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Laboratory studies of candidiasis have been
hampered by inability to produce consistently a
prolonged infection in laboratory animals. For
the most part investigators have used exceedingly
high dosages which have resulted in acute and
rapidly fatal disease (e.g., Redaelli, 1924;
Benham, 1931; Segretain, 1947). Others have
triggered equally acute disease by lowering the
resistance of the host with a variety of agents
such as antibiotics and cortisone (Seligmann,
1953), low temperature (Scherr, 1953), radiation
(Roth, Friedman, and Syverton, 1957), and
mucin (Strauss and Kligman, 1951). Salvin,
Cory, and Berg (1952) were able to produce pro-
longed infections in mice inoculated intraperi-
toneally by adding mucin to a relatively large
number of cells. Mankowski (1957) was able to
obtain relatively long lasting infections by in-
oculating intravenously an unstated number of
cells, without mucin. Louria and Brown (1960),
studying the effect of cortisone in Candida in-
fected mice, employed a strain which possessed
low virulence when inoculated intravenously.
Subsequent to the initiation of the studies re-
ported herein, Hasenclever (1959) investigated
the virulence of Candida albicans in mice and
rabbits when administered intravenously.
Although animals infected intravenously with

C. albicans have been used in the evaluation of
antimycotic drugs (e.g., Solotorovsky et al.,
1954), we found it difficult to produce prolonged
but fatal infections. Therefore, preliminary to
other studies we found it desirable to investigate
more fully the properties of virulence of C.
albicans. By proper selection of strain, it was
possible to produce prolonged infections with
moderate dosages and without added substances
such as mucin. Since any such studies of the
genus Candida inevitably become entangled with
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the problem of toxicity, this also was investigated.
Although an endotoxin in C. albicans has been
reported, its action was demonstrated only when
enhancing substances were added (Salvin, 1952)
or when the host was pretreated with antibiotics
(Roth and Murphy, 1957).

MATERIALS AND METHODS

Source of strains. Species used were of non-
human or human origin. Candida robusta has been
isolated from alcoholic beverages and is thought
by Diddens and Lodder (1942) to be the imperfect
form of Saccharomyces cerevisiae. Candida reukau-
fii is usually found in nectar (Lodder and Kreger-
Van Rij, 1952). These nonpathogenic strains
were kindly supplied by Dr. L. J. Wickerham of
the U. S. Department of Agriculture.

All isolates of human origin formed chlamydo-
spores and conformed in fermentation reactions
to C. albicans. They were obtained from vaginal
and skin lesions, from blood of patients with sys-
temic candidiasis, and from sputa. The two
strains which were used most extensively in this
study (no. 266 and no. 4899) were isolated from
the sputa of patients with respiratory disease of
unknown etiology.

Preparation of inocula for titrations of virulence.
Cultures of C. albicans were maintained on slants
consisting of 1% casamino acids, 1% yeast ex-
tract, 2% glucose, and 2% agar. All of the strains
grew as smooth, glistening colonies on this me-
dium. Growth less than 1 week old was used to
inoculate 150 ml of casamino-yeast extract-
glucose broth in 500-ml Erlenmeyer flasks, which
were incubated with constant agitation at 37 C
for 24 to 36 hr. The inocula of species other than
C. albicans were prepared as above except that
the temperature of growth was 25 to 28 C and the
period of incubation of the broth cultures was 6
to 7 days.
An attempt was made by microscopic examina-

tion to determine the percentages of particles of
varying sizes, i.e., composed of 1, 2, 3, 4, 5, and
more than 5 cells. When the percentage of par-
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ticles consisting of aggregates of 4 cells or more
exceeded 15%, the broth culture was discarded.
The concentration of particles in each culture

was first estimated by means of a hemacytometer
and then more precisely determined by the pour
plate method. Based upon the resultant viable
particle count, a sample of the culture was di-
luted with saline to achieve the desired volume
and concentration for animal inoculation. When
the estimated dosage was 100 viable particles,
the number of colonies found by the pour plate
method was of the order of 100 i 5.
The volume of the inoculum was varied with

the route, viz., 0.5 ml for intravenous, intraperi-
toneal, and peroral routes, 0.2 ml for the sub-
cutaneous, 0.1 ml for the intramuscular, 0.05 ml
for the intranasal, and 0.03 ml for the intra-
cerebral routes.

