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Peritonitis with Candida albicans is an important complication of bowel perforation and continuous ambu-
latory peritoneal dialysis. To define potential virulence factors, we investigated 50 strains of C. albicans in a
murine peritonitis model. There was considerable variation in their virulence in this model when virulence was
measured as release of organ-specific enzymes into the plasma of infected mice. Alanine aminotransferase
(ALT) and a-amylase (AM) were used as parameters for damage of the liver and pancreas, respectively. The
activities of ALT and AM in the plasma correlated with invasion into the organs measured in histologic
sections and the median germ tube length induced with serum in vitro. When the activity of proteinases was
inhibited in vivo with pepstatin A, there was a significant reduction of ALT and AM activities. This indicates
that proteinases contributed to virulence in this model. Using strains of C. albicans with disruption of secreted
aspartyl proteinase gene SAP1, SAP2, SAP3, or SAP4 through SAP6 (collectively referred to as SAP4-6), we
showed that only a Dsap4-6 triple mutant induced a significantly reduced activity of ALT in comparison to the
reference strain. In contrast to the Dsap1, Dsap2, and Dsap3 mutants, the ALT induced by the Dsap4-6 mutant
could not be further reduced by pepstatin A treatment, which indicates that Sap4-6 may contribute to virulence
in this model.

Candida albicans is a dimorphic fungus that has been the
focus of considerable interest because of the increased inci-
dence of candidiasis in immunocompromised hosts (16, 17,
34). It may cause a broad spectrum of diseases ranging from
mucocutaneous infection to systemic infection with dissemina-
tion into parenchymal organs. Furthermore, C. albicans may
cause peritonitis when it reaches the peritoneal cavity by iat-
rogenic inoculation with contaminated plastic devices and flu-
ids during continuous ambulatory peritoneal dialysis (CAPD)
(15, 26). The reported incidence of fungal peritonitis varies
between 5 and 15% of all peritonitis episodes complicating
CAPD (24). Peritonitis caused by C. albicans may also occur
after pancreatic transplantation, in the course of severe pan-
creatitis or bowel perforation (2, 4).

There are several putative virulence factors of C. albicans,
including the ability to form germ tubes, adherence to host
cells, and secretion of proteinases (8, 14, 29). As a polymorphic
organism, C. albicans can grow as a spherical yeast form or
germinate and produce filaments which may appear as pseu-
dohyphae or hyphae (22). Germ tubes have been shown to
contribute to virulence in models of skin and mucosal infec-
tions and to disseminated candidiasis produced by intravenous
(i.v.) infection (9, 35, 36).

Secreted aspartyl proteinases have also been demonstrated
to play a role in C. albicans infections (10, 11, 18, 20, 32, 33).
There are at least nine Sap isoenzymes produced by C. albicans

(27, 28). The in vitro expression pattern of these isoenzymes
suggests that the members of the SAP gene family may have
distinct roles during Candida infection at different sites of the
body (18). Saps may have auxiliary roles in promoting adhe-
sion, as shown in studies using models of adherence of C.
albicans to human mucosa (5) and cultured epidermal keratin-
ocytes, where adherence was inhibited by the proteinase inhib-
itor pepstatin A (31). The relevance of the individual virulence
factors depends on the infection model used (9).

