** ** **  * *** *  * * *** *****
1 10 20 30 40 50 60 70 80 90 100

Figure 4 | The conserved nucleotide sequence of motif 4 of the FLO genes. The high level of nucleotide-sequence identity in
motif 4 within each gene and between different FLO genes is shown. The sequences were derived using several bioinformatics tools
(see FIG. 3). The numbers on the left of each sequence represent the location of the sequence in the open reading frame. The
numbers at the bottom indicate the nucleotide position with respect to the start of the aligned sequences. Asterisks below the
sequence indicate positions at which the same nucleotide is present in each FLO gene. 
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certain strains used in brewing. It has been proposed
that the Lg-FLO1 gene is a chimaera that results from
a translocation between the 5′ non-coding region of
the pseudogene YHR211 on chromosome VIII and
the 3′ non-coding region of pseudogene YAL065 on
chromosome I29.

Differential regulation generates diversity
The FLO11 gene of S. cerevisiae is the only adhesin gene
that is expressed in vegetative cells of laboratory
strains; the other FLO genes are silent27. This makes it
possible to study the phenotypic consequences of
FLO11 regulation without interference from the other
family members. Nutritional signals control FLO11
gene expression through both the mitogen-activated
protein kinase and protein kinase A pathways52. Under
conditions of nitrogen starvation, these pathways
induce the expression of FLO11. Even when cells are
grown under nutritional conditions that promote
expression, some cells express FLO11 and some do
not27. This switching of FLO11 between ‘on’ and ‘off ’
states is due to reversible epigenetic repression by chro-
matin-binding proteins27.

The morphogenetic consequences of FLO11
switching are striking: the cells that express FLO11
form a filament, whereas those that do not express
FLO11 continue to divide in the single-celled yeast
form. The ‘on’ state persists through subsequent gener-
ations, producing a phalanx of PSEUDOHYPHAL cells that
make up the intact filament27. This switching means
that even a strain with a single FLO11 gene has cells
with two different cell surfaces: those that have Flo11 in
their cell walls and those that do not.

The subtelomeric FLO1, FLO5 and FLO10 genes
provide another reservoir of cell-surface variation. So
far, no physiological conditions have been discovered
that release the telomeric FLO genes from repression.
However, the silent genes can be activated by ira muta-
tions that occur at high frequency. In ira mutants, the
FLO10 gene is expressed and confers hyperfilamenta-
tion and hyperadhesion27. Even when the FLO10 gene
is on, its expression is epigenetically unstable and
switches from the ‘on’ to the ‘off ’ state at a high fre-
quency (it is in each state for ~50% of the time). The
‘off ’ state is maintained by Sir3 and other components

six different adhesins. This variation might be of med-
ical importance: analysis of clinical isolates has identi-
fied as many as 60 different alleles of ALS7 (REF. 25). The
differences between alleles are largely caused by
rearrangements between the repeat elements25. Clearly,
recombination between the repeated nucleotide motifs
is ammunition for the propagation of an endless sup-
ply of new cell-surface proteins.

Recombination between adhesin genes. The adhesin
genes are often linked in tandem arrays. This close
proximity provides further opportunities for the
exchange of information between homologous
sequences (FIG. 6). The EPA1, EPA2 and EPA3 genes of
C. glabrata are closely linked, as are the ALS1, ALS5 and
ALS9 genes of C. albicans. The sequence similarity
between adjacent adhesin genes provides the possibility
of unequal crossovers that could generate strains that
have duplications and deletions, as well as new hybrid
alleles. Indeed, C. albicans strains have been described
that lack either ALS1 (REF. 26) or ALS5 (REF. 50). Although
C. albicans has no known meiotic cycle, there is ample
opportunity for these unequal crossover events to be
produced by mitotic recombination. As this organism
is diploid, the events that are described above could
also take place between ALS genes on homologous
chromosomes.

Although the S. cerevisiae FLO genes are not closely
linked in the genome, the FLO1, FLO5 and FLO9
genes have adjacent, truncated, non-functional copies,
which are annotated as pseudogenes in the database51

(FIG. 1). These defective FLO genes are probably the
relics of unequal crossover events rather than
processed cDNAs, as none of the functional FLO
genes has introns. Although they are non-functional,
these pseudogenes provide a reservoir of sequences
that could become incorporated into the adjacent
functional FLO genes.

