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Secreted aspartyl proteinases are putative virulence factors in Candida infections. Candida albicans possesses
at least nine members of a SAP gene family, all of which have been sequenced. Although the expression of the
SAP genes has been extensively characterized under laboratory growth conditions, no studies have analyzed in
detail the in vivo expression of these proteinases in human oral colonization and infection. We have developed
a reliable and sensitive procedure to detect C. albicans mRNA from whole saliva of patients with oral C. albicans
infection and those with asymptomatic Candida carriage. The reverse transcription-PCR protocol was used to
determine which of the SAP1 to SAP7 genes are expressed by C. albicans during colonization and infection of
the oral cavity. SAP2 and the SAP4 to SAP6 subfamily were the predominant proteinase genes expressed in the
oral cavities of both Candida carriers and patients with oral candidiasis; SAP4, SAP5, or SAP6 mRNA was
detected in all subjects. SAP1 and SAP3 transcripts were observed only in patients with oral candidiasis. SAP7
mRNA expression, which has never been demonstrated under laboratory conditions, was detected in several
of the patient samples. All seven SAP genes were simultaneously expressed in some patients with oral
candidiasis. This is the first detailed study showing that the SAP gene family is expressed by C. albicans during
colonization and infection in humans and that C. albicans infection is associated with the differential expression
of individual SAP genes which may be involved in the pathogenesis of oral candidiasis.
Candida albicans is a commensal fungus commonly colonizing human mucosal surfaces. Under conditions of immune
dysfunction, C. albicans can become an opportunistic pathogen
causing recurrent chronic oral and vaginal candidiasis and lifethreatening disseminated infections (38). Putative attributes
which contribute to C. albicans virulence include adhesion, formation of hyphae, phenotypic switching, and proteinase secretion (1, 15, 39, 48). Secreted aspartyl proteinases (Saps) exhibit
broad substrate specificity since they are able to degrade many
human proteins found at lesion sites, such as albumin, hemoglobin, keratin, collagen, mucin, and secretory immunoglobulin A (sIgA) (13, 22, 41).
To date, nine different SAP genes have been identified in
C. albicans. Each SAP gene in C. albicans is regulated at the
transcriptional level and processed by a signal peptidase and a
Kex2-like proteinase (37, 50, 53). Recently, the KEX2 gene of
C. albicans has been disrupted, resulting in impaired Sap secretion and hyphal growth (37). The presence of nine SAP
genes points to their importance in Candida pathogenesis and
cell biology. Many studies have explored the regulation of SAP
expression under laboratory conditions, primarily through the
analysis of mRNA and protein synthesis under various nutritional and ionic conditions and in different strains. SAP2 is the
most frequently expressed SAP gene; it is expressed in nearly
all strains of C. albicans during log-phase growth in proteinaseinducing media (23, 53), and most studies which predate the

