Virulence-related surtace glycoproteins
in the yeast pathogen Candida glabrata
are encoded in subtelomeric clusters

and subject to RAP1- and SIR-dependent
transcriptional silencing

Alejandro De Las Penas, Shih-Jung Pan, Irene Castafio, Jonathan Alder, Robert Cregg,

and Brendan P. Cormack!

Department of Molecular Biology and Genetics, Johns Hopkins University School of Medicine,

Baltimore, Maryland 21205, USA

Candida glabrata is an important opportunistic pathogen causing both mucosal and bloodstream infections.
C. glabrata is able to adhere avidly to mammalian cells, an interaction that depends on the Epalp lectin.
EPA1 is shown here to be a member of a larger family of highly related genes encoded in subtelomeric
clusters. Subtelomeric clustering of large families of surface glycoprotein-encoding genes is a hallmark of

several pathogens, including Plasmodium, Trypanosoma, and Pneumocystis. In these other pathogens, a single
surface glycoprotein is expressed, whereas other genes in the family are transcriptionally silent. Similarly,
whereas EPA1 is expressed in vitro, EPA2-5 are transcriptionally repressed. This repression is shown to be due
to regional silencing of the subtelomeric loci. In Saccharomyces cerevisiae, subtelomeric silencing is initiated
by Raplp binding to the telomeric repeats and subsequent recruitment of the Sir complex by protein-protein
interaction. We demonstrate here that silencing of the subtelomeric EPA loci also depends on functional Sir3p

and Raplp. This identification and analysis of the EPA gene family provides a compelling example in an
ascomycete of chromatin-based silencing of natural subtelomeric genes and provides for the first time in a
pathogen, molecular insight into the transcriptional silencing of large subtelomeric gene families.
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Candida species, normally part of the mucosal flora in
immunocompetent individuals, can cause invasive in-
fections in immunocompromised individuals. In the
hospital environment, Candida species are responsible
for ~8% of all hospital-acquired bloodstream infections
(Schaberg et al. 1991; Gerberding et al. 1999; Trick et al.
2002). The two most frequently encountered species in
the United States are Candida glabrata and Candida
albicans. C. glabrata, a haploid yeast, accounts for up-
wards of 15% of isolates from the bloodstream as well as
from mucosal sites (Schuman et al. 1998; Pfaller et al.
1999, 2001; Vazquez et al. 1999). Little is known about
the virulence factors permitting this organism to colo-
nize the human host and cause disease. As with C. albi-
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cans, adherence of C. glabrata to host cells is hypoth-
esized to be important in virulence (Calderone and Fonzi
2001). In vitro adherence of C. glabrata to cultured hu-
man epithelial cells is mediated in large part by a single
adhesin, encoded by the EPA1 gene, which recognizes
host encoded N-acetyl lactosamine-containing glycocon-
jugates (Cormack et al. 1999). EPA1 is a member of a
large class of glycosylphosphatidylinositol-anchored cell
wall proteins (GPI-CWPs) found in diverse fungal species
including Saccharomyces cerevisiae, C. albicans, and
Aspergillus fumigatus (Brul et al. 1997; Kapteyn et al.
2000; Klis et al. 2001). At the sequence level, these pro-
teins are characterized by the presence of a hydrophobic
signal sequence, an N-terminal “functional” domain
that mediates specific protein—protein or protein-ligand
interactions, a hydrophobic C-terminal sequence signal-
ing GPI anchor addition, and (in many cases) a large C-
terminal serine/threonine-rich region which functions
in localization within different layers of the cell wall
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(Frieman et al. 2002). GPI-CWPs traffic to the plasma
membrane, where they are clipped from the GPI anchor
and cross-linked to B1-6 glucan in the cell wall (Lu et al.
1994, 1995; Kapteyn et al. 1996) a form that is often
accessible to the extracellular environment (Frieman et
al. 2002).

Although EPA1 mediates 95% of in vitro adherence to
cultured epithelial cells, deletion of EPA1 results in no
significant virulence phenotype in murine models of sys-
temic or vaginal candidiasis (Cormack et al. 1999). By
extension from other pathogens, this might be due to the
presence of additional adhesins that compensate in vivo
for the absence of EPA1. For example, in C. albicans, the
ALS1 and ALA1 genes, which encode adhesins for uni-
dentified host ligands, are members of a family of so-
called ALS genes (Hoyer 2001). HWP1, which permits
the covalent attachment of Candida to host tissue via
host transglutaminases, is one of four related genes
found in the C. albicans genome sequence (Candida Ge-
nome Project, Stanford University). This multiplication
of putative adhesins in C. albicans raises the possibility
of functional redundancy within the gene families, and
may indicate that proteins present at the cell surface are
of prime importance in the host-pathogen interaction,
providing evolutionary pressure for expansion of the
family.

Here we demonstrate that EPA1 is part of a large fam-
ily of related genes in C. glabrata, and we characterize
four additional EPA-related genes. Our data reveal an
unexpected complexity in the potential for cell-surface
variation in C. glabrata and suggest that a new family of

proteins defined by homology to the adhesin EPA1 may
be critical for C. glabrata’s interaction with mammalian
hosts. Strikingly, the EPA genes are present in subtelo-
meric clusters, similar to the subtelomeric clustering of
surface glycoprotein genes in many other pathogens, in-
cluding Pneumocystis carinii, Trypanosoma brucei, and
Plasmodium spp. In addition, we show that most of the
EPA genes are transcriptionally silenced by machinery
analogous to the silencing machinery of S. cerevisiae,
providing a compelling example in an ascomycete of
chromatin-based regulation of natural subtelomeric
genes.

Results

EPAL is part of a cluster of C. glabrata-specific cell
wall proteins

Analysis of C. glabrata genomic DNA revealed that
EPA1 (Fig. 1A) is part of a cluster of related genes. We
identified and sequenced a fosmid (Castano et al. 2003)
containing 40 kb of C. glabrata genomic DNA flanking
the EPA1 locus (Fig. 1A). Using fosmid sequence, we
used chromosome walking to clone and sequence the
adjacent genomic region (Materials and Methods). The
sequence of the locus has been deposited with GenBank
(accession no. AY344226). This analysis showed that the
EPA1 locus is adjacent to a telomere in a cluster of four
genes encoding predicted GPI-CWPs, each possessing an
N-terminal signal sequence, a C-terminal serine/threo-
nine-rich region, and a C-terminal GPI-anchor addition
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Figure 1. Structure of the EPA clusters. (A) EPA1 is present in a cluster of four related genes encoding predicted GPI-linked cell wall

proteins: HYR1, EPA1, EPA2, and EPA3. This cluster is located 5.7 kb from the telomere (T). (B) EPA4 and EPAS5 are essentially
identical genes and are present in the genome as an inverted repeat. The repeated sequences include a 2.8-kb upstream noncoding
region, the coding region (EPA4, 4.2 kb; EPA5, 3.9 kb), and 0.9 kb of 3’ noncoding region. The inverted repeats (broken line) are
separated by a unique region of 1.8 kb. The EPA4/5 cluster is localized 4 kb from the telomere. The numbers in kilobases show the
size of the genes (below the gene name) and the intergenic distance (between the genes). Arrows indicate direction of transcription.
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signal. These four genes, which we have named HYR],
EPA1, EPA2, and EPA3 (see below) are clustered in a
24-kb region located 5.7 kb from the telomere. In addi-
tion to the clustering of these related genes, the region is
remarkable for the large intergenic distances (2.3-5.7 kb)
between predicted coding regions. The telomere se-
quence in our terminal clone is composed of a 16-bp
sequence (CTGT-GGGG-TCT-GGG-TG), repeated 30
times in our clone. The sequence of this telomere repeat
is in agreement with that previously published (McEach-
ern and Blackburn 1994) and contains a consensus Raplp
binding site (Cohn et al. 1998).

