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BACKGROUND: Oral candidiasis is a common problem

in compromised patients. Although several non-albicans

Candida species have emerged as pathogens the majority

of candidal infections are caused by Candida albicans.

Morphogenesis from the blastospore to filamentous

phase, and production of secretory aspartyl proteinases

(SAP) are two major virulence attributes of these

opportunistic yeast. Histopathology of oral candidiasis is

characterized by fungal invasion of the superficial epi-

thelium although the invasive potentials of different

Candida species vary. Computerized image analysis sys-

tems (IAS) utilizing immunohistochemistry have been

successfully employed for quantification of such histo-

pathological features. The purpose of this study was to

evaluate quantitatively the in vitro invasive potential of

C. albicans and its hyphal and SAP mutants, and five other

non-albicans Candida species using a computerized IAS.

METHODS: In vitro human oral candidiasis was produced

using five wild type and one reference C. albicans isolates,

hyphal and SAP mutants of C. albicans SC 5314, and one

wild type and one reference isolate each of C. tropicalis,

C. dubliniensis, C. glabrata, C. parapsilosis and C. krusei in

a reconstituted human oral epithelium (RHOE) model.

The infected tissues were examined histologically at 12,

24 and 48 h. Invading fungal elements were visualized

by periodic acid-Schiff (PAS) staining and quantitatively

evaluated as a percentage of total tissue invasive area,

using a computerized IAS.

RESULTS: All C. albicans isolates including hyphal mutant

cph1/cph1 and SAP mutants; sap 1–3, sap 4–6 produced

hyphae and differentially (P < 0.05) invaded the tissue

over 48 h. The invasive potential of hyphal mutant cph1/

cph1 and SAP mutants (sap 1–3, sap 4–6) were similar to

the parent wild-type isolate at 12 h although after 24 h

their invasion was dissimilar (P < 0.05). Non-albicans

Candida species and hyphal mutants; efg1/efg1, efg1/efg1

cph1/cph1 were all non-invasive.

CONCLUSIONS: RHOE model in combination with

computerized image analysis permits for the first time,

the assessment of invasive potential of Candida species in

a quantitative manner. The differential tissue invasive

patterns of various C. albicans isolates, their mutants and

other Candida species are also described.
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Introduction

Many Candida species inhabit human mucosal surfaces
as commensals. However, they cause opportunistic
infections that are increasingly recognized especially in
compromised patients with HIV infection, diabetes
mellitus, and those receiving steroid, broad-spectrum
antibiotics and cytotoxic drug therapy (1). Of about 200
species of Candida, Candida albicans is the most frequent
pathogen (2), although several other species, such as
C. tropicalis, C. dubliniensis, C. glabrata, C. parapsilosis
and C. krusei have emerged as important organisms in
this context. For instance, in one clinical trial where 224
invasive candidiasis patients participated, it was found
that 45% of the infections were caused by C. albicans,
while the majority 55%, were caused by non-albicans
Candida species (3). In the United States, 47% of
nosocomial blood stream infections caused by Candida
are due to non-albicans Candida species (4).

Pathogenesis of mucosal candidiasis has been inves-
tigated by several workers using animal models (5) and
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tissue culture techniques. Biopsy specimens from
humans (6, 7) as well as animals (8) and chick
chorioallantoic membranes (9–11) have been used for
such in vitro experimental candidiasis. These studies
have been recently extended, and multilayer, tissue
culture-based, reconstituted human epithelia appear to
fulfill this purpose with very satisfactory results (12–18).

Histopathologically both acute and chronic oral
candidal infections are characterized by yeast and hyphal
forms invading the superficial parakeratotic epithelium
(19). Despite extensive qualitative studies on mucosal
candidiasis (20–22), quantitative data on the invasive
growth of Candida species into the superficial epithelium
are lacking. Such data will help better understand the
pathogenesis of this relatively common disease as the
epithelium is the front line defense barrier against deep or
disseminated candidiasis. The invasive behaviour of
C. albicans is often attributed to its ability to form
hyphae and the production of extracellular enzymes
particularly the secretory aspartyl proteinase (SAP) and
phospholipases. Although several workers have demon-
strated the differential hyphal interactions between
C. albicans and the host in tissue culture as well as in ani-
mal experimental models (12, 13, 23) no quantitative data
on hyphal invasion of human epithelium are available.