recognition of the complexity of this gene family have most
likely described the properties and characteristics of this proteinase. SAP1 and SAP3 are regulated during phenotypic
switching (35, 36, 52), but SAP3 has also been detected in some
strains when SAP2 is expressed (23, 46, 52). In vitro studies
suggest that SAP1, SAP2, and SAP3 are expressed by yeast cells
only. SAP4, SAP5, and SAP6 expression has been detected in
C. albicans undergoing a transition from yeast to hyphae at
neutral pH (23, 52), although S1 nuclease assays indicated that
SAP6 is the predominant transcript (52). SAP7 expression has
never been detected under any laboratory growth conditions
(23). While SAP1, SAP2, and SAP3 comprise a subfamily distinct from that of SAP4, SAP5, and SAP6 by sequence homology, SAP7 appears to be the most divergent, showing only
20.4% similarity to SAP1 and about 26% homology to SAP4,
SAP5, and SAP6 (34). SAP8 transcripts have been detected in
yeast cells grown at 25°C in a defined medium with bovine
serum albumin as the sole source of protein, and SAP9 is
preferentially expressed in later growth phases, when the expression of other SAP genes has decreased (33).
The importance of the secreted proteinases as a virulence
factor has been investigated in model systems of candidiasis. In
the rat vaginitis model, only proteinase-producing Candida
species were shown to be pathogenic (2), and in C. albicans
infection, SAP1 and SAP2 expression has been demonstrated
by Northern analysis in vivo (17). Sap2 was shown to be actively
secreted during experimental vaginitis in the rat (47), and antiSap2 polyclonal antibodies appeared to confer partial protection against infection (8). In mouse and guinea pig models of
disseminated candidiasis, mutant strains of C. albicans in which
individual SAP genes had been disrupted exhibited attenuated
virulence and reduced accumulation in host organs (24, 44).
More recently, SAP expression was investigated in vitro by us-
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MATERIALS AND METHODS
Strains, media, and culture conditions. The Candida reference strains used in
this study were C. albicans NCPF 3156, C. stellatoidea ATCC 11006 (type I),
C. dubliniensis NCPF 3949, C. tropicalis ATCC 750, C. parapsilosis ATCC 22019,
and C. guilliermondii NCPF 3099. Strains were maintained on Sabouraud (SAB)
dextrose agar plates (Oxoid Ltd., Basingstoke, England). C. albicans NCPF 3156
was used for all optimization experiments and as a positive control for SAP2
expression throughout the study. For total RNA isolation from C. albicans NCPF
3156, cultures were grown in YCB-BSA medium (1.17% [wt/vol] yeast carbon
base, 1% bovine serum albumin) for 24 h at 27°C. For DNA isolation, yeast
cultures were grown in SAB broth (Oxoid) for 2 days at 27°C. For all cultures, 10
ml of test medium was inoculated with 10 ml of a 2-day culture of Candida grown
in SAB broth at 27°C and shaken on an orbital incubator.
Study populations and sample collection. The following three study populations were used: (i) a Candida-negative group, consisting of seven subjects whose
saliva samples were consistently Candida negative by culture six times over a
period of 3 months (four males and three females; mean age 6 standard deviation, 31.3 6 3.9 years); (ii) an asymptomatic Candida carrier group, consisting
of eight subjects without any clinical signs or symptoms of candidiasis but harboring 50 to 800 C. albicans CFU/ml of saliva on six occasions over a period of
3 months (seven males and one female; mean age, 37.1 6 10.9 years); and (iii)
patients with oral Candida infection, consisting of 10 patients with clinical signs
and symptoms of candidiasis and salivary counts of .2 3 103 C. albicans CFU/ml
(14) (six males and four females; mean age, 45.5 6 12.5 years). All the Candida
carriers were volunteers that were not tested for human immunodeficiency virus
(HIV) infection. Six of the oral candidiasis patients were HIV seropositive, and
four were HIV seronegative. No individual in our patient group had been treated
with anti-HIV proteinase drugs prior to or at the time of sample collection.
Although a number of these patients had previously been treated with antifungal
drugs, none were being treated with either antibiotic drugs or antimycotic drugs
at the time of sampling.
Two unstimulated saliva samples were collected from each subject; one was
immediately frozen on dry ice at 270°C to preserve the integrity of RNA for
SAP analysis, and the other was used to determine the number of Candida
CFU per milliliter of saliva. Yeast isolates were identified as C. albicans by using
the API 32C AUX system (bioMerieux, Lyon, France), CHROMagar Candida
(CHROMagar, Paris, France), germ tube formation, and growth at 42°C.
Germ tube formation and growth at 42°C. One milliliter of 10% horse serum
in brain heart infusion broth was inoculated with each strain and incubated at
35°C for 3 h. Production of germ tubes was observed microscopically under
magnification at 340. Each strain was observed for growth on SAB plates after
incubation at 42°C for 48 h.
RNA and DNA isolation. The use of glass beads and the length of vortexing
were critical for optimal RNA isolation from Candida cells. All experiments were
performed in 1.5-ml microcentrifuge tubes. Glass beads of different sizes (400 to
600 mm or 700 to 1,100 mm) and volumes (0.1 to 0.5 ml) were added to 0.5- or
1-ml C. albicans suspensions containing 104 cells/ml. Lysis of cells was measured
at intervals during 30 min of vortexing by plating 100-ml samples onto SAB agar
to evaluate percent survival. Optimal RNA recovery was obtained by vortexing a
1-ml volume of Candida cell culture with 0.5 ml of glass beads (size, 400 to 600
mm) for 30 min. This resulted in 100% killing of Candida cells.
Total RNA was prepared by a modified version of the procedure described by
Chomczynski and Sacchi (11). C. albicans cells grown in culture or whole saliva
samples were centrifuged, and 1 ml of Tri-reagent (Sigma, Poole, United Kingdom) and 0.5 ml of glass beads (size, 400 to 600 mM; Sigma) were added to the
pellet prior to vortexing for 30 min. After the addition of 0.2 ml of chloroform,