Even though S. cerevisiae and C. glabrata are phylo-
genetically closely related yeasts, the genes in the
cluster are not present in S. cerevisiae. Upstream of the
cluster there are orthologs of a number of nontelomeric
S. cerevisiae genes, including the S. cerevisiae ISC1
(YERO19w), which encodes an inositol phospho-
sphingolipid phospholipase C (65% identity/similar-
ity), and the S. cerevisiae essential gene YJLO10c (83 %
identity/similarity). Upstream of these two genes, the
genome is clearly syntenic to that of S. cerevisiae, with
the C. glabrata sequence containing the orthologs
of the S. cerevisiae ORFs YKL142w, YKLI145w,
YKL149w, YKL150w, and YKL15lc genes (data not
shown).

Structure of EPA2, EPA3, and HYR1

C. glabrata HYR]1 is the gene located closest to the cen-
tromere in the cluster. From the deduced amino acid
sequence, there is an N-terminal signal sequence, and
the first 400 amino acids share homology (21% identity/
19% similarity) to the C. albicans HYR1 gene (Bailey et
al. 1996). Like the C. albicans counterpart, C. glabrata
HYR1 is predicted to encode a GPI-anchored cell wall
protein (GPI-CWP), as it possesses a signal sequence, a
C-terminal GPI addition signal, and a C-terminal serine/
threonine-rich region (28% S/T). Its predicted tran-
scription orientation is toward the telomere, and its
stop codon is separated from the start codon of EPAI,
the second gene in the cluster, by a 3.5-kb intergenic
region.

EPA2 and EPAS3 are the third and the fourth genes of
the cluster separated from EPA1 by a 2.3-kb intergenic
region and from each other by a long intergenic region of
5.7 kb (Fig. 1A). They encode predicted cell wall proteins
of 1297 amino acids and 1133 amino acids, respectively.
The predicted transcription orientation for both EPA2
and EPA3 is toward the centromere, in contrast to that of
HYR1 and EPA1. EPA1, EPA2, and EPAS3 are clear para-
logs. For the three EPA genes, the predicted N-terminal
300-amino acid regions (shown to be the ligand binding
domain for Epalp; Frieman et al. 2002) are highly related
(Table 1). The C-terminal regions of EPA2 and EPA3 are
homologous to each other but not to the C-terminal re-
gion of EPA1, a result of the fact that EPA2 and EPA3
share internal Ser/Thr/Pro-rich repeats with each other
but not with EPA1 (Fig. 2).

Silencing of Candida virulence genes

Table 1. EPA family homology in the ligand-binding domain

Epa2p Epa3p Epadp Epa5p
Epalp 46 41 46 45
Epal2p 40 87 86
Epa3p 39 39
Epadp 99

Percent identity of the N-terminal domains (junction of N-ter-
minal and C-terminal domains as defined in Fig. 2) of EPA1-5

EPA4 and EPA5 are encoded as a subtelomeric
near-perfect inverted repeat

Given the discovery of EPA2 and EPA3, we used low-
stringency PCR amplification to determine whether
other EPA-related genes are present in the genome. We
designed primers (primers #1124 /#1125) based on homol-
ogy among EPA1, EPA2, and EPA3 and amplified a frag-
ment from C. glabrata genomic DNA prepared from
strain BG465, which lacks EPA1, EPA2, and EPA3 (see
below). The nucleotide sequence was not identical, but
showed a high degree of homology, to the EPA2 gene.
Three fosmids (F11D8, F23H10, and F29C7) that con-
tained this fragment were identified and used for se-
quence analysis. The fosmids were found to contain two
EPA-related genes, which we named EPA4 and EPAS5.
Chromosome walking was used to clone and sequence
the adjacent genomic region (Materials and Methods).
The sequence of the locus has been deposited with Gen-
Bank (accession no. AY344225). As for the EPA1-3 locus,
the terminal clone identified for this cluster contained
multiple 16-bp telomeric repeats, indicating that the
EPA4-5 locus, like the EPA1-3 locus, is adjacent to a
telomere (Fig. 1B). As diagrammed in Figure 2, EPA4 and
EPA5 are essentially identical to each other (99% iden-
tity). In the N-terminal ligand binding domain, they are
very close relatives of EPA2 (Table 1). EPA4 is slightly
longer than EPAS5, as it has four additional internal 56-
amino acid repeats within the Ser/Thr-rich region. In
addition, just after the N-terminal ligand binding do-
main, each gene has a region of slightly different lengths
composed almost entirely of serine residues (153 in
EPA4 and 178 in EPA5). Apart from these two differ-
ences, they have only a single nucleotide difference
(which results in a change at amino acid 95 from glycine
for EPA4 to arginine for EPA5). More than 2.8 kb of up-
stream noncoding region and 0.9 kb of 3’ noncoding re-
gion are also identical for the two genes. This is dia-
grammed in Figure 1B (not drawn to scale). The genes are
present in the genome as a large inverted repeat, sepa-
rated by a unique sequence of 1.8 kb (Fig. 1B). Several
additional experiments were carried out to eliminate the
possibility that the extensive inverted repeat structure of
the locus resulted from a recombination/duplication
event of the cloned locus in Escherichia coli. Southern
blot analysis using EPA4/EPA5 sequence as probe
showed two bands of predicted size after digestion with
an enzyme in the unique region between the two in-
verted repeats (Fig. 3A). PCR amplification and sequenc-
ing of the products also showed that EPA4 and EPA5 are
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Figure 2. Schematic of domain structure of the EPA1 homologs. The sequences of EPAI-5 have been deposited with GenBank
(accession nos. AY344225 and AY344226). The N-terminal domains of EPA1, EPA2, EPA3, EPA4, and EPA5 are indicated in yellow.
The exact breakpoint between the N-terminal and C-terminal domains is somewhat arbitrary, but in general is marked by the first
sequence that is highly enriched for Ser or Thr residues. The homology between the N-terminal ligand binding domains is detailed in
Table 1. The C-terminal domains are characterized by several repeated sequences. For details and full amino acid sequence of the
longer repeats, see the GenBank files indicated above. The green boxes in Epalp indicate a 40-amino acid repeat (VRS. . .SKM) specific
for that protein. The red boxes in Epa2p, Epadp, and Epa5p indicate stretches almost entirely made up of Ser residues. The orange boxes
in Epa2p and Epa3p indicate regions composed of three different repeats (HNPSS, VNPSS, and KPADPSPADPS), themselves repeated
multiple times. The blue boxes in Epa2p-Epa5p indicate a 56-amino acid motif (DSFSL. . NNGDS) found in all four proteins; the black
stripes in these same genes indicate a 14-amino acid repeat (PSPNGGGSGNNGNT).