Therefore, in this study we attempted to determine the
invasive characteristics of different Candida species,
including hyphal and SAP mutants of C. albicans, in a
reconstituted human oral epithelium (RHOE) model
(12, 14–18). For this purpose we used periodic acid-
Schiff (PAS)-stained histological sections of Candida-
infected RHOE as described previously in quantitative
studies of candidal invasion in experimental keratitis in
rabbits (23, 24).

Materials and methods
Organisms
The following Candida isolates were used in the study.

Candida albicans: Well characterized wild-type SC
5314 and its hyphal and SAP mutants (HLC52: efg1/
efg1, HLC54: efg1/efg1 cph1/cph1, JKC19: cph1/cph1)
sap 1–3 and sap 4–6 (graciously provided by Prof. N. A.
R. Gow, University of Aberdeen, UK), four C. albicans
wild-type isolates; HK 36Aa, HK 38Hd, HK 39Dd, HK
46Cd (obtained from HIV-infected patients attending
the Queen Elizabeth Hospital, Hong Kong) and a
reference isolate C. albicans American Type Culture
Collection (ATCC) 90028.

Non-albicans Candida: One reference isolate and one
wild-type isolate each of the following Candida species:
C. tropicalis (ATCC 13803, HK 192552), C. dubliniensis
(ATCC MYA646, HK 186434), C. glabrata (ATCC
90030, HK 205734), C. parapsilosis (ATCC 22019, HK
205373) andC. krusei (ATCC 6258, CAML27b). All non-
albicans, wild-type isolates were obtained from patients
attending the Prince PhilipDental Hospital (HongKong)
using the oral rinse technique (25). ATCC strains were
obtained from ATCC (Gaitherburg, MD, USA).

All Candida isolates were subcultured from thawed
suspensions of pure isolates stored at the Oral Bio-

sciences Laboratory (Prince Philip Dental Hospital,
University of Hong Kong, Hong Kong). Their identities
were reconfirmed using the standard germ tube test, and
fermentation reactions in commercially available API
20C auxonogram strips (Biomerieux, Marcy I’Etoile,
France).

Culture media and growth conditions
Inocula for the infection of RHOE were prepared as
described previously (15). Briefly, yeast cells were
cultured for 24 h at 37�C on Sabouraud dextrose agar
(Difco, Hampshire, UK). The resultant harvest was
washed thrice in 0.9% NaCl and an inoculum of
approximately 2 · 105 cells were suspended in 10 ml of
YPG medium (1% yeast extract, 2% peptone and 2%
glucose; Difco, Detroit, MI, USA). This suspension was
cultured for 16 h at 25�C with orbital shaking and the
cells so harvested, were washed in 0.9% NaCl and a
sample of cells was resuspended in fresh medium in
shaking for 24 h at 37�C. Afterwards the cells were
harvested by centrifugation and the inocula were
prepared in phosphate-buffered saline (PBS; pH 7.2).

Reconstituted human oral epithelium
Commercially obtained human oral epithelium (human
keratinocytes derived from squamous cell carcinoma of
the buccal mucosa, cell line TR146; Skinethic Laborat-
ory, Nice, France) was reconstituted by incubating in
serum-free, MCDB 153-defined medium (Clonetics, San
Dieg, CA, USA), containing 5 lg/ml insulin, 1.5 mM
CaCl2, 25 lg/ml gentamicin and 0.4 lg/ml hydrocorti-
sone in 6-well tissue culture plates (Corning Inc.,
Corning, New York, NY, USA) according to the
manufacturer’s instructions. The in vitro model and all
culture media were prepared without antimycotics.
After reconstitution, a 0.5 cm2 segment of tissue was
inoculated with 2 · 106 yeast cells in 50 ll of PBS (pH
7.2). Control samples were inoculated with 50 ll PBS
only. Infected tissue cultures were incubated at 37�C, at
5% CO2 and saturated humidity for up to 48 h. They
were harvested at 12, 24 and 48 h time intervals for
histopathological evaluations as described below. The
medium was replenished once in every 24 h.