The sequence similarity between different adhesin
genes means that even FLO genes on different chro-
mosomes can interact genetically. Recombination
between adhesin genes on different chromosomes
would result in translocations. Such interchromoso-
mal events might have generated the Lg-FLO1 gene,
which is responsible for the increased flocculation of

PSEUDOHYPHAL GROWTH

A form of cell division that
results in a filament of elongated
cells. The pseudohyphal filament
differs from a hypha because
each member of the
pseudohyphal filament is a
distinct cell, whereas the hypha
is a long, multi-nucleate filament
without separate cells.

FLO1 82–231
FLO10 82–231

FLO1 82–231 
FLO10 82–231

GCGTGCTTACCAGCAGGCCAGAGGAAAAGTGGGATGAATATAAATTTTTACCAGTATTCATTGAAAGATTCCTCCACATA

GCTTGTTTGCCAGCTGGAGAGAAGAAAAATGGTATGACTATAAACTTTTACCAATATTCCTTAAAAGATTCATCTACATA

** ** ** ***** **  *** ***** *** **** ****** ******** ***** ** ******** ** ***** 

TTCGAATGCAGCATATATGGCTTATGGATATGCCTCAAAAACCAAACTAGGTTCTGTCGGAGGACAAACT

CTCAAATCCGTCATATATGGCCTATGGTTATGCTGATGCAGAAAAACTGGGTTCTGTAAGTGGGCAAACA

 ** *** *  ********** ***** *****      *   ***** ********  * ** *****

1 10 20 30 40 50 60 70 80

81 90 100 110 120 130 140 150

Figure 5 | The low level of conservation of third-position nucleotides in nucleotide motif 1 of FLO10. The amino-acid
sequence corresponding to motif 1 is conserved in FLO1, FLO5, FLO9 and FLO10 (see FIG. 3). In FLO1, FLO5 and FLO9, the motif
is also conserved at the nucleotide level. In FLO10, however, many third-position changes have occurred. The numbers on the left of
each sequence represent the location of the sequence in the open reading frame. The numbers below the sequence indicate the
nucleotide position with respect to the start of each sequence. The asterisks below the nucleotides indicate positions at which there
is identity between the two sequences. Statistical analysis (using a chi-squared test) indicates that the low level of conservation of
the third-nucleotide position compared with that of the first and second positions is statistically significant (p < 0.01).
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protein, thereby permitting the expression of the FLO
genes and increasing adhesion. As the PSI+ and PSI–

states switch back and forth at high frequencies, the
prion might contribute to the presence or absence of
Flo proteins on the cell surface.

Adhesins and biofilms
The adhesive properties that are conferred by these
fungal cell-surface molecules have prompted the
investigation of their role in infection. Disseminated
candidiasis is usually associated with plastic medical
devices, such as catheters, that are thought to provide
the vehicle for fungal invasion54,55. It is presumed that
the cells attach to the device, hitch a ride as the device
is implanted and that the device provides a continuing
source of fungal cells for further infiltration and pro-
liferation. The high rates of mortality that are associ-
ated with these infections (41%)6 place the adhesins
centre stage in modern medicine.

Studies using several experimental systems have indi-
cated that the adhesins have a role in fungal adhesion to
plastic. The catheter-disc model measures the increase
over time in the number of C. albicans cells that adhere
to a disk or strip that is cut from the catheter material
(polyvinylchloride or polyurethane). Cells are allowed to
adhere to the disk, which is washed to remove the non-
adherent cells, and the cells are then incubated in growth
medium. The cell mass on the disk increases with time.
Analysis by northern blotting indicates that the ALS1
gene, and perhaps other genes in this family, are upregu-
lated in the adherent cells as compared with those that
are grown in the absence of the disk56.