both present in the genome. The inverted orientation of
these genes with respect to one another was verified us-
ing PCR with a single primer which, because of the in-
verted duplication, could amplify a band of predicted
size. Finally, Southern blot analysis using a probe to the
unique region telomeric to EPA4 hybridized to a band of
predicted molecular weight corresponding to the telo-
meric fragment (Fig. 3B). This probe also hybridized to
multiple other bands, suggesting that the region is re-
peated multiple times in the genome (as is true for sub-
telomeric sequences in S. cerevisiae). Thus, EPA4 and
EPAS5, essentially identical to each other and close ho-
mologs of the EPA2 gene, are present as an inverted re-
peat found within 4 kb of the telomere. As we were un-
able to distinguish between them in our subsequent
transcriptional analyses, we refer to the pair as EPA4/
EPAS.

Deletion of the EPA1-3 cluster reduces C.
glabrata virulence

The EPA1 gene mediates in vitro adherence to epithelial
cells through binding to host carbohydrate (Cormack et
al. 1999). In a systemic infection model, immunocompe-
tent BalbC mice, an epalA mutant strain, showed no
decrease in virulence. In light of our discovery of addi-
tional putative cell wall proteins (HYRI1, EPA1, EPA2,
and EPA3) in C. glabrata and the extent of homology
between EPAI1, EPA2, and EPA3, we tested whether

2248 GENES & DEVELOPMENT

these genes play a role in virulence. We deleted the four
genes in the EPA1 cluster by a classical two-step deletion
procedure (see Materials and Methods), generating two
independent strains deleted for all four genes (BG459 and
BG461). The deletions were made in a ura3 mutant
strain of C. glabrata (BG14) in which the URA3 locus is
deleted (see Supplementary Table S1). The chromosomal
structure of the deletion mutants was confirmed by PCR
and Southern blot. Prior to their analysis in vivo, each
independent mutant and the parental ura3 strain were
made Ura* by restoring URA3 at the URA3 locus to
generate strains BG462, BG465, and BG475 (see Supple-
mentary Table S1). The three strains grew with identical
doubling times in rich media (YPD) or minimal media
(YNB) at 30°C or 37°C (data not shown).

To examine virulence of these mutated strains, we in-
fected mice by tail vein injection using 2 x 107 yeast
cells with strains BG462 (wild type), BG465 (mutant 1),
and BG475 (mutant 2). Mice were sacrificed on day 7
after infection, and the kidneys, spleen, and liver were
recovered. The organs were homogenized, and dilutions
were plated for colony-forming units (CFUs) on YPD
plates supplemented with penicillin and streptomycin.
For each strain, 10 mice were infected. The average num-
ber of yeast recovered from the kidneys was three- to
fivefold less for the mutant strains compared to that for
the wild-type strain (Table 2). This modest attenuation
was not the result of a general inability to persist or grow
in vivo, because the recoverable counts for liver and
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spleen were essentially identical for the two mutant
strains and for wild type (Table 2). The kidney coloniza-
tion was significantly lower for mutant strain BG465
(p = 0.008) and for the independent mutant strain BG475
(p =0.04) than for the wild-type strain BG462. The ex-
periment was repeated two more times with the consis-
tent finding that the colonization of the kidney was
lower for the mutant strains than for the wild-type strain
(Table 2). These data suggest that the HYRI1/EPA1-3
gene cluster has a role in virulence, albeit a modest one.

We also deleted the EPA4 and EPA5 genes in the
strains already deleted for HYR1 and EPA1, EPA2, and
EPA3. This mutant strain also had a moderate decrease

Table 2. Virulence of C. glabrata (hyrl epal epa2 epa3)A

2.9kb

Figure 3. Structural analysis of the
EPA4/5 loci. Southern blot analysis was
made to confirm the structure of EPA4 and
EPA5. Genomic DNA was isolated from
wild-type strain BG14 and cut with Agel
(Agel recognizes a site in the unique region
between the inverted repeats) and Mfel,
and the bands were separated in an 0.8%
agarose gel (see Materials and Methods).
Probe #1 (pAP481) anneals 157 bp up-
stream from the ATG of both EPA4 and
EPA5, giving 6.8-kb and 9.1-kb bands.
Probe #2 (pAP479) anneals 1.343 kb from
the telomere repeats, showing the ex-
pected 2.9-kb band. This Southern blot
confirms the presence of EPA4/5 as an in-
verted repeat and that this subtelomeric

PROBE #2 region is reiterated in the genome.

(threefold) in colonization specifically of the kidney (data
not shown).

The EPA genes are transcriptionally silent in vitro

The finding that the EPA1 gene is required to mediate in
vitro adherence to epithelial cells suggested that it is
expressed in vitro under the conditions of the adherence
assay, and indeed we were able to show that EPAI is
expressed in vitro (Fig. 4, lane 2). We used reverse tran-
scriptase PCR (RT-PCR) to determine whether EPA2,
EPA3, and EPA4/EPA5 are expressed under the same
conditions. We found that there was no detectable tran-

Kidney Liver Spleen

Exp. 1 Exp 2 Exp. 3 Exp. 1 Exp. 1
Strain wild M465 M475 wild M475 wild M465 M475  Wild M465 M475 Wild M465 M475
Sample size 10 10 10 10 10 10 8 9 10 10 10 10 10 10
Min. (x1072) 2500 100 790 1900 500 6400 200 2700 900 100 520 10,600 270 18,000
Max. (x1072) 122,000 15,300 45,000 49,000 48,000 57,200 31,700 37,100 6500 3700 5400 42,000 61,000 82,000
Mean (x1072) 31,430 4520 14,219 14,100 6830 22,520 9980 13,140 2570 2200 2705 24,390 32,207 39,300
P-value? — 0.008 0.04 — 0.008 — 0.05 012 — 0.91 1 — 0.16 0.06

#Kruskal-Wallis test.