Light microscopy
Harvested tissue samples were washed gently with PBS
to remove free fungal elements and fixed in 10%
formalin in PBS, for at least 2 h at room temperature.
The circular piece of tissue was bisected along the
diameter into approximately two equal halves (Fig. 1a).
After a series of dehydrations, they were embedded in
paraffin. Series of 3–4 lm thick sections were cut at 20 l
intervals from the centre of the tissue (Fig. 1b) outwards
using a Leica RM 2155 rotary microtome (Nussloch,
Germany). Afterwards, 10 representative sections selec-
ted by systematic random sampling (approximately
every 20th section derived by the serial sectioning of
the tissue block) were processed for staining (14). The
sections were stained with PAS reagent and counter-
stained with Myers Hematoxylin (Dako, Carpinteria,
CA, USA) for quantitative image analysis.
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Quantitative image analysis
To quantify the invasive fungal elements within RHOE,
a computer-assisted image analysis system (IAS) was
utilized. PAS-stained areas were detected and analysed
using image analysis software (Leica Qwin, version 2.4,
Leica Microsystems Imaging Solutions Ltd, Cambridge,
UK).
For this purpose a charged coupled device (3CCD)

Red, Green, Blue (RGB) colour video camera (Leica
DC 300 V. 2.0, Wetzlar, Germany; 2088 · 1550 pixel)
was attached to a Leica DMLB microscope (Leica
Microsystems, Wetzlar, Germany), and digitized binary
colour microscopic images of sections were captured at
·360 magnification. Illumination provided by a halogen
light source connected to a stabilized power supply, was
kept constant throughout the evaluation process. Entire
area of the selected sections, i.e. 8–12 microscopic fields
per section, was studied. For each section, total PAS-
stained area of fungal elements were quantified, then
expressed in a percentage of the whole tissue surface
area. Each experiment with all isolates was repeated on
two different occasions with duplicate samples on each
occasion.

Statistical analysis
The Wilcoxon signed rank non-parametric test was used
for the statistical comparison of the percentage values of
PAS-positive areas in the tissue sections, infected by six
C. albicans isolates, cph1/cph1 hyphal mutant, sap 1–3
and sap 4–6 mutants at 12 and 24 h. The PAS-positive
area percentages of each C. albicans isolate at 12 and
24 h were compared within the group using Friedman
non-parametric test. The PAS-positive area percentages
of parent wild-type isolate SC 5314 and invasive
mutants (cph1/cph1, sap 1–3 and sap 4–6) at 12 and
24 h were also compared using Friedman test. All

P-values were two-tailed and the differences were
considered significant at P < 0.05.

Results
Histological evaluation of control samples
Reconstituted human oral epithelium consisted of 10–12
layers of stratified squamous keratinized epithelial cells
(Fig. 2a). The tissue was devoid of stratum corneum,
whilst mitotic figures and dyskeratotic cells could be
occasionally observed.

Histological evaluation of Candida albicans-infected
samples
All C. albicans isolates-infected RHOE demonstrated
classic histological signs of hyphal invasion, which
intensified with the period of incubation. On visual
examination C. albicans isolates appeared more invasive
than non-albicans Candida isolates. After 12 h of infec-
tion clusters of C. albicans blastospores were attached to
the superficial cell layers and initial germ tubes were seen
penetrating the tissue (Fig. 2b). Both blastospores and
hyphal forms were noted during the early phase of
infection although hyphal phase became predominant
over time (Fig. 2c).

At 48 h, when invasion of hyphae were more exten-
sive, disorganization of the epithelial structure was
evident (Fig. 2d). At this stage detached superficial cell
layers and candidal hyphae appeared to constitute a
pseudomembrane, which was extremely fragile. Inva-
siveness of individual isolates appeared to be different
on gross microscopic examination (Figs 2b and 3).
When compared with non-albicans isolates, all
C. albicans isolates (wild types and reference isolate)
after 48 h of incubation demonstrated a greater depth of
hyphal penetration leading to progressive disorganiza-
tion of RHOE.

Histological evaluation of Candida albicans hyphal and
SAP mutants-infected samples
In contrast to the wild-type parent isolate C. albicans SC
5314, we found that single hyphal mutant, efg1/efg1 and
double mutant efg1/efg cph1/cph1 were unable to invade
RHOE even after 48 h of incubation. However, cph1/
cph1 single hyphal mutant was invasive. Both sap 1–3
and sap 4–6 mutants also produced hyphae and invaded
the artificial epithelium akin to the parent isolate.
Histopathological changes accompanying the invasion
of these hyphal and SAP mutants were also similar to
that of the parent isolate.