A second method uses the heterologous expression of
a Candida gene in a non-adherent mutant strain of
S. cerevisiae to determine whether the candidate gene is
capable of conferring the ability to adhere to plastic. A
recent study that combined these two methods illustrates
the key role of the Candida adhesins in adhesion to plas-
tic, as well as in many other morphogenetic changes that
are important for pathogenesis19. This study used a cham-
ber in which cells on a plastic surface were subjected to a
controlled flow of medium. An S. cerevisiae flo8 mutant
was transformed with a library of Candida genes and then
screened for adherent cells in the flow chamber. Recycling
the adherent population through the device identified
EAP1, a C. albicans gene that increased the adhesion of
S. cerevisiae to polystyrene19. Eap1 is a new member of the
adhesin family that has some homology to Flo1 and other
S. cerevisiae adhesins.

The properties of the S. cerevisiae flo8 mutant
expressing EAP1 are extremely informative. The flo8
mutant does not express any of the S. cerevisiae
adhesins. It is therefore defective in the adhesion of the
haploid form to agar and polystyrene, filamentation of
the diploid form and film formation (see below). The
transformant can be tested for the ability of the het-
erologous gene to restore these functions in the
mutant. The EAP1 gene not only confers adhesion to
polystyrene, but also restores invasive and filamentous
growth to S. cerevisiae mutants that are defective in
these properties19. Remarkably, EAP1 also enhances the

of the complex that produces silent chromatin at the
telomeres. As a consequence of unstable silencing at
both FLO10 and FLO11, a genetically homogeneous
population of S. cerevisiae that carries de-silenced
FLO10 can consist of four types of cells with different
cell-surface proteins: Flo11+Flo10+, Flo11+Flo10–,
Flo11–Flo10+ and Flo11–Flo10–.

This pattern — in which one family member is
expressed and the others are silenced — might also
apply to C. glabrata. For example, in this organism only
EPA1 is expressed, whereas EPA2, EPA3, EPA4 and
EPA5 are not23. This transcriptional silencing seems to
be due to the location of these genes in the subtelom-
eric regions, because the regional repression depends
on functional Sir3 (REF. 23). In C. albicans, the situation
is different; more than one of the ALS genes is
expressed in the strains that have been studied21.
Moreover, there is no evidence that the ALS genes are
located in the telomeric regions.

It has been suggested that variation in FLO gene
expression could also be controlled by the unstable
yeast prion PSI+ (REF. 51). PSI+ is the heritable prion
form of the S. cerevisiae Sup35 protein, which mediates
translational termination at nonsense codons. PSI+

increases nonsense suppression, whereas the PSI– non-
prion form of Sup35 reduces it53. Many strains of
S. cerevisiae have a nonsense mutation in the FLO8
gene. Flo8 is a transcriptional regulator of the expres-
sion of FLO genes: flo8 mutants are unable to express
any of these genes37. It has been proposed that the flo8
nonsense mutation might be suppressed by the PSI+

a b

Figure 6 | Recombination between repeated DNA motifs in adhesin genes generates
new alleles. Boxes indicate nucleotide motifs; the regions shown in black at the ends of the
chromosomes represent telomeres. a | Intrachromosomal pairing coupled with a recombination
event can generate a short gene with a reduced number of repeats. b | An unequal crossover
between two identical FLO genes on homologous chromosomes that have not aligned perfectly
is shown. Similarly, FLO genes with significant homology that are located on different
chromosomes could recombine to produce new chimeric genes. This event would generate both
a long and a short form of the gene. Although simple reciprocal recombination events are shown,
the amplification and loss of repeat motifs could occur by many mechanisms, including slippage
during replication and double-strand breaks. It is interesting to note that the FLO genes that are
adjacent to telomeres on different chromosomes all have the same orientation with respect to the
centromere. The fact that they are all transcribed towards the telomere means that
interchromosomal recombination would reconstitute functional chromosomes with a single
centromere, and not dicentrics (chromosomes with two centromeres).
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polyvinylchloride64. These properties are dependent on
capsular glycopeptidolipids, and not secreted mole-
cules, because mutants that are defective in the deposi-
tion of these glycopeptidolipids do not adhere to
polyvinylchloride or form a film on agarose.

S. cerevisiae, like M. smegmatis, forms a film on low-
agar Petri plates16 (FIG. 7). The formation of this film,
and adhesion to polystyrene, requires the adhesin
Flo11. Mutants that lack functional Flo11 do not form
this film or the elaborate structures that are associated
with it. These properties seem to be unique to Flo11, as
none of the other adhesins that have been tested form
the film or increase adhesion to plastic. Cells that
express Flo11 are much more hydrophobic than flo11
mutant cells, indicating that some of these properties
could be a consequence of the exclusion of water from
the space between the cells and the surface to which
they bind. So far, there is no evidence that S. cerevisiae
secretes an extracellular material, either when growing
as a film or when adhering to plastic.