Preparation of inocula for studies of toxicity.
Broth cultures of each species, prepared as de-
scribed for the virulence studies, were divided
into two equal parts. One part was used to pre-
pare saline suspensions containing 2 X 106 and
2 X 108 viable particles per ml. The remaining
part of the broth culture was centrifuged. The
sediment was separated from the supernatant,
washed three times with saline, and then diluted
to contain 2 X 109 particles per ml. These washed
cells were then exposed to sonic vibrations for 6
to 8 hr in a 10 kc Raytheon oscillator, operated at
maximum efficiency. Significant breakage did
not occur earlier. Breakage of the cells was veri-
fied by microscopic examination of a wet prepara-
tion and the complete loss of viability was de-
termined by culture. A portion of this suspension
was then diluted, using the same dilution factor
as was used to prepare the suspension of living,
intact cells. Another portion was centrifuged at
3,000 rev/min for 30 min, separating a trans-
lucent supernatant from the broken packed cells.
After appropriate dilution, 0.5 ml of each prepara-
tion was inoculated intravenously or intraperi-
toneally into mice.
Animal experiments. Six-week-old, male, white

Webster mice, obtained from Taconic Farms,
were used in all experiments. For the initial
screening with a single dose to select strains of C.
albicans of high and low virulence, groups of 5
mice per strain were employed. For the compari-
son of routes, 10 mice were used per dose and for
the more extensive studies on virulence, 20 mice
were inoculated with each preparation.

Intranasal inoculations were made by the in-
stillation of the inoculum in the nostrils in tiny
amounts with a blunt 27 gauge needle. (Since an
anesthetic was not employed, it is certain por-
tions of the inocula did not reach the lungs of the
mice.) A polyethylene infant feeding tube, ap-
proximately 1.5 mm in diameter and 4.5 cm in
length, adapted to a 1-ml syringe, was used for
peroral administrations. The number of animals
dead was counted daily through a period of 10
weeks. The experiment was then terminated and
the surviving animals killed. When possible,
autopsies were carried out shortly after death;
otherwise the material was kept at -15 C and
processed later.

RESULTS

Studies on virulence. To rule out a mechanical
factor that might obscure recognition of the true
characteristics of virulence, studies were made to
establish the particle sizes suitable for virulence
studies. Approximately 75% of the particles were
composed of one or two cells; 15 to 20% had 3
cells; 8 to 14%, 4 or 5 cells; and less than 1% had
more than 5 cells. In general, the cells of the non-
pathogenic cultures (C. robusta and C. reukaufii)
were larger than those of C. albicans. At the dose
of 1 x 108, even these Candida of nonhuman
origin caused 100% mortality in a few hours when
more than 25 to 30% of the particles of a culture
consisted of more than 4 to 5 cells.
To select strains of high and low virulence

for more extensive studies, 32 isolates of C. albi-
cans were screened by intravenous inoculation of
1 X 104 viable particles. This route was chosen
empirically. The dosage was selected to lessen
the possible occurrence of death due to toxic sub-
stances in larger inocula, and yet to permit de-
tection of virulent strains. With 11 strains, no
mice died, whereas with 7 others, 3 or 4 died in
each group of 5 over a period of 10 weeks. The 14
remaining strains produced 1 or 2 deaths per
group of mice.
To select a route of inoculation most suitable

for more extensive studies on virulence, the in-
travenous, intracerebral, intraperitoneal, in-
tranasal, intramuscular, subcutaneous, and
peroral routes were compared, using 1 X 102,
1 X 104, 1 X 106, and 1 X 108 particles of a strain
of relatively high virulence, no. 266, as shown in
Table 1.
No mice died in the perorally inoculated group
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and at autopsy no gross evidence of fungous
dissemination was noted. With higher concen-