The aim of our study was to investigate the contribution of
germ tubes and Saps to the pathogenesis of peritonitis by C.
albicans in order to describe virulence attributes which might
be of importance also in humans. We used intraperitoneal
(i.p.) infection of adult BALB/c mice with C. albicans. Fungal
invasion from the peritoneal cavity into the parenchymal or-
gans including the liver and pancreas was visualized by histol-
ogy. The degree of tissue damage induced by strains of C.
albicans was quantified via determination of activity of the
hepatocyte-specific enzyme alanine aminotransferase (ALT)
and the pancreatic enzyme a-amylase (AM) in the plasma.
ALT is a soluble enzyme localized in the cytoplasm of hepa-
tocytes which is released during damage of the cytoplasmic
membrane. AM is localized in the secretory epithelia of glands,
including the pancreas. The activities of ALT and AM detected
in the blood plasma are measures of liver and pancreatic dam-
age, respectively. ALT activity not only may be used in human
infections but also is a suitable parameter for estimation of
liver cell damage in mice (23). In our peritonitis model, we
correlated the ALT and AM induced by clinical isolates of C.
albicans with the invasion of the liver and pancreas measured
by histology and the in vitro production of germ tubes. Fur-
thermore, we investigated the role of Saps by inhibition of the
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proteinase activity in vivo with pepstatin A and by strains of C.
albicans with disruptions of the genes SAP1, SAP2, SAP3, and
SAP4 to SAP6.

MATERIALS AND METHODS

Strains. C. albicans ATCC 10231 was obtained from the German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany). The Dsap1, Dsap2,
and Dsap3 null mutants were produced as described elsewhere (20), using the
Ura2 strain CAI4. The mutant with a triple disruption of the SAP4 to SAP6
genes (Dsap4-6 mutant) was produced as described elsewhere (33), using the
Ura2 strain CAF4-2. For all virulence tests, Dsap::hisG/Dsap::hisG::URA3::hisG
(Ura1) mutants were used (20). C. albicans SC5314, the parent strain of CAF4-2
(33), was used as a reference strain for animal experiments. Fifty clinical isolates
were obtained from mucosal sites of patients attending our hospital. The strains
were cultured for 18 h at 30°C in Sabouraud broth containing 2% (wt/vol)
glucose (Merck, Darmstadt, Germany). Under these conditions, all C. albicans
strains grew in the yeast form and no germ tubes were detected microscopically
(not shown). For animal experiments, the yeasts were washed three times in
phosphate-buffered saline (PBS; Gibco, Eggenstein, Germany), which was com-
posed of, per liter, 0.2 g of KCl, 0.2 g of KH2PO4, 8 g of NaCl, and 1.15 g of
Na2HPO4, and resuspended in the same buffer.

Determination of germ tube length. Strains were grown overnight in Sab-
ouraud broth with 2% (wt/vol) glucose on a rotary shaker at 37°C. Ten micro-
liters of the yeast suspension containing 2 3 106 cells was added to 1 ml of fetal
calf serum (Gibco). Each strain was tested in triplicate. After incubation for 2 h
at 37°C, the yeasts were fixed in 4% formalin (Sigma, Deisenhofen, Germany)
buffered with PBS. Germ tube length was determined microscopically with an
ocular micrometer. In these experiments, 100 cells per strain were examined. The
median germ tube length was used for correlation with ALT and AM activities.

Mouse infection. Eight- to twelve-week-old female BALB/c mice were pur-
chased from Harlan (Borchen, Germany). The animals were infected i.p. with a
sublethal dosage of C. albicans yeast cells (5 3 107) in 0.5 ml of PBS. In this
experimental setting, both reference strains were eliminated within 10 days
postinfection (not shown). For regression analysis with 50 clinical isolates, two
mice per strain were inoculated. One of these mice received pepstatin A 30 min
before infection, whereas the other mouse received a dimethyl sulfoxide
(DMSO; Sigma) solution. For comparison of the reference strains and of the
mutant strains, 10 mice were used per strain, with 5 mice pretreated with pep-
statin A and 5 pretreated with DMSO. Treatment with pepstatin A was given i.p.
in a dosage of 1 mg/kg of body weight (0.5 ml of isotonic saline per animal).
Pepstatin A (Sigma) was dissolved in DMSO and further diluted in isotonic
saline. In control experiments, animals received 1 ml of the solvent DMSO in 0.5
ml of isotonic saline before infection. Uninfected mice were used in other control
experiments to determine the effect of pepstatin A and DMSO on ALT levels.
Mice of all groups were killed 24 h postinfection by cervical dislocation. This time
point was chosen because in preliminary experiments with the reference strains,
it was the time point at which the highest levels of enzyme activities and organ
invasion were detected microscopically. Blood (200 ml) was drawn by cardiac
puncture and anticoagulated with 10 U of heparin. Thereafter, the organs were
removed aseptically and further processed.