Balb/C mice were infected by tail vein injection with 2 x 107 cells per strain and 10 mice were used per experiment per strain. Mice were sacrificed at
day 7 after infection and kidney, liver, and spleen were recovered. The organs were homogenized and dilutions were plated on YPD Pen/Str plates, and
CFU were scored (see Materials and Methods). Strains BG462 (wt), BG465 (mutant 1), and BG475 (mutant 2) were used in these experiments (see
Supplemental Material, Table S1). There is a significant three- to five-fold reduction in kidney colonization, but no difference in colonization of spleen
or liver. Representative counts are shown for spleen and liver from the first experiment; in the subsequent experiments as well there was no significant
difference in recovered CFUs for the three strains for spleen and liver (data not shown).
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Figure 4. Expression analysis of EPAI, EPA2, EPA3, and
EPA4/5 by RAP1 and SIR3. Wild-type and the mutant strains,
rap1-21 and sir3A, were assayed for EPA1, EPA2, EPA3, and
EPA4/5 expression by RT-PCR (see Materials and Methods).
ACTI1 was used as the control. (-RT) Controls without RT; (G)
genomic control.

script for any of the EPA2-5 genes (Fig. 4, lane 2). Be-
cause EPA2-5 are so close to the telomere, we considered
whether EPA2-5 might be subject to silencing, as are
reporter genes placed adjacent to telomere sequences in
S. cerevisiae. We used transposon mutagenesis to place
the URAS3 gene at seven locations in the intergenic re-
gions of HYR1, EPA1, EPA2, EPA3, EPA4, and EPAS5.
The locations of these seven URA3 markers are shown
in Figure 5. These URAS3 reporters provided an assay for
transcriptional repression across the region independent
of measuring transcription of the EPA genes themselves.
5-FOA, an analog of orotate, an intermediate in uracil
metabolism, is toxic to cells able to metabolize uracil. In
the assay, cells expressing the URA3 gene die in the
presence of 5-FOA; in contrast, cells in which the URA3
gene is silent are able to grow in the presence of 5-FOA.
Thus, if the URA3 gene at a particular location is subject
to transcriptional silencing, the corresponding strain is
able to grow on SC + 5-FOA plates. Remarkably, for the
EPA1-3 locus, there was a clear silencing effect (as mea-
sured by growth on SC + 5-FOA plates) for URA3 placed
at telomeric locations, whereas insertions distal (telo-
meric) to EPAI or proximal (centromeric) to HYR1 were
not appreciably silenced at all. Indeed, there was a gra-
dient of silencing of the EPA1-3 locus, with pronounced
silencing of URAS integrated at the most telomeric site
but with decreased silencing as the integration site was
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moved towards the centromere (Fig. 5, top). At the EPA4/
EPA5 locus, URAS3 genes placed at all three integration
sites were completely silenced (Fig. 5, bottom).

EPA2-5 are silenced in an SIR3-dependent fashion

To begin to analyze the mechanism by which genes in
this subtelomeric family are silenced, we undertook a
screen for mutants that de-repress transcription of the
silent genes. We had previously constructed a library of
10,000 insertion mutants (Castano et al. 2003) distrib-
uted randomly in the C. glabrata genome. EPA1 is ex-
pressed at low levels in stationary phase, and the cells
are consequently nonadherent. We set out to study EPA
family regulation by screening for mutants that were
hyper-adherent in stationary phase, potentially due to
ectopic expression of EPAI paralogs. The screen and
most of the genes identified in the screen will be de-
scribed elsewhere. However, one of the mutants found in
the screen had an insertion in the promoter region of a
gene with homology to SIR3. This insertion resulted in a
hyper-adherent phenotype in stationary-phase cells. In S.
cerevisiae, SIR3 encodes one of the critical structural
components involved in silencing chromatin at the si-
lent mating loci and at telomeres (Rine and Herskowitz
1987; Gottschling et al. 1990; Aparicio et al. 1991; Mor-
etti et al. 1994; Liu and Lustig 1996), suggesting that
chromatin-based subtelomeric silencing might have a
role in repression of the EPA genes. We cloned the full-
length C. glabrata SIR3 gene from our fosmid library and
determined its sequence (GenBank accession no.
AY344224). Overall sequence homology to the S. cerevi-
siae SIR3 gene is modest, with 21% identity and 17%
similarity over the length of the protein (data not
shown). However, within the N-terminal 215 amino ac-
ids, there is a high degree of homology (45% identity/
22% similarity). In S. cerevisiae, mutations in this con-
served region, which contains a bromo-adjacent homol-
ogy domain (Callebaut et al. 1999; Zhang et al. 2002),
suppress the silencing defects of mutations in the tail of
histone H4 (Johnson et al. 1990; Liu and Lustig 1996).
Furthermore, the C. glabrata SIR3 gene is adjacent to the
ECM7 gene in C. glabrata as it is in S. cerevisiae, con-
sistent with the overall synteny between the two ge-
nomes.

We made a disruption of the entire SIR3 ORF, gener-
ating strain BG676. We then analyzed this strain for ex-
pression of EPA1-5. EPA1 is expressed in log-phase cells
in both the wild type and the sir3A strains (Fig. 4, lanes
2,4). However, EPA2, EPA3, and EPA4/5, which were
silent in the wild-type strain, were expressed in the sir3A
strain (Fig. 4, lanes 2,4). This suggested that Sir3p acts
normally to repress at least some of the EPA genes. To
examine the role of SIR3 in regional repression of the
two loci, we assayed expression of the URA3 insertions
in this region. We showed above that the URA3 gene was
transcriptionally silenced when integrated at various po-
sitions within the two EPA clusters. We tested whether
that transcriptional repression was dependent on SIR3,
by introducing the seven Tn7-URA3 constructs into the
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Figure 5. Silencing effect on the URA3
gene located in the intergenic regions at
the EPA1 and EPA4/5 clusters. (Top)
Strains were constructed carrying Tn7 in-
sertions in the intergenic regions of ISC1
and HYR1 (A), EPA1 and EPA2 (B), EPA2
and EPA3 (C), and EPA3 and telomere (D).
(Bottom) Strains were constructed carry-
ing Tn7 insertions in the intergenic re-
gions of PET56 and EPAS5 (E), EPA5 and

__________ F 5A4_ R j EPA4 (F), and EPA4 and telomere (G).
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YPD, SC-Ura, and SC + 5FOA (see Materi-

SC+5FOA als and Methods). Cells that are Ura* die

on SC + 5FOA plates. Thus only cells in
which the URA3 gene is transcriptionally
repressed can grow on this medium. Tri-
angles represent Tn7 insertions, arrows in-
dicate direction of transcription (T, telo-
mere), and numbers in kilobases are the
distance from telomere to the insertion

0008 e o5 point.

identical genomic locations in the sir3A background. Si-
lencing of the URA3 gene in all cases was eliminated,
showing that the position-dependent silencing of URA3
integrated at both subtelomeric EPA loci was dependent
on SIR3 (Fig. 6, top and bottom).