trations (1 X 106 and 1 X 108) inoculated sub-
cutaneously and intramuscularly, abscesses de-
veloped at the sites of injection but healed before
the end of the experiment. No deaths occurred
among those given the lower dose. One death oc-

curred in each of the groups of mice inoculated
by the subcutaneous and intramuscular routes
and these were among those given higher dosages.
These two fatalities had abscesses of the kidneys,
the cultures of which were positive for Candida.
No gross lesions were noted among the mice
killed at the tenth week.
Four of 10 mice, which received 1 X 108 cells

intranasally, died between the sixth and seventh
week after inoculation. Three of these animals
showed numerous small lung abscesses, possibly
of a bronchopneumonic distribution, and one

mouse had extensive abscesses involving entire
lobes. C. aibicans was demonstrated in these
lesions, but there was no evidence of dissemina-
tion to the kidneys or to other organs. Of the 6
animals killed at 10 weeks, the lungs were ap-

parently normal and cultures for C. albicans were

negative.
The intraperitoneal inoculations produced

generalized and fatal infections with only the
higher doses. One mouse died 24 days following
inoculation with 1 X 106 particles, but all those
which received 1 X 108 particles succumbed be-
tween 3 and 16 days after inoculation. At autopsy
it was noted that the kidneys were enlarged, with
numerous abscesses. Mesenteries had many pin-
point nodules and adhesions among the viscera.
C. albicans was recovered in cultures from kidneys
of the animals that died. Only a few of the sur-

viving animals had any gross lesions but these
were extensive and limited to the kidneys. Cul-
tures of these lesions were sterile as were the cul-
tures of material taken from animals which
appeared entirely normal at autopsy.
When the inoculum was administered intra-

venously, the time of death ranged from an aver-

age of 12 hr after an injection of 1 X 101 particles
to 5 to 7 weeks following 1 X 104 (Fig. 1). Gross
lesions were always noticed on the kidneys. There
was a tendency for the abscesses to be more nu-

merous and larger when the dose was larger. All
were positive for C. albicans upon culture. Kidney
damage was either unilateral or absent in the
survivors, depending upon the dose.

TABLE 1
Comparison of mortality of 6-week-old, male, white
mice when inoculated with various doses of Candida
albicans strain 266, in saline suspension using
different routes of inoculation

Mortality of Mice According to Route
of Inoculation

No. of
Viable

Particles Intra-ntra-Intra- Sub- Intra- Per-Intra- cr- per- Intr ta- ms
veosbral toneal nasal neous cular oa

1 X 102 0* 1 0 0 0 0 0
1 X 104 6 2 0 0 0 0 0
1 X 106 10 10 1 0 0 0 0
1 X 108 10 10 10 4 1 1 0

* This number and the following represent the
fatalities among 10 mice.

Intracerebral inoculations produced fatalities
at irregular intervals (Fig. 2). In several cases of
early death it is probable that deaths were due to
trauma because one death occurred among 10
control mice injected with saline. C. albicans was
recovered from the brains, but not from other
organs, of those which died during the first
month.
The intravenous route of inoculation was se-

lected for more extensive studies to characterize
the virulence and infectivity of five strains, shown
by the initial screening to possess differing de-
grees of virulence. The time of death following
inoculation of these strains varied greatly ac-
cording to the strain and to the number of viable
particles in the inoculum, the higher doses causing
the earlier deaths. Fig. 1 shows the cumulative
death rates of two strains representative of high
(no. 266) and of low (no. 4899) virulence. At the
dose of 1 X 106 viable particles for example, only
20% of deaths occurred within 10 weeks with the
strain of low virulence. By comparison, 100%
deaths were observed in 9 days with the more
virulent strain. No deaths occurred in less than
2 days with 1 X 106 particles of either of these
strains. This observation of the difference in
virulence was confirmed by the results obtained
at the other dose levels.

Studies on toxicity. An attempt was made to
determine whether the rapid death following the
administration of large doses of C. albicans (e.g.,
1 X 108) is due, at least in part, to the presence of
toxic material in the original inoculum.