Tissue processing. The organs were dissected out, and blocks of tissue were
fixed in a 10% formaldehyde solution in PBS. The tissue samples were further
processed by using standard methods for paraffin embedding and cutting. Two-
micrometer sections were cut from the organs. For staining of C. albicans cells,
the periodic acid Schiff (PAS) reaction was applied. The tissue sections were
incubated in a solution of periodic acid in distilled water (1%) for 5 min, followed
by washing in distilled water and further incubation with Schiff’s reagent (Sigma),
consisting of pararosaniline 1% (wt/vol) HCl and 4% (wt/vol) sodium bisulfite in
hydrochloric acid (0.25 mol/liter). The PAS reaction was developed in tap water
for 10 min. The tissue sections were counterstained with Mayer’s hemalum
solution (Merck) for 10 s, dehydrated, and embedded in DePeX (Serva, Heidel-
berg, Germany). Invasion depth of the organs was measured with an ocular
micrometer, using six sections per organ. For each section, invasion was mea-
sured at 10 individual sites, and the mean of all measurements was calculated and
correlated with the enzyme activities. For the reference strains, 20 sections of
each of the five animals were used.

Determination of ALT and AM. Activities of ALT (EC 2.6.1.2) were deter-
mined with the kinetic UV test recommended by the International Federation of
Clinical Chemistry. This test was first described by Bergmeyer et al. (3). AM (EC
3.2.1.1) activities were measured by using maltotriose-bound 2-chloro-4-nitro-
phenol as the chromogenic substrate (7). The activities of both enzymes were
determined with the Dade Flex cassette system (Dade Behring, Deerfield, Ill.),
using a Dade Behring Dimension clinical chemistry system.

Statistics. Linear regression analysis was used for the correlation of invasion
and germ tube length with ALT and AM activities in plasma. As there was an
exponential relationship between the activities of both ALT and AM with depth
of invasion and germ tube length when tested with the Mathematica software
(38), the ALT and AM data were logarithmically transformed before linear
regression analysis was done and the coefficient of determination (r2) was de-
termined.

McNemar’s test was used for comparison of the effect of pepstatin A on the
ALT and AM levels induced by the clinical isolates. Student’s t test was used to
determine differences between the ALT activities induced by the mutants and by
the reference strains SC5314 and ATCC 10231 and also for detection of the
effects of treatment with pepstatin A on the ALT activities induced by these
strains. Differences were considered statistically significant at P of ,0.05. All
experiments were repeated at least twice. Statistical analysis was done with the
Mathematica software (38).

RESULTS

Invasion and germ tube length are correlated with viru-
lence. To evaluate the model of C. albicans peritonitis, we
investigated the histopathological lesions induced by reference
strains. There were striking differences in invasion of the pa-
renchymal organs liver, spleen, and pancreas from the perito-
neal cavity between the reference strains. As shown in Fig. 1,
invasion of the liver by strain SC5314 (Fig. 1A) produced long
germ tubes (12.2 6 3.5 mm), and invasion by strain ATCC
10231 (Fig. 1B) produced short germ tubes (5.3 6 2 mm) in
vitro. There was no detectable invasion of strain ATCC 10231
into the liver from the peritoneal cavity, whereas strain
SC5314, which was used as the reference strain for the Dsap
mutants, invaded deeply into the liver and induced death of
hepatocytes throughout the region of invasion. The sections
shown are representative for all of the 20 sections cut from
different sites of the organs of five animals infected at different
times. Results similar to those with livers were obtained with
the pancreas (Fig. 1C and D).