C. albicans shows many of the features of bacterial
biofilms in the assays that have been described earlier.
C. albicans cells within the biofilm become highly resis-
tant to antifungal agents and surround themselves with
extracellular material7,56,65,66. Within this material, the
cells develop into a morphologically diverse network,
which consists of single-celled yeast, hyphae and pseudo-
hyphae. Could the ECM consist of adhesin proteins that
have been shed from the yeast cells? It has been shown
that cells in C. albicans biofilms express several ALS
genes67. So far, no specific proteins have been identified
in the extracellular material, although it seems to consist
of both proteins and carbohydrates58,65. The chemical
composition of the extracellular material is important
because it will determine whether the matrix is a mixture
of cell-wall proteins that have been sloughed off from the
surface or whether it consists of a specific protein that is
associated with this new, communal form of growth.
Moreover, it will show whether the repertoire of adhesins
provides the diversity that enables C. albicans to form
biofilms on such a variety of substrates.

Conclusions
Fungi, like many other microorganisms, can vary their
cell-surface antigens. The diversity of adhesins that is
produced by frequent recombination events has impor-
tant implications for treating fungal infections, as it
makes them poor targets for antifungal agents. Enzymes
that are required for the localization of all these adhesins,
such as those involved in the modification of the GPI
anchor, might be better candidates for drug targeting.

The variation that exists among fungal adhesins
seems to be caused by differential genetic and epigenetic
regulation and frequent recombination events, both
between and within adhesin genes. However, the mech-
anisms by which these events occur and their frequen-
cies in vitro and in animal hosts are still not known. The
tools that are needed to answer these questions are now
available, and improving our knowledge of these
processes should benefit both basic molecular biology
and our understanding of fungal pathogenic strategies.

attachment of S. cerevisiae to HEK293 human embry-
onic kidney epithelial cells19. These attributes indicate
that EAP1 might provide many of the characteristics
that are associated with the pathogenicity of C. albicans.
However, the genetic repertoire that is responsible for
the adherent properties of C. albicans is clearly more
complex and includes not only the entire ensemble of
ALS genes57, but also genes such as INT1 and HWP1,
which have no homology to the ALS family39.

The ability of fungi to adhere to many inert sub-
stances has led to the suggestion that Candida spp. and
other species form biofilms, by analogy to the adherent
structures that are formed by bacteria4,22,58. Although
there is no universally accepted definition of a biofilm,
several authors have attempted to describe biofilms in
a manner that distinguishes this type of association
from other forms of bacterial growth. These descrip-
tions include: “…communities of microorganisms
that are attached to a surface”59; “…assemblages of
microbes at an interface that are typically attached to a
surface”60; and “…populations of adherent microbes
enclosed by a matrix”61. Although many other pheno-
types, such as new morphologies, have been attributed
to bacterial biofilms, the most important feature of
medical significance is their high level of resistance to
antibiotics7,56,62.

Given the diversity of microbial lifestyles, none of
these attributes is common to all of the structures that
are called biofilms. For example, the Pseudomonas
aeruginosa biofilm is composed of cells that are sus-
pended in the exopolysaccharide alginate63. By contrast,
Mycobacterium smegmatis does not secrete an ECM,
but it does form a film on wet agarose Petri plates and

a

b c

Time (min)

WT

flo11∆

0 80 240

Figure 7 | Saccharomyces cerevisiae FLO11 is required
for adhesion to plastic and film formation. a | Wild-type
(WT) and flo11∆ cells were incubated for predetermined
lengths of time in polystyrene wells. The cells were stained with
crystal violet and the wells were washed thoroughly to remove
non-adherent cells. The test shows that wild-type cells adhere
to the plastic, whereas flo11∆ cells do not. b | Formation of a
film with extensive morphological differentiation when wild-type
cells are inoculated onto a low-agar (0.3%) plate. c | flo11∆
cells fail to form a film on low-agar plates.
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