Table 2 shows the mortality of mice following
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Fig. 1 (left). Comparative cumulative death rates for white mice after intravenous inoculation with
varying concentrations of viable particles of Candida albicans strains 266 (high virulence) and 4899 (low
virulence) in saline suspension.

Fig. 2 (right). Cumulative death rates for white mice after intracerebral inoculation with varying con-
centrations of viable particles of Candida albicans strain 266 in saline suspension.

TABLE 2
Mortality of 6-week-old, male, white mice following intravenous inoculation with various preparations

from living cultures or sonically ruptured cells of Candida albicans strain 266

Mortality in Mice (Groups of lQ)*

Dose (Expressed as Sonically ruptured cells Living culture
Concn of Viable

Particles in the
Original Suspension) At

Washed cells Bueatn c
sonically fSuernatant Washed sediment from A Washed cells Broth filtrate
ruptured fo

1 X 106 0 Not done Not done 10 (> 3 days)
1 X 108 3 0 0 10 (< 12 hr)
1 X 109 9 6 1 (immediate) Not done 0

* Except where indicated, all deaths occurred within 6 hr after inoculation. Parentheses ( ) = time
of death after inoculation.

t An average of two experiments.

the intravenous inoculation of various prepara-

tions from C. albicans strain 266 (high viru-
lence). These were (A) suspension of washed
living intact cells; (B) broth filtrate obtained
from a culture of intact living cells; and (C)

washed and mechanically ruptured cells at the
same concentration as (A). Deaths occurred
among mice inoculated with either the living in-
tact cells or the nonviable sonically ruptured
cells. Essentially the same results were obtained
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TABLE 3
Mortality of 6-week-old, male, white mice following intravenous inoculation with intact living or sonically

broken cells of two human and two nonhuman isolates of Candida

Mortality in Mice(Groups of 20)*

Human isolates Nonhuman isolates
Dose (Expressed
as Concn of C. albicans strain 266 C. albicans strain 4899vian e articges (high virulence) (low virulence) C. robusta C. reukaufii
Suspension)

Son- Son- Son- Son-
ically Living ically Living ically Living ica ly Livingrup- rup- rup- wig rup- n
tured tured tured tured

1 X 106 0 20 (> 3 days) 0 4 (> 3 wk) 0 0 0 0
1 X 108 7 20 (< 12 hr) 6 20 (< 12 hr) 11 8 (immediate) 10 7 (immediate)
1 X 109 18 Not done 17 Not done 20 Not done 19 Not done

* Except where indicated, all deaths occurred within 6 hr after inoculation. Parentheses ( ) = time
of death after inoculation.

with the intraperitoneal route but the fatalities
produced were less than were observed when the
inoculations were intravenous.
We then tried to determine whether the rapid

deaths were due to soluble substances liberated
from the sonically broken cells or to the cell
wall and other insoluble materials exposed by the
rupture. Mice were injected intravenously with
(A) washed and sonically ruptured cells at the
1 X 109 level, (B) with the supernatant of the
sonically ruptured material, or (C) with the sedi-
ment after being washed three times and resus-
pended in saline so as to contain the same propor-
tion of particulate matter as (A). Both the
sonically broken cells and the supernatant there-
from were lethal; the washed sediment caused no
apparent harm (Table 2).

Finally, we compared by the intravenous route
the toxicity of two cultures of nonhuman origin,
C. robusta and C. reukaufii, with two cultures of
C. albicans, one of high and one of low virulence
(Table 3). At dosages of 1 X 108 or greater, the
sonically treated material, regardless of source,
produced death and all of these deaths occurred
within 6 hr after inoculation. The percentage of
deaths obtained with the preparations of non-
human source, however, was slightly higher than
was observed after inoculation of similarly pre-
pared C. albicans. There were no deaths from in-
fection (i.e., occurring several days or weeks after
inoculation) with the living cultures of nonhuman
origin. Some deaths occurred following inocula-
tion with 1 X 108 intact viable particles of these

nonpathogenic strains, but only immediately
after inoculation. By comparison, intact viable
C. albicans at the same dose regularly caused
death of all the mice with the deaths occurring
not only immediately but up to 12 hr after in-
oculation.