To investigate the contribution of germ tubes to tissue dam-
age, we correlated invasion depth with the in vitro-determined
length of germ tubes and both parameters with release of the
ALT and AM into the blood after i.p. infection. We used 50
clinical isolates from mucosal sites. When invasion of the liver
or the pancreas was correlated with liver or pancreatic damage
measured by ALT or AM, there was a significant correlation
(r2 5 0.515 and 0.481, respectively [data not shown]). Invasion
depth of the liver and pancreas correlated with germ tube
length measured in vitro (r2 5 0.408 and 0.425, respectively).
Germ tube length correlated with ALT and AM, with coeffi-
cients of determination of 0.853 and 0.623, respectively (Fig.
2).

C. albicans was detected in the hearts of mice infected with
all strains tested (not shown). This indicated hematogenous
dissemination from the peritoneal cavity. However, using his-
tology, we were not able to detect foci of C. albicans in the liver
parenchyma distant from the invasion zone in any of the strains
investigated.

Evidence for contribution of Saps to virulence. To investi-
gate whether proteinases of C. albicans strains contributed to
virulence in vivo, we treated mice with the proteinase inhibitor
pepstatin A, which did not reduce the germ tube length mea-
sured in vitro when added in the final concentration of 10 mM
(not shown). Treatment with pepstatin A was not toxic by itself
because the ALT levels of uninfected mice treated with pep-
statin A were not higher than the ALT levels of control animals
treated with DMSO (Fig. 3, control). For infected mice, we
observed a reduction of invasion depth which was not statisti-
cally significant and a significant reduction of ALT and AM
activities upon treatment with pepstatin A in comparison with
infected mice treated with DMSO when 50 patient strains were
used (P , 0.001 [data not shown]).

As the Sap isoenzymes might contribute differently to viru-
lence of C. albicans in i.p. infection, we used isogenic Dsap null
mutants. The Dsap1, Dsap2, and Dsap3 mutants had no demon-
strable virulence defect in this model because there was no
significant reduction in ALT activities in comparison to the

6638 KRETSCHMAR ET AL. INFECT. IMMUN.



FIG. 1. Histopathological analysis 24 h after i.p. infection reveals pronounced differences in virulence of reference strains of C. albicans. Deep invasion into the liver
and pancreas were noted after infection with C. albicans SC5314 (A and C). This strain induced ALT and AM activities of 179 6 32 and 6,985 6 2,652 U/liter,
respectively. In contrast, C. albicans ATCC 10231 was unable to invade the liver and pancreas (B and D). This strain induced ALT and AM activities of 45 6 10 and
927 6 304 U/liter, respectively. Representative photographs of 20 sections of each organ of five mice; PAS reaction and slight counterstaining with hemalum; original
magnification, 3160. Arrowheads indicate the surface of the organs.

6639



reference strain SC5314 (Fig. 3). ALT activities induced by
these strains were reduced by treatment of the infected mice
with pepstatin A (Fig. 3). This reduction was significant for the
Dsap1 mutant. In contrast, with a Dsap4-6 triple mutant, there
was a significant reduction of the ALT activities (Fig. 3) in
comparison to the reference strain SC5314. Furthermore, the
ALT activities induced by the Dsap4-6 triple mutant could not
be reduced further by pepstatin A treatment (Fig. 3). This
demonstrates that Sap4-6 or individual Saps of this enzyme
subfamily, which are encoded by closely related genes (19) and
have therefore been disrupted collectively, might contribute to
virulence in mouse peritonitis.

DISCUSSION

C. albicans exhibits a set of properties which have been
shown to contribute to virulence: the ability to form germ
tubes, adhesion to host cells, and production of several hydro-
lytic enzymes (8, 30). Most of these factors have been shown to
contribute more or less to virulence in some experimental

models, whereas they fail to contribute to virulence in other
models (9–11, 13, 20, 21, 33).

We used a model of i.p. infection to identify virulence fac-
tors which could explain the striking differences in the ability of
reference strains to invade parenchymal organs from the peri-
toneal cavity which can be seen in histologic sections (Fig. 1).