The extent of C. albicans hyphal invasion was isolate-
specific and was reproducible on repeat experiments on
separate occasions. Accordingly the pattern of invasion
was not identical among isolates and two distinct forms
of invasion were noted; focal invasion at the early stage
of infestation (12–24 h) and then generalized invasion at
a later stage (24–48 h). Initial focal invasion was mainly
localized where hyphae invaded distinct areas of RHOE
(Fig. 3). In contrast, subsequent uniform invasion was
characterized by the regular distribution of invading
fungal elements throughout the epithelial cell layers.

Figure 1 A schematic representation of (a) the harvesting of the tissue
for histopathology and (b) sectioning the tissue for quantitative
analysis.
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However, at the latter stages of infection (48 h)
fungal elements were seen throughout the entirety of
the tissue.

Histological evaluation of non-albicans Candida
species-infected samples
Macroscopic observations revealed that all non-albicans
Candida species (reference and the wild-type isolate of
C. tropicalis, C. dubliniensis, C. glabrata, C. parapsilosis
and C. krusei) used in the study grew well over the
epithelial surface under the culture conditions used.
However, on microscopic examination, these yeast
except C. dubliniensis HK 186434 wild-type isolate, did
not elicit hyphal forms nor did they invade the tissue
and were present in the blastospore form throughout
the 48-h incubation period. C. dubliniensis HK 186434
produced sparse hyphal elements (Fig. 4a) with a few
blastospores. These results indicate that RHOE offers
resistance to invasion by many of the non-albicans
Candida species tested compared with C. albicans.

Nonetheless, non-albicans Candida species also pro-
duced a variable degree of pathological tissue changes
(compared with the uninfected controls), such as inter-
cellular oedema and disorganization of the tissue struc-
ture at 48 h time point, resembling C. albicans-induced
histopathology (Fig. 4a,b).

Quantitative evaluation of tissue invasion
In order to quantify the degree of invasion by different
C. albicans isolates, in RHOE model of oral candidiasis
we used a novel computer-assisted IAS. For this
purpose, PAS-stained histological sections of the infec-
ted tissue were used. These representative tissue sections
were selected by systematic random sampling technique
(26) to ensure uniform and unbiased sample distribution
within the tissue.

In our hands the fungal elements including both
hyphae and blastospores that were strongly PAS-posit-
ive could be easily visualized, detected and quantified.
The quantitative image analysis data of PAS-stained

a

c d

b

Figure 2 Light micrographs of reconstituted human oral epithelium (RHOE; stained with periodic acid-Schiff stain and invading fungal hyphae
are arrowed). (a) Uninfected (control) after 12 h culture. Stratified keratinocytes with 10–12 cell layers are seen. (b) Adherence and invasion of
Candida albicans SC 5314 yeast and hyphal forms through the superficial cell layers after 12 h of incubation. (c) Progressive and generalized tissue
invasion of C. albicans SC 5314 after 24 h incubation; the tissue structure of RHOE is still intact. (d) Extensive tissue invasion of C. albicans SC
5314 at 48 h leading to disorganization of RHOE with intercellular oedema, exfoliation of the superficial cell layers and detachment of the basal cell
layers.

Figure 3 A light micrograph of Candida albicans HK 36Aa-infected reconstituted human oral epithelium (RHOE) after 12 h incubation (periodic
acid-Schiff stain). Adherence and focal invasion (arrowed) of yeast and hyphal forms through the superficial cell layers are seen.
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areas that exemplify the degree of invasion by C. albicans
wild-type isolates, and their hyphal and SAP mutants
are shown in Fig. 5a,b and Table 1.
In all samples with fungal invasion, the percentage

PAS-positive areas increased towards the latter stages of
the infection (24–48 h). However, 48 h time point was
not included in our quantitative analyses due to exten-
sive disorganization of the tissue caused by the fungal
invasion (Fig. 2d). Statistical analysis (Friedman test)
was used to compare the degree of invasion by all
invasive C. albicans isolates (wild types and the reference
isolate). Their invasion was significantly different
(P < 0.05) from each other at both time points
(12 and 24 h) as demonstrated by the percentage
PAS-positive area. When the invasion of individual
C. albicans isolates at 12 and 24 h time points were
compared (Wilcoxon signed ranks test), there were
significant differences (P < 0.05) in invasion at 12 and
24 h time points for each isolate.
We also compared the invasion of mutant isolates