samples were centrifuged at 12,000 3 g for 15 min at 4°C. Total RNA was
precipitated from the aqueous fraction with isopropanol and centrifuged at
12,000 3 g for 30 min at 4°C. Total RNA was treated with DNase (40 mM Tris-Cl
[pH 7.9], 1 mM NaCl, 6 mM MgCl2, 10 mM CaCl2, 0.5 U of RNasin [Promega,
Southampton, United Kingdom], 20 to 50 U of RQ-1 DNase [Promega]), reextracted twice with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol) at pH
4.3 and twice with chloroform-isoamyl alcohol (24:1, vol/vol), and finally precipitated with 2.5 volumes of ethanol. Total RNA concentrations were determined
by using a GeneQuant II spectrophotometer (Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, United Kingdom). Purified RNA from each
sample was confirmed to be DNA free by the absence of an amplified product
after PCR performed by using fungus-specific primers complementary to the
5.8S rRNA gene (rDNA) plus intergenic sequence regions (54).
For DNA isolation, yeasts grown in SAB broth were harvested after 2 days,
washed in sterile water, and resuspended in 0.4 ml of lysis buffer (0.2 M NaCl,
0.4% sodium dodecyl sulfate, 0.1 M Tris-Cl [pH 7.5], 5 mM EDTA [pH 8]).
Equal volumes of phenol (pH 8) and glass beads were added, and the mixture
was vortexed for 30 min. DNA was extracted twice with phenol-chloroformisoamyl alcohol (25:24:1, vol/vol/vol) at pH 8 and twice with chloroform-isoamyl
alcohol (24:1, vol/vol) and precipitated with 2.5 volumes of ethanol. DNA concentrations were determined on a GeneQuant II spectrophotometer.
Selection of SAP-, actin-, and fungus-specific primers. One primer pair each
for SAP1, SAP2, SAP3, and SAP7 and one primer pair for SAP4, SAP5, and
SAP6, which have near-identical sequence homology, were chosen (Table 1).
Two primer pairs were also selected to detect the C. albicans actin gene (ACT1);
the pairs consisted of two primers that recognize separate sequences on the plus
strand and one common primer that recognizes the minus strand (Table 1).
Primers detecting the 5.8S rDNA plus intergenic spacer regions have been
described previously (54) (Table 1). None of the primer sets used in this study
amplified regions containing introns. The SAP1 to SAP7 and ACT1 primers were
tested against C. albicans DNA to check for accurate amplification of the correct
genes and against a panel of genomic DNAs isolated from different Candida
species to test for cross-reactivity. The two actin primer sets reacted with all of
the Candida species tested, yielding PCR products of the same size as for
C. albicans, and thus served as a positive control for Candida colonization. Two
sets of actin primers were used as a rigorous positive control; our criteria
required that the results obtained with both actin primer pairs concurred to
confirm the presence or absence of Candida. This study did not analyze the
expression of SAP8 and SAP9 because these sequences became available only
toward the completion of the work.
RT-PCR SAP1 to SAP7 mRNA expression in clinical whole saliva samples.
Ten RT-PCRs were performed for each sample of RNA isolated from each
patient saliva specimen. These included the five experimental reactions for SAP
detection (SAP1, SAP2, SAP3, SAP4 to SAP6, and SAP7) and five different
control reactions, as follows: two actin control reactions to demonstrate the
presence or absence of Candida species, a negative (water) control reaction, a
positive control reaction carried out by using total RNA isolated from SAP2
mRNA-expressing C. albicans NCPF 3156 cells (SAP2 RNA), and a salivary
inhibitor control reaction whereby SAP2 RNA was added to the saliva RNA
preparation to check if the latter was inhibitory to the RT-PCR.
RT-PCR experiments with the actin and SAP primers were performed at an
annealing temperature of 62°C by using Access RT-PCR reagents (Promega).
RT-PCR conditions were optimized by modified Taguchi methods (12) and included a touchdown protocol. Template RNA was added to an RT-PCR mixture
containing 13 avian myeloblastosis virus-Tfl buffer (Promega), 1 mM MgSO4,
0.1 mM deoxynucleoside triphosphates, 0.6 mM primers, 3.75 U of avian myeloblastosis virus reverse transcriptase, and 1 mCi of 32P-labelled dCTP (ICN,
Thame, United Kingdom). Radioactive labelling was used to maximize sensitivity. After RT (48°C for 45 min), the cDNA-RNA hybrid was denatured at 94°C
for 3 min and 2.5 U of Tfl DNA polymerase was added to the reaction mixture.
Annealing temperatures used for touchdown cycling were as follows: 66°C for 2
cycles, 65°C for 2 cycles, 64°C for 2 cycles, and 63°C for 2 cycles, followed by 62°C
for 35 cycles. Cycling times were as follows: denaturation at 94°C, annealing at
62°C, and extension at 72°C, each for 30 s. A final extension step of 72°C for 10
min followed the cycling.
For control experiments detecting the 5.8S rDNA plus intergenic spacer regions, RT-PCRs and PCRs were carried out at an annealing temperature of
55°C. For PCRs testing the cross-reactivity of the actin and SAP primers against
genomic DNAs isolated from different Candida species, an annealing temperature of 62°C was used. PCR was performed by using Taq polymerase (Boehringer
Mannheim, Lewes, United Kingdom). PCR conditions were optimized by modified Taguchi methods (12). Template DNA was added to a PCR mixture containing 2.5 mM MgCl2, 0.1 mM deoxynucleoside triphosphates, 0.6 mM primers,
1 U of Taq DNA polymerase, and 1 mCi of 32P-labelled dCTP. DNA was
denatured at 94°C for 3 min and amplified for 35 cycles at the following cycling
times: denaturation at 94°C, annealing at 62 or 55°C, depending on the primers
used, and extension at 72°C, each for 30 s. A final extension step of 72°C for 10
min followed the cycling.
All radiolabelled RT-PCR and PCR products were mixed with formamide
loading buffer (80% formamide, 50 mM Tris-borate buffer [pH 8.3], 1 mM
EDTA, 0.1% [wt/vol] xylene cyanol, 0.1% [wt/vol] bromophenol blue), incubated
at 95°C for 5 min, and cooled on ice. The products were electrophoresed through
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ing reconstituted human epithelium as a model for human oral
candidiasis (45). SAP1 and SAP3 were the first proteinases to
be expressed, followed by SAP6, SAP8, and finally, SAP2. However, it is difficult to know whether this expression profile is
representative of the initial stages of human oral C. albicans
infection in vivo.
The expression pattern of members of the SAP gene family,
as established under laboratory growth conditions, is under
complex regulatory control. Due to the range of environmental
conditions which regulate SAP gene expression in vitro, the collective and individual roles of Saps during infection are incompletely understood. In the present paper, we describe methods
that allow direct assay of the expression of individual SAP
genes in the oral cavity. The aims of this study were to develop
a reliable and sensitive method for the detection of C. albicans
SAP1 to SAP7 mRNA from whole saliva by using reverse
transcription (RT)-PCR. Using this protocol, we compared the
in vivo expression of genes SAP1 to SAP7 in oral candidiasis
patients with that in asymptomatic Candida carriers.
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TABLE 1. Oligonucleotide primer sets detecting ACT1 and SAP1 to SAP7 gene mRNAs and 5.8S rRNA
Gene
(reference)

Accession
no.