We investigated the correlation of the depth of invasion of
the parenchymal organs liver and pancreas of human isolates
of C. albicans and virulence in vivo, which was determined as
liver cell damage via the ALT activities and damage of the
pancreas via AM activities in the blood. ALT activity is a
marker for liver cell damage which has been shown to be
valuable also in mouse models (23). As there was a moderate
elevation of the ALT activities of up to 30 U/liter 24 h after
infection with 105 yeast cells of strain SC5314 also during
systemic i.v. infection (not shown), one might argue that the
i.p. model system used measured liver damage by C. albicans
after colonization of the liver via the bloodstream. Although C.
albicans could be detected in the hearts of infected mice, which
indicated hematogenous dissemination from the peritoneal

FIG. 2. Correlation of germ tube length induced with serum in vitro and liver damage measured by ALT (A) and correlation of germ tube length and pancreatic
damage measured by AM (B). Enzyme activities were measured 24 h after i.p. infection with 50 strains of C. albicans. There was a significant correlation between ALT
(r2 5 0.853) and AM (r2 5 0.623) levels with the germ tube length (P , 0.001). The ALT and AM activities in sera of uninfected mice were 18.5 6 3.7 and 143 6 45
U/liter, respectively.
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cavity, we were not able to detect foci of C. albicans in the liver
parenchyma distant from the invasion zone of histologic sec-
tions 24 h after i.p. infection. This did not exclude any hema-
togenous dissemination into the liver, but one may conclude
that there was only a minor contribution of dissemination to
tissue damage and ALT release because in systemic i.v. infec-
tion with 105 CFU/animal, the fungi were readily detected in
tissue sections (not shown).

Formation of long germ tubes correlated with the ALT and
AM activities (Fig. 2). Germ tubes have been shown to be
associated with virulence in several animal and tissue culture
models of infection with C. albicans (8, 35, 36). However, a
nongerminating variant of C. albicans which expressed low
virulence in systemic infection was capable of causing a vaginal
infection of the same duration and extent as obtained with
germ tube-forming strains (9). Therefore, the contribution of
germ tubes to virulence depends on the model system used.
Germ tubes might improve the adherence to host cells and
penetration into the host. The relationship between germina-
tion and adherence has been investigated previously. In gen-
eral, germ tubes of C. albicans have been found to adhere to
tissue sections (25) and isolated endothelial cells (12). This was
confirmed by the inhibition of germ tube formation with new
azoles, which also reduced adhesion to endothelial cells (12).
Furthermore, the germ tube stage of the organism has been
shown to penetrate the epithelial cell membrane (1, 30, 35).
The combination of increased adherence and penetration
might have contributed to the higher tissue damage in our
model brought about by strains which produced long germ
tubes in comparison to strains with short germ tubes. Alterna-
tively, properties such as hydrolytic enzyme activity, associated
with germ tube formation, may have been partly responsible
for the observed tissue damage.

As the ALT levels are correlated not only with depth of
invasion of the liver but also with germ tube formation induced
by serum in vitro, one might suggest that the degree of germi-
nation of a particular strain in vitro is a predictor of virulence
in mouse peritonitis. The fact that correlation of invasion
depth with enzyme activities and germ tube length appeared to
be weaker than the correlation of germ tube length and en-
zyme activities might be explained by technical problems of

invasion depth measurement, which lead to higher variation
coefficients in comparison with measurement of both enzyme
activities and germ tube lengths. Besides germ tube length,
proteinases also played a role in our model because treatment
of mice with the proteinase inhibitor pepstatin A before infec-
tion significantly reduced the tissue damage of the 50 strains
measured as ALT and AM levels (P , 0.001). The role of
proteinases in murine infection with C. albicans has been pre-
viously established by others. For example, Fallon et al. (11)
found that pepstatin A reduced mortality in intranasally chal-
lenged but not in i.v.-infected neutropenic mice. As pepstatin
A was also effective in our study with i.p. infection, one may
conclude that proteinases play a role in dissemination of C.
albicans when barriers have to be crossed. However, a contri-
bution of inhibition of host proteinases by pepstatin A to re-
duced virulence cannot be totally excluded.