RAP1 is required for EPA gene silencing

In S. cerevisiae, Sir3p is not able to bind DNA directly.
Rather it is recruited to the DNA by the action of a
variety of DNA binding proteins, including Raplp,
Abflp, and ORC. Silencing at telomeres and at the mat-
ing loci in S. cerevisiae specifically requires the DNA
binding protein Raplp, and mutation of RAPI causes a
loss of subtelomeric and mating loci silencing (Buchman
et al. 1988; Kurtz and Shore 1991; Sussel and Shore 1991;
Kyrion et al. 1993). Because the telomere sequence in C.
glabrata contains consensus Raplp binding sites, it
seemed possible that Raplp would have a role in sub-
telomeric silencing in C. glabrata as it does in S. cerevi-
siae. To determine whether RAPI is required for EPA
family silencing in C. glabrata, we set out to disrupt
RAPI function. Because RAP] is essential in C. glabrata
(Haw et al. 2001) as it is in S. cerevisiae, we could not
delete it and instead constructed a truncation allele of

the chromosomal RAP1 gene, in which the nucleotides
corresponding to the C-terminal 28 amino acids were
removed. The corresponding allele in S. cerevisiae, rap1-
21, is viable but results in a protein unable to interact
with Sir3p and which is therefore unable to mediate si-
lencing at subtelomeric loci (Sussel and Shore 1991; Liu
et al. 1994). In C. glabrata, the equivalent rap1-21 mu-
tation de-repressed transcription of EPA2, EPA3, and
EPA4/EPA5 (Fig. 4, lanes 2,3). This suggested that func-
tional Raplp is required for silencing of the EPA2, EPA3
and EPA4/5 loci. Consistent with this, the rap1-21 mu-
tation also relieved silencing of the URA3 gene inte-
grated at all subtelomeric locations tested (Fig. 6, top and
bottom). Silencing of URA3 integrated between EPA2
and EPA3 was only partially relieved in the rap1-21 back-
ground (Fig. 6, top).

Discussion

EPA genes are present in silent subtelomeric clusters

The EPA1 gene of C. glabrata encodes a lectin mediating
adherence to mammalian epithelial cells (Cormack et al.
1999). We describe here the cloning and initial charac-
terization of four homologs of EPA1. The five EPA genes
described here are encoded in two subtelomeric clusters.
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Figure 6. Silencing of the URA3 gene lo- SC+5FOA
cated in the intergenic regions at the EPA
clusters depends on SIR3 and RAPI. The
Tn7 insertions from Figure 5 and this fig- wt rapl-21 sir3A

ure were introduced in the sir3A and rap1-
21 strains, and their ability to grow on
SC + 5FOA plates was scored. (Top) Inser-
tions at the EPA1 locus. (Bottom) Inser-
tions at the EPA4/5 locus. (See Fig. 5 leg-

Under a variety of conditions we examined in vitro,
EPAI1 is expressed and EPA2, EPA3, EPA4, and EPA5 are
transcriptionally repressed. We present clear evidence
that this repression reflects chromatin-based regional si-
lencing, in as much as transcriptional silencing of the
native EPA2, EPA3, EPA4, and EPA5 loci or of heterolo-
gous URAS3 reporter genes integrated at a variety of po-
sitions within both loci depends on functional SIR3.
EPA1 is normally expressed at low levels, and these lev-
els increase in the sir3A background (Fig. 4), suggesting
that the EPA1 locus, although not efficiently silenced, is
perhaps subject to some repressive chromatin effects.
Mechanistic details of this regional silencing are appar-
ently conserved between S. cerevisiae and C. glabrata, in
as much as the rap1-21 mutant, which fails to recruit the
Sir complex to telomeres in S. cerevisiae and is therefore
nonfunctional for silencing, also displays a loss of silenc-
ing in C. glabrata. Although loss of URAS3 silencing in
the rap1-21 background was complete for most of the
insertion sites, there was still some residual URAS3 si-
lencing for insertion C (between EPA2 and EPA3) and
insertion F (between EPA4 and EPAS5). This suggests
that, for these two regions at least, there might be
mechanisms partially redundant with Raplp for recruit-
ing the Sir complex to chromatin. To further examine
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this possibility, we are currently exploring whether the
EPA4/EPA5 and EPA2/EPA3 intergenic regions contain
silencer elements.

The conditions under which the silent EPA genes are
normally expressed remain to be defined. One attractive
hypothesis is that EPA gene expression varies during in-
fection with different EPA genes expressed at different
times. In this regard, a recent report showing that sub-
telomeric silencing in S. cerevisiae might be regulated in
response to a variety of cell stresses (Ai et al. 2002) seems
pertinent—cell stress encountered during the course of
an infection might signal derepression of some of the
silenced EPA genes.

The degree of silencing differs at two
different telomeres

The extent of silencing at the two telomeric EPA loci
studied here apparently differs. Silencing of the EPAI
cluster apparently spreads from the telomere itself or a
site just adjacent to the telomere and results in a gradient
of silencing, with URAS3 positioned at the telomere be-
ing completely silenced and the degree of silencing fall-
ing off as its position is moved away from the telomere.
In contrast, URA3 placed upstream, downstream, or in



the middle of the EPA4/EPAS5 inverted repeat are all
equally silenced. At that locus, far from there being a
gradient of silencing emanating from the telomere, the
entire EPA4/EPAS5 locus seems to be silenced as a block.
This difference in silencing at the two telomeres is remi-
niscent of the situation in S. cerevisiae. Most studies of
subtelomeric silencing in S. cerevisiae have focused on
marker genes placed immediately adjacent to truncated
telomeres. However, when URAS3 was placed at different
native telomeric sites, the strength of silencing was
found to vary dramatically depending on the structure of
the individual telomere, due in part to differences in the
X and Y’ element structure of the individual telomeres
(Pryde and Louis 1999). Based on our results with the
EPA4/EPA5 and EPA1-3 loci, such telomere to telomere
variation likely applies in C. glabrata as well.

The organization of EPA4 and EPA5 may play a role in
the robust silencing of this locus. These genes are pres-
ent as an essentially perfect inverted repeat that varies
at only three positions (a single nucleotide change, and
two differences in the number of internal direct repeats)
across 7.8 kb, including 3.5 kb of identical 5’ and 3’ un-
translated regions. This striking organization is similar
to the genomic organization of the PAI gene family in
Arabidopsis thaliana. In that organism, there are four
copies of the PAI gene, two of which are present in an
inverted repeat. The inverted repeat is required for meth-
ylation and silencing of the two PAI genes making up the
repeat as well as the unlinked PAI genes (Luff et al.
1999). By extension, perhaps the inverted repeat organi-
zation of EPA4 and EPA5 has a direct role in transcrip-
tional silencing of EPA4/EPAS5 or even of other EPA
genes in trans.

Subtelomeric surface glycoproteins in other pathogens

The EPA1-3 cluster is located 5.7 kb, and the EPA4-5
cluster 4.0 kb from their respective telomeres, This or-
ganization resembles several telomere-localized multi-
gene families in S. cerevisiae such as the SUC, MAL, and
MEL genes (carbon utilization), the PAU genes (induced
by hypoxia), and the COS genes (for review, see Pryde
and Louis 1997). A variety of human pathogens also en-
code large families of surface glycoproteins, with func-
tions in cytoadhesion and antigenic variation, encoded
in subtelomeric clusters. In this category are the MSG
genes of the ascomycetous fungal pathogen P. carinii,
the causative agent of pneumocystis pneumonia (for re-
view, see Stringer and Keely 2001), the var, rifn, and
stevar genes of Plasmodium falciparum, the vir genes of
Plasmodium vivax (del Portillo et al. 2001), and the VSG
genes of Trypanosoma brucei, (Borst and Rudenko 1994),
all localized in subtelomeric regions. The ALS genes of
C. albicans encode a family of cell wall proteins, but
their genomic localization has not been reported.