Primer

Sequence

RT-PCR product
size (bp)

Primer positions

X56867

Upstream
Downstream

59-TCAATCAATTTACTCTTCCATTTCTAACA-39
59-CCAGTAGCATTAACAGGAGTTTTAATGACA-39

161

96–124
237–256

SAP2 (55)

M83663

Upstream
Downstream

59-AACAACAACCCACTAGACATCACC-39
59-TGACCATTAGTAACTGGGAATGCTTTAGGA-39

178

94–117
242–271

SAP3 (53)

L22358

Upstream
Downstream

59-CCTTCTCTAAAATTATGGATTGGAAC-39
59-TTGATTTCACCTTGGGGACCAGTAACATTT-39

231

151–176
352–381

SAP4 (32)

L22388

Upstream
Downstream

59-CATTCATTCCTTTAATACCGACTATC-39
59-GGTAACAAACCCTGTAGATCTTTTAAC-39

156

69–94
198–224

SAP5 (34)

30191

Upstream
Downstream

Same as SAP4
Same as SAP4

156, 181, 206

149–174, 174–199, 199–224
328–354

SAP6 (34)

30192

Upstream
Downstream

Same as SAP4
Same as SAP4

156, 181, 206

105–130, 130–155, 155–180
284–310

SAP7 (34)

30193

Upstream
Downstream

59-GAAATGCAAAGAGTATTAGAGTTATTAC-39
59-GAATGATTTGGTTTACATCATCTTCAACTG-39

196

280–307
446–475

ACT1 (29)

XI6377

Upstream A
Upstream B
Downstream

59-GGCTGGTAGAGACTTGACCAACCATTTG-39
59-GATTTTGTCTGAACGTGGTAACAG-39
59-GGAGTTGAAAGTGGTTTGGTCAATAC-39

5.8S rRNA (30)

L07796

Upstream
Downstream

59-TCCGTAGGTGAACCTGCGG-39
59-TCCTCCGCTTATTGATATGC-39

a denaturing 7% polyacrylamide gel (7 M urea), exposed to autoradiography film
at 270°C, and developed.
Sensitivity and specificity of RT-PCR. SAP2-expressing C. albicans cells grown
as described above were added to Candida culture-negative saliva at concentrations of 100 to 106 cells/ml. Total RNA was isolated from the spiked saliva, and
SAP2 mRNA expression was assayed by RT-PCR. In a separate experiment, the
sensitivity of the RT-PCR method was assessed by adding decreasing amounts
(from 105 to 100 pg) of SAP2 RNA from cells grown as described above.
Selected PCR products were sequenced to assess the specificity of the reaction.
After electrophoresis through a 2% agarose gel, PCR products were purified by
the QIAquick gel extraction protocol as described by the manufacturer (Qiagen,
Crawley, United Kingdom). Each PCR product was sequenced by using the
automated ABI Prism 377 sequencing system at the Advanced Biotechnology
Centre, London, United Kingdom.

RESULTS
SAP gene expression is extremely sensitive and responsive to
changes in environmental growth conditions, pH, and metal
ion concentrations. Candida is also a commensal organism and
is present at relatively low concentrations in asymptomatic
Candida carriers. Therefore, we needed to differentiate between individuals who were carriers and those individuals who
were truly Candida negative. Thus, assessments of the sensitivity, as well as the specificity, of SAP gene expression in vivo
from the oral cavity were necessary.
Sensitivity of the RNA isolation and RT-PCR protocols. The
sensitivity of the SAP mRNA detection protocol was tested in
spiking experiments whereby saliva (Candida negative by culture) was spiked with 101 to 106 SAP2-expressing C. albicans
cells/ml of saliva; this concentration range is representative of
the range of C. albicans cells present in asymptomatic Candida
carriers and candidiasis patients. SAP2 mRNA from samples
containing between 10 and 100 SAP2 mRNA-expressing C. albicans cells was consistently amplified by RT-PCR (Fig. 1A) by
using the cell lysis and RNA isolation protocols described
above. The RT-PCR method, optimized by modified Taguchi
methods (12), could detect as little as 1 pg of SAP2 RNA (Fig.
1B), although it is difficult to relate this to Candida cell numbers in vivo.
Specificity of the SAP1 to SAP7 primers. PCR amplification
primers were chosen from upstream transcribed but untrans-

304
271

534

2224–2251
2257–2280
2502–2527
196–214
710–729

lated regions of each of the C. albicans SAP1 to SAP7 gene
sequences and resulted in products ranging in size from 156 to
231 bp (Table 1). SAP4, SAP5, and SAP6 are nearly identical in
the sequences of both translated and untranslated regions of
their respective mRNAs. Therefore, a single set of PCR prim-

FIG. 1. Sensitivity of the RNA isolation protocol and RT-PCR system. (A)
SAP2 mRNA amplification from total RNA isolated from Candida culturenegative saliva spiked with different amounts of SAP2-expressing C. albicans
NCPF 3156 cells (101 to 106). The autoradiographs from triplicate experiments
are shown. (B) SAP2 mRNA amplification from RT-PCR mixtures containing
between 100 and 105 pg of total RNA isolated from SAP2-expressing C. albicans
NCPF 3156 cells. M denotes radiolabelled pBR322 MspI-digested molecular size
markers (from the bottom, 147, 160, 180, 190, 201, 217, and 240 bp).
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FIG. 2. Reactivity of SAP1 to SAP7 primer sets with genomic DNAs isolated
from different Candida species. (A) C. albicans NCPF 3153; (B) C. stellatoidea
ATCC 11006 (type I); (C) C. dubliniensis NCPF 3949; (D) C. tropicalis ATCC
750; (E) C. parapsilosis ATCC 22019; (F) C. guilliermondii NCPF 3099. In
autoradiographs B to F, SAP2 detection from C. albicans NCPF 3156 DNA was
included as a positive control (PC) and water was used as a negative control (W).
M denotes radiolabelled pBR322 MspI-digested molecular size markers (from
the bottom, 147, 160, 180, 190, 201, 217, 240, and 307 bp). The expected SAP1 to
SAP7 gene products are amplified from DNAs isolated from C. albicans (A) and
C. stellatoidea (B). The autoradiographs for the other four species (C to F)
indicate a lack of any SAP gene products, suggesting that the SAP1 to SAP7
primer pairs are specific for C. albicans species.