(cph1/cph1, sap 1–3, sap 4–6) with the parent wild-type
C. albicans isolate SC 5314. At 12 h time point there was
no significant difference in the degree of tissue invasion
among the parent C. albicans isolate SC 5314 and its
hyphal mutant, cph1/cph1 and SAP mutants, sap 1–3
and sap 4–6. However, after 24 h their invasive behav-
iours were significantly different (P < 0.05) from each
other with hyphal mutants, cph1/cph1 and SAP mutant,
sap 1–3 showing less tissue penetration compared with
the parent isolate.

Discussion

Candidiasis models based on in situ animals or explant
culture techniques are difficult to standardize and are
in general, rather laborious. For instance in explant
cultures Candida can invade all exposed sites including
the explant periphery in addition to the epithelial surface
thus leading to spurious results (8). Reconstituted
human oral epithelium on the other hand, permits the
direct penetration of the yeast only through the super-
ficial epithelial surface and no lateral invasion is possible
as it is contained within a plastic insert. Furthermore,
the uniform and standardized structural features of
RHOE provide comparability among replicate experi-
ments and tissue samples allowing assessment of the
invasive capability of either different Candida isolates or
species, tested. Other advantages of this model are: (i) its
multilayer structure (up to 10–12 cell layers) closely
resembling the oral epithelium that contrasts with the
monolayer traditional tissue culture systems, (ii) the
ability to artificially reproduce the internal milieu of
the oral cavity within a pH range of 7.0–7.4, (iii) its
ready �off-the-shelf’ use for time-limited experiments.
Previous studies have shown that, histologically, RHOE
resembles the normal human oral epithelium and the
pathological changes that accompany candidal invasion
are akin to human disease (12, 16). Hence we believe
that RHOE model is, by far, the most suitable current
system available to study in vitro the yeast invasion of
human epithelia in a quantitative manner. However, the

Figure 4 Light micrographs of (a) Candida dubliniensis HK 186434 and (b) C. glabrata HK 205734-infected reconstituted human oral epithelium
(RHOE) after 48 h incubation (periodic acid-Schiff stain). Few blastospores are attached to the superficial cell layer (arrowed). Intercellular
oedema is present within the basal cell layers.

Candida species in reconstituted human oral epithelium

Jayatilake et al.

488

J Oral Pathol Med



absence of a connective tissue support is a limitation of
this model when compared with its natural counterpart.

One drawback of RHOE model in relation to the
quantification of the area percentages of the invading
fungal elements is that the tissue structure deteriorates
because of intercellular oedema and detachment of the
superficial cell layers at latter stages of the infection
(48 h). However, RHOE model did provide satisfactory
stability at 12 and 24 h (Fig. 2b,c). Despite significant

difference in patterns of tissue invasion between different
C. albicans isolates it was evident that all invaded
RHOE at 12 h. The IAS reproducibly quantified 12 h
tissue invasion but a reduction of the sensitivity of the
method was seen at 6 h because of minimal tissue
invasion at the early phase of infection. Hence, we used
12 h as the first time point for the assessment of
invasion. The sequential examination of the invasion of
each isolate tested exhibited significant difference
between 12 and 24 h time points suggesting that the
progressive invasion relates to the period of incubation.
Repeat experiments produced consistent results and
reconfirmed the suitability of this RHOE model for the
purpose. Our findings of two different invasive patterns,
viz. focal and generalized, also support the previous
reports of Bartie et al. (12).