In a comparison of P. vivax and P. falciparum, genes
present in subtelomeric regions were species-specific, in
marked contrast to the overall chromosome structure,
which is highly syntenic between different plasmodial
species (del Portillo et al. 2001). This may be similar to
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the situation in C. glabrata and its close relative S. cer-
evisiae. The region upstream of the EPA1-3 cluster is
essentially syntenic with S. cerevisiae (see Results).
Upstream of the EPA4/5 cluster, the genome is also
syntenic to that of S. cerevisiae, with the C. glabrata
sequence containing the orthologs of the S. cerevisiae
PET56 (YOR201C|, BFR1 (YOR198C) and SLK19
(YOR195W). Other groups have commented on the sig-
nificant overall synteny between C. glabrata and S. cer-
evisiae (Walsh et al. 2002; Wong et al. 2002, 2003). From
our analysis here and our ongoing studies of other C.
glabrata telomeres, this synteny clearly does not extend
to the subtelomeric regions. Perhaps virulence genes in
C. glabrata, which have evolved in response to the host,
are enriched in subtelomeric locations.

In T. brucei and P. carinii, as in C. glabrata, variant
surface glycoproteins are tightly transcriptionally regu-
lated: for both species, a given cell transcribes only one
member of the gene family from a telomeric expression
site. In T. brucei, which has on the order of 1000 VSG
genes and some 20 telomeric expression sites, only one
gene is expressed (Borst et al. 1996). In P. carinii, which
has between 60 and 144 MSG genes, all but one seem to
be silent in a given cell (for review, see Stringer and
Keely 2001). In both species, recombination between si-
lent loci and a telomeric expression locus results in ex-
pression of a new family member. We have not tested
whether the transcriptional status of the silent EPA
genes can be altered by the kind of DNA re-arrangements
that occurs in P. carinii or T. brucei. In this regard, it
may be relevant that different clinical isolates do show
some differences in the expression pattern of the EPA
genes as measured by RT-PCR (data not shown). These
expression differences might be due to epigenetic differ-
ences between strains; alternatively, genetic changes,
analogous to the recombination events in P. carinii or T.
brucei, might underlie the EPA expression differences
we have noticed between strains.

EPA family evolution

In addition to the five EPA genes described here, the EPA
family includes many other members. In a Southern
analysis of BG2, a clinical C. glabrata isolate, numerous
bands hybridized at low stringency to probes from EPA1,
EPA2, and EPA3 (data not shown). Furthermore, in an 8x
genome sequence of C. glabrata carried out by Bernard
Dujon (Pasteur Institute), there are conservatively an ad-
ditional 11 sequences which are closely related to the
EPA genes in the N-terminal ligand binding domain (B.
Dujon, pers. comm.). Based on preliminary physical
mapping, at least six of the additional EPA genes are also
subtelomeric (data not shown).

Why should such diverse pathogens as C. glabrata, P.
falciparum, P. vivax, T. brucei, and P. carinii locate
families of genes encoding surface proteins at subtelo-
meric locations? Apart from well defined roles of telo-
meres in chromosome replication and stability (Lee et al.
1998; Hackett et al. 2001) and transcriptional silencing
(Aparicio et al. 1991), subtelomeric regions display in-
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creased levels of homologous and ectopic nonallelic re-
combination (Freitas-Junior et al. 2000). One advantage
of locating large gene families in subtelomeric loci may
therefore lie in the efficient expansion of, and generation
of diversity within, surface glycoprotein-encoding gene
families. It has been shown in both S. cerevisiae and P.
falciparum that telomeres form clusters localized at the
nuclear periphery, generating distinct nuclear compart-
ments (Freitas-Junior et al. 2000). In P. falciparum
isolates with spontaneous deletions of telomere-associ-
ated sequences, chromosome ends fail to form clusters
(Scherf et al. 2001). The extent of the chromosome end
alignment is unclear, but there is evidence that it spreads
up to 3040 kb, enough to include the regions encoding
the variant surface antigen families (Scherf et al. 2001).
DNA in this region has been shown to undergo ectopic
nonallelic recombination at a much elevated rate. In P.
falciparum, chimeric var genes have been found that
were generated by gene conversion involving two var
genes on two different chromosomes (Freitas-Junior et al.
2000). The physical alignment of heterologous chromo-
some ends presumably brings together regions of se-
quence homology and allows efficient DNA exchange.

Thus, in addition to any role in transcriptional silenc-
ing, the subtelomeric localization of EPA family mem-
bers may simply reflect the evolutionary history and ex-
pansion of the family by efficient nonallelic recombina-
tion. Indeed, the C-terminal Ser/Thr-rich domains of
EPA2-5 show evidence of domain shuffling. Thus, EPA2
and EPA4/5 are extremely closely related (Fig. 2; Table
1); however, EPA2 and EPA3 share a domain absent from
EPA4/5 (diagrammed as an orange box in Fig. 2). A rea-
sonable hypothesis would be that the ancestral parent of
EPA2 and EPA4/5 underwent a duplication, and one of
the two resulting genes replaced a portion of the Ser-rich
region (red box in Fig. 2) with the EPA2/3-specific do-
main (orange box), generating EPA2. This modular con-
struction of the C termini of the EPA genes is reminis-
cent of the ALS genes in C. albicans, in which different
ALS genes share conserved domains within their C ter-
mini (Hoyer 2001). It is not currently known whether
genomic localization of the ALS genes in C. albicans
might contribute to domain sharing between different
ALS family members.

Role of the EPA genes in virulence

HYR1 and EPA1-5 are all predicted by sequence to en-
code glucan-cross-linked cell wall proteins. HYR1 is a
homolog of a cell surface protein in C. albicans which is
specifically induced during hyphal growth. C. albicans
strains lacking HYR1 have no defect in morphogenesis or
in virulence (Bailey et al. 1996). The function of C. albi-
cans HYR1 is not known; whatever the role of HYRI in
C. glabrata, it is not involved in hyphal formation, be-
cause C. glabrata does not make true hyphae. EPA1-5
share striking homology within the N-terminal do-
mains, including 11 universally conserved cysteine resi-
dues. This overall structural conservation suggests that
EPA2-5, like EPA1, might be lectins. We found that a
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strain deleted for one or both EPA clusters has a modest
attenuation in virulence in a murine model of systemic
candidiasis. Given that we now know of many EPA
genes in addition to the five analyzed here, we hypoth-
esize that the modest attenuation may be due in part to
functional redundancy between the cloned and deleted
EPA clusters and other EPA genes that we know are still
present in the genome. An alternative is that the EPA
genes have a more specific role in colonization of muco-
sal surfaces, a possibility that can be tested with a mu-
rine model of C. glabrata vaginitis (Fidel et al. 1996).