that Candida species were absent from the saliva samples (Fig.
4A and Table 3). The absence of either specific or nonspecific
RT-PCR amplification products also demonstrated that the
primer sets were not cross-reactive with other unknown RNA
sequences present in the saliva samples. We also observed that
occasional saliva RNA preparations were inhibitory to the RTPCR. To control for this eventuality, SAP2 RNA was added
to each saliva RNA sample; synthesis of a SAP2 amplification
product indicated that these saliva RNA preparations did not
inhibit the RT-PCR.
The eight specimens obtained from asymptomatic Candida
carriers were each positive for both actin primer sets, confirming the presence of Candida mRNA in the saliva RNA samples. The yeast species was previously identified as C. albicans.
The presence of RT-PCR products from Candida carriers with
low CFU counts (Table 2) confirmed the sensitivity of the
protocol, which was capable of detecting fewer than 100 C. albicans cells in saliva (Fig. 1A). Two of the eight asymptomatic
carriers were positive for SAP4, SAP5, or SAP6 mRNA only;
four were positive for SAP2 and SAP4, SAP5, or SAP6 transcripts; two were positive for SAP2, SAP4, SAP5, or SAP6, and
SAP7 mRNA. All Candida carriers were positive for SAP4,
SAP5, or SAP6 transcripts, but none were positive for SAP1 or
SAP3 mRNA (Fig. 4B and Table 3).
The primer sets designed to detect SAP4, SAP5, or SAP6
mRNA produced three RT-PCR fragments of 156, 181, and
206 bp. However, it was noted that samples from some Candida carriers gave rise only to the 156-bp fragment (Fig. 4B). If
SAP5 and SAP6 transcripts were present, the primers might be
expected to amplify the 181- and 206-bp fragments in addition
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ers which produces a 156-bp product derived from any one
member or all three members of the SAP4, SAP5, and SAP6
gene subfamily was chosen. While SAP4 contains only a single target DNA sequence complementary to the 59 PCR
primer, upstream of both SAP5 and SAP6, this sequence is
repeated twice in tandem, resulting in two additional PCR
products of 181 and 206 bp. Thus, the absence of these two
bands in the presence of the common 156-bp signal indicates
that SAP4 is uniquely expressed. Two primer sets designed to
detect the Candida actin gene (ACT1) served as a positive
control for the presence of Candida species in the absence of
SAP gene expression. We used two sets of actin primers which
produced PCR products of 304 and 271 bp. Using RT-PCR,
both actin primer sets were consistently positive or negative,
confirming the presence or absence of Candida in the saliva
samples.
Each of the five different SAP primer sets was specific for
each of the SAP genes (Fig. 2A), excluding the possibility that
any one SAP primer set could elicit a false-positive result.
Cross-reactivity with other SAP genes was assayed by PCR by
using the specific SAP1 to SAP7 primer sets and C. albicans
genomic DNA. The specificity and identity of the SAP1, SAP2,
SAP3, and SAP7 PCR products were confirmed by DNA sequence analysis (data not shown). Inefficient separation of
the SAP4, SAP5, and SAP6 gene products complicated sequence analysis, but the derived sizes of the PCR products
were consistent with the amplification of the correct gene fragments. In occasional saliva samples obtained from Candida
carriers and Candida-infected individuals, the SAP2 primer set
amplified a 165-bp fragment in conjunction with the expected
178-bp SAP2 mRNA product. The 165-bp fragment was sequenced and found to correspond to mRNA from human cytochrome b, a common, highly expressed mitochondrial protein (data not shown).
In addition to the ability to recognize the appropriate C. albicans SAP genes, each of the SAP1 to SAP7 primer sets was
also checked for specificity by attempting to amplify each of
the SAP genes from genomic DNAs isolated from the following five other pathogenic Candida species: C. stellatoidea,
C. dubliniensis (a new Candida species closely related to C. albicans), C. tropicalis, C. parapsilosis, and C. guilliermondii. The
SAP1 to SAP7 primer pairs did not react with any of these
species except C. stellatoidea (Fig. 2). All of the C. albicans
SAP1 to SAP7 primer sets produced the appropriate amplification products from C. stellatoidea (Fig. 2B), although this was
expected since it is generally accepted that C. stellatoidea is a
variant of C. albicans (27, 38).
Sample collection. For assay of SAP mRNA expression in
vivo, whole saliva was chosen, as it is a quickly and conveniently collected sample and provided reliable and consistent
SAP mRNA detection. The sample volumes and their concentrations of Candida CFU for saliva collected from all subjects
who participated in this study are shown in Table 2. Between
0.7 and 8 ml of whole saliva was collected for total RNA isolation; salivary Candida counts varied from 70 to .104 CFU/ml
(excluding the Candida culture-negative group). Consequently,
the minimal number of yeast cells present for total RNA isolation was 420, indicating that all experimental samples were
above the detection limit determined for this assay (Fig. 1A).
The absence of fungal DNA in the isolated total RNA preparations was confirmed by PCR by using generic fungus-specific
primers which failed to detect the 5.8S rDNA plus intergenic
sequence regions (54) (Fig. 3).
In vivo expression of C. albicans SAP1 to SAP7 genes in
saliva. All seven Candida culture-negative subjects were
negative for actin mRNA and all seven SAP genes, confirming
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TABLE 2. Salivary volumes and Candida counts in
the three study populations
Group