Image analysis techniques are increasingly used in the
assessment and evaluation of histopathological changes
in affected tissues including microbial infections (27, 28).
Some investigators (27, 28) have utilized computer-
assisted image analysis methods to determine the area
percentages of positively stained structures after immu-
nohistochemical staining of pathological tissues. Peri-
odic acid-Schiff stain, traditionally used for the
identification of Candida species in histopathological
sections (29), provides good contrasting visuals that can
be readily detected by image analysis. Therefore, we
hypothesized that this method could also be used for the
determination of the invasive potential of different
Candida species in our experimental candidiasis model.
We found that the invasive profile of different C. albicans
strains or other Candida species could be readily and
reproducibly quantified using computer-assisted image
analysis method described here. For instance, PAS-
positive area percentage of SC 5314-infected tissues
increased markedly from 12 to 24 h, in agreement with
the histological evidence that more invasion takes place
with time (Figs 2b,c and 5a). And also, the significant
difference in invasive potentials of SC 5314 and HK
36Aa at 12 h time point is exemplified by the differences
in PAS-positive area percentages (Fig. 5a) and the
histopathological observations (Figs 2b and 3). How-
ever, it must be emphasized that it is critical to establish
a standard protocol including the staining period,
section thickness, lighting intensity and quantification
yardsticks in order to yield reproducible data from one
experiment to another.

Differential invasion of Candida species have been
investigated using various in vitro candidiasis models
including explants and tissue culture systems. In a
pioneering study, Howlett (8) demonstrated using a rat
tongue mucosal explant culture over a 45-h incubation
period that C. albicans developed hyphal elements
and was more invasive than C. tropicalis, C. krusei,
C. parapsilosis and C. guillerimondii. In another model
using chick chorioallantoic membrane and six different
Candida species (C. albicans, C. tropicalis, C. pseudo-
tropicalis, C. parapsilosis, C. krusei and C. guillerimon-
dii), Partridge et al. (9) found that Candida species could
be graded according to their relative pathogenicity and
they identifiedC. albicans andC. tropicalis to be the most

Table 1 Quantification of invasion by Candida albicans isolates,
hyphal and SAP mutants, evaluated using a computerized image
analysis system

C. albicans isolates

Mean (%) ± SD of PAS-positive area

After 12 h After 24 h

ATCC 90028 1.1662 ± 0.1391 2.7052 ± 0.1024
SC 5314 3.1728 ± 0.2231 9.3079 ± 0.7467
HK 46Cd 1.5332 ± 0.0475 2.7086 ± 0.0117
HK 39Dd 1.3630 ± 0.1353 4.4934 ± 0.5286
HK 38Hd 1.4891 ± 0.1080 1.9586 ± 0.2555
HK 36Aa 2.4473 ± 0.5011 3.8038 ± 0.4049
JKC19 (cph1/cph1) 3.0861 ± 0.1133 4.8994 ± 0.1061
sap 1–3 3.0773 ± 0.0549 4.5463 ± 0.1732
sap 4–6 3.0843 ± 0.0966 6.4880 ± 0.2518

ATCC, American Type Culture Collection; PAS, periodic acid-Schiff.

Figure 5 (a) Quantification of Candida albicans invasion (six isolates)
evaluated using a computerized image analysis system (IAS). Columns
represent mean values (±SD) of periodic acid-Schiff (PAS)-positive
surface area, expressed as a percentage of total tissue surface area. (b)
Quantification of C. albicans SC 5314 and mutant isolates; hyphal
mutant JKC19: cph1/cph1 and SAP mutants: sap 1–3 and sap 4–6,
invasion using a computerized IAS. Columns represent mean ± SD of
PAS-positive surface area, expressed in percentage of total tissue
surface area.
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invasive of the six species studied. In a recent in vivo
experimental study in mice, Arendrup et al. (30) observed
remarkable differences in pathogenicity amongst eight
Candida species, and categorized them into three groups
in terms of decreasing pathogenicity. The most patho-
genic group comprised C. albicans and C. tropicalis,
followed by an intermediate group with C. glabrata,
C. lusitaniae andC. kyfyr and a least pathogenic group of
C. parapsilosis, C. krusei and C. guillerimondii.
According to Hurley and Stanley (31) who studied the

cytopathic effects of different Candida species on murine
renal epithelial cells the destruction of host cells corre-
lates with the yeast to hyphal transition as well as their
growth rate. However in the present study, of the six
Candida species evaluated, the only invasive yeast was
C. albicans despite the fact that we used germ tube-
positive wild-type isolates of C. tropicalis and C. dubli-
niensis. Of the non-albicans strains C. dubliniensis and
C. glabrata could adhere to the epithelial surface after
48 h (Fig. 4a,b) while C. tropicalis, C. krusei and
C. parapsilosis were unable to do so even after prolonged
incubation. These results are in agreement with those of
Schaller et al. (18) who reported that of C. albicans,
C. tropicalis and C. glabrata the only invasive species was
C. albicans. To conclude then, our findings are in
agreement with the previous similar observations in
in vitro culture models that C. albicans is the most
invasive compared with other Candida species (8, 9, 18,
30, 31). On the other hand, the potential of RHOE to
withstand candidal invasion differentially seems to imply
that it is not merely an aggregation of cells serving as a
passive growth medium for the fungi, but on the contrary
a cellular community that closely mimics the epithelial
barrier, still retaining the characteristics of the latter.
As all six C. albicans isolates used in our study