In conclusion, we have described that EPA1, an adhe-
sin of C. glabrata, is part of a larger family of highly
related genes. EPA1, EPA2, EPA3, EPA4, and EPA5 are
present in two regionally silenced subtelomeric clusters.
The role of these proteins in virulence is indicated by a
modest in vivo mutant phenotype. A better understand-
ing of the precise role of the various EPA family mem-
bers in virulence must await further functional charac-
terization of individual EPA genes. Lastly, analysis of the
transcriptional fate of silenced loci during infection
might reveal global transcriptional responses to the host
environment.

Materials and methods

Strains

All strains used in this study are summarized in Supplementary
Table S1.

Plasmids

All plasmids used in this study are described in Supplementary
Table S2.

Primers

All primers used for cloning and sequencing in this study are
described in Supplementary Table S3.

Media

Yeast media were prepared as described (Sherman et al. 1986),
and 2% agar was added for plates. YPD media contained yeast
extract 10 g/L, peptone 20 g/L, supplemented with 2% glucose.
Synthetic complete media (SC) is YNB without NH,SO, 1.7 g/L,
NH,SO, 5 g/L, supplemented with 0.6% of casamino acids and
2% glucose and, when needed, supplemented with uracil 25
mg/L and 1.1 g/L 5-FOA for FOA plates. YPD plates were
supplemented with either G418 at 200 ng/mL or with Pen/Strep
[Penicillin (100 U/mL)/Streptomycin (100 pg/mL)]. Bacterial
media was prepared as described (Ausubel et al. 1987), and 1.5%
agar was used for plates. Luria-Bertani (LB) media contained
yeast extract 5 g/L, bactopeptone 10 g/L, and NaCl 10 g/L
supplemented where needed with either 10pg/mL of chloram-
phenicol (Cm10), 30pg/mL of kanamycin (Km30), or 100 pg/mL
of carbenicillin (Cb100). Phosphate buffer saline (PBS) was 8 g/L
NaCl, 0.2 g/L KCl, 1.65 g/L Na,HPO, 7H,0, and 0.2 g/L KH,
PO,.

Transformation

Yeast transformations with linear or supercoiled plasmid DNA
were done as described (Castano et al. 2003).



Tn7 mutagenesis

In vitro mutagenesis of plasmids using a modified Tn7 transpo-
son was done as described (Castano et al. 2003).

Identification of the fosmid carrying EPA genes from a
fosmid library

We constructed a library of 5280 C. glabrata fosmids, each of
which carries a 40-Kb insert (Castano et al. 2003). We arrayed
the fosmids in 55 96-well microtiter dishes, and screened for
fosmids with primers specific for particular EPA genes. We first
screened pools corresponding to each plate of 96 fosmids, and
then rows and columns from a particular plate. A PCR screen
for EPA1 (primers #498 and #499) yielded one positive fosmid,
F4H12, and a screen for EPA4/5 yielded three positive fosmids,
F11D8, F23H10, and F29C7 (primers #1124 and #1125).

Sequence

Fosmid sequence was obtained by in vitro mutagenesis with
Tn7 as described (Castano et al. 2003). Fosmids F4H12, F11DS,
F23H10, and F29C7 were digested with BgIII, and the fragments
were sublcloned either into pBR322 digested with BamHI or
into pACYC184 digested with BstYI (see Supplementary Table
S2). The plasmids with Tn7 insertions were isolated using QI
mini-preps and then used as templates for sequencing with
primers #661 and #662, which anneal at each end of the Tn7
reading away from the Tn7. Because the C termini of EPA2,
EPA3, and EPA4/5 include several sequences repeated multiple
times and because of the near identity of EPA4 and EPAS5, we
sequenced the fragments containing these genes by first obtain-
ing Tn7 insertions throughout the sequence. We mapped these
insertions by PCR and then obtained sequence with the Tn7
primers #661/#662. The sequence was assembled using the Se-
quencher program (http://www.genecodes.com/sequencher/
index.html), and the amino acid sequence homology analysis
was done by ClustalW alignment (Higgins et al. 1996) with the
MacVector  program  (http://www.accelrys.com/products/
macvector).

Recombination of Tn7 insertions into C. glabrata

A series of plasmids carrying regions of interest to have Tn7
insertions were mutagenized in vitro with this transposon, and
the insertions were mapped and sequenced. The mutant clones
were recombined in C. glabrata strains by a one-step replace-
ment procedure: Plasmids were cut with a set of enzymes, and
the linear fragments carrying the insertions were gel-purified
and used to transform C. glabrata selecting for URA* on SC-Ura
plates. Insertion at the correct locus was verified with locus-
specific genomic primers external to the cloned mutagenized
fragment. Plasmids used for this procedure are described in
Supplementary Table S2. We originally expected that there
might be problems in targeting DNA by homologous recombi-
nation to subtelomeric regions. However, for the seven frag-
ments (A-G) carrying Tn7-URA3 that were used in monitoring
subtelomeric silencing, the frequency of transformation was ap-
proximately the same as for fragments targeted elsewhere in the
genome (A. De Las Penas and B. Cormack, unpubl.). For the
most telomeric insertion site of the EPA4-5 locus (insertion GJ,
~10% of the transformants had integrated the Tn7 correctly at
the EPA4 locus, whereas 90% had integrated it elsewhere (per-
haps due to the presence of this subtelomeric region multiple
times in the genome; see Southern blot in Fig. 3). Insertions that
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had integrated correctly at this locus, however, were all silenced
similarly.

Chromosome walking for sequencing and cloning telomeres

Because the telomeric repeats lack Sau3A restriction sites, our
fosmid library contains no fosmids that include the telomeric
repeats themselves. Therefore, to clone telomeric genomic
DNA from the EPA1-3 or EPA4-5 loci, we exploited Tn7 mu-
tagenesis of fosmid-derived fragments that were already cloned
and sequenced. We mutagenized cloned fragments of genomic
DNA and recombined these into the chromosomal locus by
homologous recombination as detailed above. Genomic DNA
was then prepared from strains carrying appropriate Tn7 inser-
tions and digested with restriction enzymes that do not cut in
the transposon. The digested DNA was then religated, and the
ligation mixture was transformed into strain BW23473, which
permits the R6Kry origin present in the Tn7 to replicate (Castano
et al. 2003). Plasmids generated in this way are described in
Supplementary Table S2. This methodology permitted recovery
of DNA adjacent to the cloned (and mutagenized) fragment. For
cloning the terminal telomeric fragment of each locus, the di-
gested DNA was first treated with T4 Polymerase (New England
Biolabs) to blunt-end the telomere as well as the other end of the
fragment, religated, and used to transform strain BW23473 as
above. For these telomeric clones, no transformants were recov-
ered unless the DNA was blunted with T4 polymerase, as ex-
pected, because the natural telomeric end will not be compat-
ible with the other restricted end of the genomic fragment. Se-
quence analysis of these terminal clones also revealed the
presence of multiple telomeric repeats, consistent with the telo-
meric location of these fragments.