Saliva
vol (ml)

Candida count
(CFU/ml)

Total Candida count
in extraction
(CFU)

2.5
5
5
2.5
5
2.5
2.5

0
0
0
0
0
0
0

0
0
0
0
0
0
0

Candida carriersa
A
B
C
D
E
F
G
H

6
6.5
8
4.5
5.5
7
7
6

300
800
300
200
200
780
680
70

1,800
5,200
2,400
900
1,100
5,460
4,760
420

Oral candidiasis patientsa
A
B
C
D
E
F
G
H
I
J

1.5
2
1
4
1
2
2.3
1
0.7
2.5

(1,720)b
4,800
5,360
.10,000
(1,620)b
2,880
.10,000
4,000
.10,000
.10,000

(2,580)b
9,600
5,360
.40,000
(1,620)b
5,760
.23,000
4,000
.7,000
.25,000

a

Subjects harbored only C. albicans.
Counts were not performed at time the saliva sample was taken. However,
post-thawed counts (in parentheses) indicated high initial C. albicans counts.
b

to the 156-bp fragment. Their absence suggests that only SAP4
mRNA is expressed in these Candida carriers. Whether SAP4
mRNA alone or a combination of SAP4, SAP5, and SAP6
transcripts is present in these RNA preparations, the results
clearly demonstrate that the SAP4 to SAP6 gene subfamily was
expressed in all of the saliva samples containing C. albicans. As
SAP4 mRNA has never been detected under laboratory conditions (23, 52), the expression of this proteinase alone, or in
conjunction with SAP5 and SAP6, may be different in vivo.
All 10 patients with oral C. albicans infection were positive
for actin, confirming the presence of Candida mRNA in the
saliva RNA sample. Two patients expressed the full repertoire
of all seven SAP genes, and three patients were positive for
SAP2, SAP3, SAP4, -5, or -6, and SAP7 mRNA but not SAP1
mRNA. One patient was positive for SAP2, SAP3, and SAP4,
SAP5, or SAP6 transcripts, and one other patient expressed
SAP4, SAP5, or SAP6 and SAP2 and SAP7 transcripts. Three
patients expressed SAP2 and SAP4, SAP5, or SAP6 transcripts
only. All 10 patients were positive for SAP2 and SAP4, SAP5,
or SAP6 mRNA transcripts (Fig. 4C and Table 3).

1

RT-PCR
2 3 4 5

PCR
1 2 3 4 5 M
622
527

A

404

RT-PCR
1 2

B

3 4

5 6

PCR
1 2

3 4 5 6 M
622
527
404

DISCUSSION
This study has established a convenient, reliable, and highly
sensitive method for the detection of C. albicans SAP mRNA
expression directly in patient samples. Specific primers constructed for seven SAP genes (SAP1 to SAP7) showed that all
seven are expressed in vivo and provided preliminary data
indicating which of the seven proteinases are commonly ex-

FIG. 3. Detection of DNA and RNA in DNase-treated total RNA preparations in five Candida carrier subjects (A) and six patients with oral candidiasis
(B). An absence of PCR-generated products confirmed that the preparations
were DNA free, while RT-PCR generated the expected products from RNA.
RT-PCR and PCR used primers specific for the 5.8S rDNA plus intergenic
spacer regions. All of the total RNA preparations were DNA free. Differences in
mobility were due to a gel artifact. M denotes radiolabelled pBR322 MspIdigested molecular size markers. Molecular sizes are indicated on the right in
base pairs.
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Candida culture-negative
controls
A
B
C
D
E
F
G

pressed in individuals with C. albicans oral colonization and
infection. SAP mRNA expression patterns observed in vivo
appear to be different from those previously demonstrated
under laboratory culture conditions.
The SAP1 to SAP7 primers were shown to be C. albicans
specific against a panel of genomic DNAs isolated from various
Candida species. The SAP primers reacted only with DNAs
isolated from C. albicans and C. stellatoidea (Fig. 2A and B,
respectively), the latter of which is considered to be a variant of
C. albicans (27, 38). The SAP primers did not react with DNA
isolated from C. dubliniensis, C. tropicalis, C. parapsilosis, or
C. guilliermondii (Fig. 2C, D, E, and F, respectively). C. dubliniensis has recently been shown to have its own SAP family
comprised of at least seven genes (20), and the lack of crossreactivity of the C. dubliniensis DNA with the C. albicans SAP1
to SAP7 primers supports the species distinction between
C. dubliniensis and C. albicans.
Analysis of the differential expression of genes SAP1 to SAP7
in vivo indicated that SAP2 and SAP4, SAP5, and SAP6 appear
to be the predominant genes expressed in the oral cavities of
both asymptomatic Candida carriers and patients with oral
candidiasis, with SAP4, SAP5, or SAP6 mRNA being found in
all of the subjects examined so far (Table 3). This study also
demonstrated the expression of SAP1 and SAP3 transcripts in
oral candidiasis patients but not in Candida carriers (Table 3).
Expression of SAP1 and SAP3 has been associated with phenotypic switching in vitro, and this association with oral infection may implicate phenotypic switching in the virulence of
C. albicans. A further observation was the expression of SAP7
mRNA, which has never before been demonstrated (Table 3).
This study suggests that progression from colonization to
symptomatic infection with C. albicans is reflected by the expression pattern of certain proteinases, most likely due to
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SAP
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SAP
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Actin
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SAP
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165 bp