From the inhibition experiments with pepstatin A, it is not
possible to say which of the at least nine isoenzymes (27, 28)
might contribute to virulence, because pepstatin A is likely to
inhibit all Saps. Nevertheless, as there are strains with disrup-
tions of individual SAP genes (SAP1, SAP2, and SAP3) and
with a triple disruption of the SAP4 to SAP6 genes available,
the contribution of these Saps in our model could be investi-
gated. There was no demonstrable effect of the Sap1, Sap2, or
Sap3 on virulence because ALT activities induced by the
Dsap1, Dsap2, and Dsap3 mutants were not significantly differ-
ent from the ALT levels of the reference strain SC5314 and
treatment with pepstatin A was able to reduce the ALT levels
induced by these strains (Fig. 3). This does not exclude the
possibility of a contribution of these Saps to virulence, possibly
by collective action with other Saps. Because there was a sig-
nificant reduction of the ALT activities with the Dsap4-6 mu-
tant which could not further be reduced by pepstatin A treat-
ment (Fig. 3), we conclude that Sap4-6 might contribute to
virulence either individually or collectively. Because Sap4-6
have been shown to be produced during yeast-to-hypha tran-
sition (19, 37), it is likely that they are expressed along with
germ tube formation also in vivo and thereby contribute to
tissue invasion and tissue damage during invasion by the germ
tubes. There is also in vitro evidence for a role of Sap4-6 in
mouse peritonitis because Borg-von Zepelin et al. (6) showed
that Sap4-6 were expressed in isolated peritoneal macrophages
and the Dsap4-6 mutant was killed more effectively after con-
tact with macrophages than the reference strain.

The role of individual Saps has been established previously
also in vivo with systemic infection models (20, 33) and vagi-
nitis in rats (10). Using disseminated infection in guinea pigs
and mice, Hube et al. (20) and Sanglard et al. (33) observed a
significantly reduced but not abolished virulence of all single
mutants (Dsap1, Dsap2, or Dsap3) and the Dsap4-6 mutant,
which were attenuated in terms of lethality and growth in the
organs in comparison to the reference strain SC5314. There-
fore, none of these Saps is a single dominant virulence factor
in disseminated infection. In contrast, in experimental vaginitis
in rats, virulence of Dsap1, Dsap2, and Dsap3 but not Dsap4-6
mutants was attenuated in comparison to the reference strain
(10). The Dsap4-6 mutant is, therefore, not attenuated in all
infection models used. The fact that each of the mutants may
be fully virulent in at least one of the models used argues
against the possibility of unspecific effects on virulence brought
about by gene disruption, although there is no proof for this
assumption because complemented mutants are lacking.

In summary, we demonstrated that both invasion depth and
formation in vitro of germ tubes correlate with tissue damage
in a model of i.p. infection with C. albicans. Using strains with
mutations of the proteinase genes, we showed that Sap4-6 but

FIG. 3. ALT activities of mice infected with sap mutants, the reference strain
for animal experiments SC5314, and strain ATCC 10231 (open bars) and effect
of treatment with pepstatin A (closed bars). Only in mice infected with the
Dsap4-6 mutant was there a significantly (P , 0.05) reduced ALT activity in
comparison to the reference strain SC5314. Treatment with pepstatin A reduced
the ALT levels of all strains except the Dsap4-6 mutant; the extent of reduction
was significant (P , 0.05) for strain SC5314, ATCC 10231, and the Dsap1 mutant
(indicated by asterisks). Control levels of ALT were determined in uninfected
mice treated with DMSO and pepstatin A (open and closed bars, respectively).
Data are shown as means 1 standard deviations from five individual animals per
group.
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not Sap1, Sap2, and Sap3 may contribute significantly to viru-
lence in vivo. Further studies with strains causing peritonitis in
humans are needed to investigate whether germ tube forma-
tion in vitro is a predictor of virulence also in human perito-
nitis.
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