Construction of deletion strains

To construct the unmarked deletion strains used in this study,
we used the two-step gene replacement procedure. Briefly, we
cloned two fragments flanking the area to be deleted in an in-
tegrative URAS plasmid. The plasmid was linearized by digest-
ing it at a unique site in either of the fragments, gel-purified, and
then transformed into C. glabrata selecting for Ura* transfor-
mants on SC-Ura plates. Integration of the plasmid at the cor-
rect genomic locus was confirmed by PCR analysis using one
genomic primer (external to the fragments carried on the plas-
mid) and one plasmid primer. The integrant colonies were
streak-purified on SC-Ura and plated on SC + 5FOA plates.
Cells that are Ura* die on SC + 5FOA plates. 5SFOAR colonies
could be obtained because the integrated plasmid is able to re-
solve with subsequent loss of the episome (thus rendering the
cells Ura™). The resulting Ura™ segregants have either regener-
ated the wild-type locus or have left the engineered deletion.
5-FOAR colonies were therefore analyzed by PCR and Southern
blot to confirm the structure of the deletion. Using this proce-
dure, we made strains BG465 and BG475 (hyrl epal epa?2
epa3)A, BG570 and BG581 (hyrl epal epa2 epa3 epad epab)A,
BG592 rap1-21, and BG676 sir3A (all strains and plasmids used
to make them are described in Supplementary Tables S1, S2).

Mouse infections

Eight- to nine-week-old BalbC mice (Taconic) were infected
with 2.2 x 107 cells in a volume of 100 uL by tail vein injection.
The strains BG462, BG465, and BG475 were grown overnight in
YPD, and the cells were washed with 1x PBS and resuspended in
1x PBS to a volume that will give a number of cells of 2.2 x 10/
mL. The concentration of cells was determined by reading the
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O.D.400 nm Of the culture (the concentration of BG14 cells at an
0.D.400 nm Of 1 is 4 x 107/mL), counting the cells in a hemocy-
tometer and by plating serial dilutions and confirming the num-
ber of cells the following day. Ten mice per cage were kept until
they were sacrificed at day 7 after infection. Kidney, liver, and
spleen were retrieved from the mice, and the organs were ho-
mogenized. Dilutions of the homogenates were plated on YPD
Pen/Strep plates. CFUs were scored the following day; geomet-
ric means are reported. We used the Kruskal-Wallis test to ex-
amine the significance of the differences in kidney colonization
by the two mutant strains (BG465 and BG475) and the wild-type
strain (BG462). We made pair comparisons for possible differ-
ences in infection outcome across the three strains. The results
suggested that the strains BG465 and BG475 were significantly
lower in colonization of kidney than the wild-type strain BG462
[x3(1df) = 7, p = 0.008; x*(1df) = 4.17, p = 0.04 respectively]. As
expected, for the pairwise comparison between the two mutant
strains BG465 and BG475, no appreciable difference was found.

Southern blot

Genomic DNA was isolated from wild-type strain BG14 and cut
with Agel and Mfel (New England Biolabs), and the bands sepa-
rated in a 0.8% agarose gel and transferred to a Hybond-N mem-
brane (Amersham-Pharmacia Biotech). Probe #1 (pAP481) and
probe #2 (pAP479) were label using the RmT Random Primer
Labeling Kit (Stratagene) with dCTPaP32. The Southern blot
was done as described by Castano et al. (2003).

RT-PCR

RNA extraction: First, 2-3 mL overnight cultures were resus-
pended in 500 pL TES (10 mM Tris-Cl at pH 7.5, 0.5% SDS, 10
mM EDTA), and 500 pL acid phenol (Acros Organic, catalog no.
32710500) was added. The cells were mixed by vortexing for 1
min followed by 1 h incubation at 65°C with occasional vortex-
ing. The tubes were placed on ice for 5 min after incubation and
then centrifuged for 5 min at 4°C at 14,000 rpm. Acid phenol
extraction was repeated twice without the incubation at 65°C.
Fifty microliters 3 M sodium acetate (pH 5.3) was added before
the last extraction, and the RNA was precipitated with 1 mL
ice-cold 100% ethanol followed by a wash with 70% ethanol.
RNA was resuspended in DEPC-treated water and the concen-
tration was measured.

cDNA synthesis: Reverse transcription (cDNA synthesis) was
done according to the protocol of the ThermoScript RT-PCR
System (Invitrogen). Briefly, 1 nL of 10 pM gene-specific primer,
3 nug RNA, and DEPC-treated water to 10 pL were mixed. The
RNA and primer were denatured by incubating at 65°C for 5
min, and master reaction mix was added to each tube [4 pL 5x
c¢DNA synthesis buffer, 1 uL 0.1 M DTT, 1 uL RNaseOUT (40
U/pL), 2 uL 10 mM dNTP mix, 1 pL of DEPC-treated water, and
1 uL ThermoScript RT (15 U/uL)]. For the no-RT control, 2 pL
DEPC-treated water was added instead. The cDNA synthesis
reaction was carried out at 55°C for EPA1, EPA3, EPA4, EPAG;
50°C for EPA2 and 60°C for ACT1 for 50 min. The reaction was
terminated by incubation at 85°C for 5 min. The RNA was
degraded by the addition of 1 pL of RNase H and 0.2 uL of RNase
cocktail (Ambion, cat. no. 2286; 500 U/mL RNase A and 20,000
U/mL RNase T1) and incubated at 37°C for 30 min. Two mi-
croliters of the cDNA product was used for the PCR reaction.
(primers for RT: EPA1, TAACAGTGTTTTCGTTTGAT; EPA2,
GAATGATTTCCTTATTAAAT; EPA3, TAATTTGATCAG
TAGCACCG; EPA4, GTCAAATTCTGTAGTGAAAG,; and
ACT1, GGCTTTCGATTTCTCACC).

PCR: The PCR reaction was performed as follows: Annealing
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temperatures were 52°C for EPA1, EPA3, EPA4/5, 50°C for
EPA2, and 58°C for ACT1. Extension time was 12 sec for all
reactions with 26 cycles of amplification for EPA1, EPA2, EPA3,
EPA4/5 and 28 cycles for EPA2 and ACT1.

Primers: The reverse primers used were the same as those
used in ¢cDNA synthesis. Forward primers used were EPAI,
GGGCTCAAAAACAGCTAAAG (143-bp product); EPA2, GG
GATCAGATTATGCAAAAG (143-bp product); EPA3, GCAT
GTTGATAGTTCCAAAA (143-bp product); EPA4, GCTAACA
TTACTGTATTTCT (143-bp product); ACT1, GTGGCAACG
GTTTGATGC (124-bp product).
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