A

B
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FIG. 4. Detection of C. albicans ACT1 and SAP1 to SAP7 mRNAs from clinical saliva samples. Four representative autoradiographs are presented for each of the
following study groups: Candida culture-negative controls (A), asymptomatic Candida carriers (B), and oral candidiasis patients (C). Lanes A and B show the two
primer pairs used for the detection of actin. The presence or absence of actin signals correlated with the presence (B and C) or absence (A) of C. albicans in the saliva
samples. Lanes 3 to 7 show the five primer pairs used to detect SAP1 to SAP7 transcripts (SAP1, SAP2, SAP3, SAP4 to SAP6, and SAP7). Expression of SAP1 to SAP7
mRNA was absent in group A and variable in groups B and C. The following three controls detecting SAP2 mRNA were included in each assay: an inhibition control
(lane 8) whereby SAP2 RNA was added to the saliva RNA to determine if the latter was inhibitory to the RT-PCR (lane IC), a positive control (lane 9) with SAP2
RNA alone (lane PC), and a negative water control (lane W). M denotes radiolabelled pBR322 MspI-digested molecular size markers (from the bottom, 147, 160, 180,
190, 201, 217, 240, 307, and 404 bp). The 165-bp fragment (B, bottom panel) was sequenced and found to correspond to mRNA from human cytochrome b, a common,
highly expressed mitochondrial protein.

different environmental conditions in the oral cavities of carriers and those of diseased individuals.
Data acquired in vitro suggest that Sap2 is the main proteinase secreted in protein-containing media (22, 52, 55). Our
results are consistent with the premise that Sap2 is a predominant proteinase of C. albicans, as SAP2 expression was observed in all patients with oral candidiasis and all but two
Candida carrier individuals (Table 3). Under laboratory conditions, Sap2 is capable of degrading numerous substrates,
including extracellular matrix proteins, mucin, and sIgA (13,
22, 41), all of which constitute host proteins in the oral cavity.
Digestion of these (and other) nutrients in vivo may help
C. albicans to acquire essential nitrogen for growth and/or to
attach to and penetrate oral mucosa. In addition, digestion of
sIgA (which is normally resistant to proteolysis) may assist
C. albicans to evade the immune response.
The samples from the two Candida carriers that did not
express SAP2 were positive for SAP4, SAP5, or SAP6 transcripts, suggesting that this subfamily of proteinases may have
functional properties similar to those of, and may be able to

substitute for, Sap2 in the oral cavity. Studies of a rat model
have demonstrated SAP1 and SAP2 expression in C. albicans
experimental vaginitis (17) and indicated that Sap2, but not
Sap4, Sap5, or Sap6, may be important in vaginal candidiasis in
rats (16). In our study, we observed SAP4, SAP5, or SAP6
expression in samples collected from the oral cavities of all
C. albicans-positive individuals, indicating that differential expression of this proteinase family in the human oral cavity may
be very different from that in the rat vagina. This is supported
by a recent study suggesting that pH-dependent genes are
differentially regulated in systemic and vaginal infections (19).
The expression of SAP4, SAP5, or SAP6 transcripts in all
Candida carriers and patients with oral candidiasis suggests
that this proteinase subfamily may have an important role in
oral C. albicans colonization and infection. This is supported
by a study of animal models of disseminated candidiasis in
which a sap4 sap5 sap6 triple null mutant showed marked
attenuation of virulence (44). The Sap4, Sap5, and Sap6 subfamily may also play a role in immune evasion, as their production appears to partially protect C. albicans from phago-
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TABLE 3. Summary of in vivo expression of C. albicans ACT1 and
SAP1 to SAP7 mRNAs in Candida culture-negative control,
Candida carrier, and oral candidiasis study populations
Study population

Total no. of controls
positivec

Total no. positive
Oral candidiasis
patients
A
B
C
D
E
F
G
H
I
J
Total no. positive

Actinb

NDd

SAP1

SAP2

SAP3

SAP4–
SAP6

SAP7

0

0

0

0

0

0

ND
ND
ND
ND
ND
ND
ND
ND

1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
2

2
2
1
1
1
1
1
1

2
2
2
2
2
2
2
2

1
1
1
1
1
1
1
1

2
2
1
2
2
2
2
1

ND

8

0

6

0

8

2

1
2
1
1
1
1
2
2
1
2

1
1
1
1
1
1
1
1
1
1

2
2
2
1
2
2
2
2
1
2

1
1
1
1
1
1
1
1
1
1

1
2
2
1
2
1
1
2
1
1

1
1
1
1
1
1
1
1
1
1

1
2
2
1
2
2
1
1
1
1

6

10

2

10

6

10

6

a

1, HIV-seropositive patient; 2, HIV-seronegative patient.
1, presence of mRNA detected by RT-PCR; 2, absence of mRNA determined by RT-PCR.
c
Seven Candida culture-negative controls were studied.
d
ND, not determined.
b