differentially invaded RHOE. It is reasonable to con-
clude that isolate-specific differences exist in the invasive
ability of C. albicans comparable with its other virulence
attributes, such as adherence, and extracellular enzyme
production. Interestingly many of the non-albicans
Candida species tested invaded RHOE model. Although
non-invasive, these species produced pathogenic effects,
such as intercellular oedema and disorganization of the
tissue architecture with progressively increasing incuba-
tion period. This perhaps may be attributable to the
action of extracellular enzymes, such as phospholipases
and SAPs released by these yeast.
We also compared the invasive ability of the three

congenic hyphal mutants of C. albicans isolates deleted
for CPH1, EFG1 or both transcription factors with the
parent isolate SC 5314. It was observed that the single
mutant efg1/efg1 and the double mutant efg1/efg1 cph1/
cph neither produced hyphae nor penetrated RHOE
successfully supporting the theory that the hyphal
formation in C. albicans is a critical determinant of
invasive pathogenesis especially in comparison with
other non-albicans Candida species. Of these two non-
invasive mutant isolates efg1/efg1 showed limited attach-
ment to the superficial epithelial cell layers at 48 h time
point whilst the double mutant could not do so implies
that the two transcription factors act synergistically

during candidal invasion. In contrast the single mutant
cph1/cph1 could invade the epithelium resembling the
parent isolate. These results are in agreement with the
previous observations of Dieterich et al. (32) where a
single mutant cph1/cph1 behaved in a similar manner to
the parent clinical isolate while efg1/efg1 single mutant
and efg1/efg1 cph1/cph double mutant were non-inva-
sive. Taken together these findings suggest thatEFG1 has
more significant effect than CPH1 in candidal morpho-
genesis and tissue invasion. However, additional studies
are required to validate this hypothesis.

We also found that sap 1–3 and sap 4–6 mutants are
indistinguishable from the parent isolate SC 5314 in
their invasive potential at the initial stage (12 h)
although their invasion appeared different from each
other after 24 h. These results support the observations
of Gow et al. (11) who found that there is no detectable
change in both invasion and pathogenicity in sap 1–3,
and sap 4–6 mutants of C. albicans compared with the
parent isolate SC 5314 during infection of chick chor-
ioallantoic membrane, over 24 h. Interestingly, after
24 h we found that sap 4–6 mutant was more virulent
than sap 1–3mutant in RHOE model. These findings are
comparable with that of Schaller et al. (17) who
described an enhanced virulence of sap 4–6 mutant
compared with individual SAPmutants; sap 1, sap 2, sap
3 and double mutant sap 1/3 in a similar RHOE model.
These investigators concluded that sap 1–3, but not sap
4–6 are important in in vitro pathogenesis. In contrast,
in an experiment to study the pathogenesis of dissem-
inated candidiasis in mice Felk et al. (33) demonstrated
that sap 4–6 mutants are less invasive on parenchymal
tissues although they still produce hyphae, and argued
that sap 4–6 are important in invasive pathogenesis.
Thus, the precise roles and functions of the different
SAPs during human infections are still unclear (34) and
further studies are warranted to identify the role of SAP
subfamilies in candidal invasion.

To conclude, our findings support the hypothesis that
the conversion from the blastospore phase to the hyphal
phase is an important virulence attribute of C. albicans,
in comparison with non-albicans Candida species. We
reconfirm the fact that RHOE is a suitable in vitromodel
to assess the invasive ability of different C. albicans
isolates. Furthermore, this model in combination with
image analysis permits ready quantitative evaluation of
tissue invasion by Candida species. This tool could be
potentially valuable to assess the morphogenic changes
in terms of filamentation, following the exposure of
Candida species to antifungals, proteinase inhibitors and
cytokines.
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