cytic killing by murine macrophages (6). Sanglard et al. (44)
also speculated that SAP4, SAP5, or SAP6 expression may be
required in the process of SAP2 induction. In patient samples,
we did not observe SAP2 mRNA without the expression of
SAP4, SAP5, or SAP6, suggesting that this regulation may
possibly occur in vivo.
There is evidence acquired in vitro that Sap antigens are
expressed on the surface of C. albicans following attachment to
epithelial cells (5) and on the surface of hyphal forms (42),
which are known to be more adherent than yeast forms (43).
White and Agabian (52) and Hube et al. (23) also showed that
only SAP4, SAP5, and SAP6 transcripts were expressed during
the transition from yeast to hyphae at neutral pH in vitro. This
suggests that the secretion of Sap4, Sap5, and Sap6 in the oral
cavity may facilitate attachment of C. albicans to the oral mucosa. However, a recent study showed that a sap4 sap5 sap6
null mutant exhibited increased adherence to buccal epithelial
cells in vitro (51). The presence of hyphae, and hence the
expression of SAP4, SAP5, or SAP6 mRNA, may be expected
in oral candidiasis patients. However, the association of hyphae with the carrier state has not been thoroughly investigated; therefore, the expression of these three proteinases in
all of the Candida carriers is suggestive of the presence of
hyphae. Alternatively, in vivo, yeast cells may express SAP4,
SAP5, and SAP6. Although there is no in vitro evidence that
SAP4, SAP5, and SAP6 genes are expressed by yeast cells, the
expression of the three proteinases they encode in Candida
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Candida carriers
A
B
C
D
E
F
G
H

SAP gene expressionb

HIV
statusa

carriers and the first demonstration of SAP7 expression in vivo
(vide infra) confirm that the oral milieu is quite different from
laboratory culture conditions used to study SAP mRNA expression.
Similar patterns of specific gene expression have been observed in studies of other organisms. For example, during infection with the spirochete Borrelia burgdorferi, several genes
have been shown to be selectively induced in vivo, and different
Borrelia gene products have been detected in different sites of
the body (3, 10). The extended repertoire of SAP genes in
C. albicans and their differential expression in vivo indicate
that different SAP genes may be selectively expressed at different stages and in different clinical forms of candidiasis, such
as pseudomembranous, erythematous, atrophic, and hyperplastic forms (4, 28). Further studies using the techniques
developed in this study will address this issue.
This is the first study to detect expression of the SAP7 gene.
It also indicates that the proteinase encoded by this gene, if
translated, may be associated with C. albicans infection, as
SAP7 transcripts were detected in 60% of oral candidiasis
patients (6 of 10 patients), as opposed to 25% of Candida
carriers (2 of 8 carriers) (Table 3). The function of Sap7 is
unknown, but its apparent differential expression in oral candidiasis patients is noteworthy and clearly warrants further
investigation.
Interestingly, SAP1 and SAP3 mRNA transcripts were detected only in patients with oral C. albicans infections and not
in Candida carriers (Table 3). Under laboratory conditions, the
expression of SAP1 and SAP3 is coordinately regulated during
phenotypic switching (23, 35, 36, 52). Therefore, the detection
of SAP1 and SAP3 transcripts in oral candidiasis suggests that
phenotypic switching occurs in vivo, and furthermore, that it
may be associated with the development of infection. This is
supported by the observation that C. albicans isolated from
infected patients exhibits, on average, higher rates of phenotypic switching than commensal strains from the oral cavity
(21). Recently, Schaller et al. (45) investigated the temporal
expression of SAP genes in an in vitro model of oral candidiasis
using reconstituted human epithelium. They showed that SAP1
and SAP3 were the first SAP genes to be expressed by C. albicans. In addition, they noted that the expression of these two
genes coincided with the development of lesions and suggested
that their model reflects the infectious state. This is supported
by our findings, since we did not detect SAP1 or SAP3 mRNA
expression in any of the Candida carriers tested, only in the
oral candidiasis group.
In this study, we have found differences in the expression
profiles of SAP1 through SAP7 mRNA between patients with
oral C. albicans infections and asymptomatic Candida carrier
subjects. We do not believe these differences are due to the
greater numbers of C. albicans cells present in the samples
obtained from patients with oral candidiasis, because in some
cases, the total numbers of C. albicans cells present in the RNA
extraction were similar in the two study groups (Table 2). In
addition, two Candida carriers with lower total C. albicans cell
numbers expressed more SAP genes than three other Candida
carriers who had greater total C. albicans cell counts (compare
Table 2 with Table 3). Furthermore, the detection of C. albicans actin mRNA in all of the Candida carrier saliva samples
indicated that the methods employed were sufficiently sensitive
to detect the presence of SAP mRNA. In terms of SAP mRNA
expression, we realize that the assay used does not quantify
exact levels of individual mRNAs and that comparative levels
of different SAP mRNAs may vary.
Two additional elements that may possibly affect SAP gene
expression in C. albicans in vivo are HIV infection and anti-
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fungal drug therapy, which may select for more pathogenic
C. albicans strains (48). Selection of C. albicans strains is
thought to occur early in HIV infection and may be associated
with increased Sap production (18, 40), increased adherence to
oral epithelial cells (49), and genotypic alterations (9). Antifungal drug therapy, which has been correlated with colonial
morphology changes (31) and phenotypic differences (7, 26),
may also be a major cause of Candida strain selection. A number of the patients had previously been treated with antifungal
drugs, although none were being treated with either antibiotic
or antimycotic drugs at the time of sampling; 6 of 10 patients
with oral candidiasis were HIV seropositive. However, no correlation between HIV infection or antimicrobial treatment history and SAP expression was evident.
In summary, this is the first study to show that genes SAP1 to
SAP7 are expressed in vivo, providing evidence of a role for
this proteinase family in human oral candidiasis. It further
indicates that the pathogenesis of oral C. albicans infections
may be associated with the differential expression of individual
SAP genes. In addition, SAP mRNA expression patterns observed in vivo appear to be different from those first demonstrated under laboratory culture conditions, indicating that the
involvement of secreted aspartyl proteinases in C. albicans
pathogenesis in vivo may not be necessarily inferred from conventional laboratory growth and analysis.
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