DISCUSSION

As might have been anticipated, the severity
of the disease produced varied with the strain,
dosage, and route of inoculation. The acute and
rapidly fatal disease observed by most investi-
gators was produced by very high dosages (e.g.,
1 X 108) of most of the strains. It was possible
in this study, however, to demonstrate a more
chronic infection with lower dosages of certain
of the strains, i.e., those possessing invasive
powers as well as toxic substances. As an example,
when 1 X 106 particles of strain no. 266 were
inoculated intravenously, all of 20 mice died,
with 50%0 dead by the third day and the re-
mainder dead by the ninth day. When 1 X 104
particles of this strain were similarly inoculated,
however, a much less acute disease was observed
with 70%0 of the animals dying within 7 weeks.
Therefore, to see the virulence of C. albicans in
its fullest array often required long periods of
observation. It is worthy of note that although
no deliberate attempt was made to detect changes
in virulence with age of strain, the results ob-
tained were reproduced regularly throughout the
course of this study.
Death following large inocula has been ob-

554 [VOL. 81



PATHOGENICITY OF CANDIDA

served by most workers. Many hypotheses have
been proposed to explain the mechanisms of this
death and most include such factors as emboliza-
tion (Redaelli, 1924), uremia (Winner, 1956),
toxemia (Salvin, 1952), myocardial (Adriano and
Schwarz, 1955), and pancreatic (Young, 1958)
damage, or a combination of these factors. Stovall
and Pessin (1934) ruled out vascular occlusion as
a cause of death by demonstrating that intra-
venous injection of very large doses of related
species such as Candida parapsilosis or Candida
tropicalis was not pathogenic to laboratory ani-
mals. They observed that intravenous injection
into a rabbit of 3 billion organisms of C. parapsilo-
sis suspended in 10 ml saline caused only slight
fever for 24 hr and no lesions were seen at
autopsy.

Toxic substances have been demonstrated in
other fungi, e.g., in the broth filtrate and the
mycelium (Bodin and Lenormand, 1912), in the
spores (Martins, 1928), and in the cellular sap
(Henrici, 1939) of Aspergillus fumigatus, as
well as in higher fungi (Abel and Ford, 1908).
Henrici, who first investigated the presence of
an endotoxin in C. albicans, failed to demonstrate
it and wrote, "There are mechanical difficulties
which have prevented me from expressing the
small yeast-like cells of Mlonilia albicans, and
extracts have proved non-toxic." Salvin (1952)
was able to induce a high percentage of death
with intraperitoneal inoculations of heat or
chemically killed C. albicans cells (1 X 109 and
higher) but only when an adjuvant such as killed
Mycobacterium tuberculosis was added to the
inoculum. When he attempted extraction of
endotoxin by mechanical means, he apparently
encountered the same difficulties as Henrici
because he wrote, ". . . cells of C. albicans sus-
pended in physiologic saline treated for 20 min
in a Mickle tissue disintegrator failed to yield
a soluble substance which would elicit discernible
toxic reactions." Roth and Murphy (1957) also
subjected cells of C. albicans to mechanical abuse
but the supernatant was toxic only in mice
pretreated with chlortetracycline. However, very
few cells appeared ruptured after the 45 min of
exposure in the sonic oscillator. In our experi-
ments prolonged exposure in the sonic oscillator
resolved this mechanical problem. By this means
breakage of the resistant C. albicans cells occur-
red, but only after 6 to 8 hr.

Undoubtedly, there was sufficient toxic
material in the very large inocula (1 X 108) of C.

albicans which, in itself, caused at least some of
the deaths. This was shown by the fatalities
among the animals that received the soluble
substances from sonically ruptured cells. Our
experiments showed more deaths, however,
when the cells of these large inocula were alive
and intact. This would seemingly indicate
another lethal factor, such as vascular occlusion,
operative. Although the inocula were prepared
from a broth culture incubated at 37 C with
constant agitation, the percentage of particles
composed of 4 or 5 cells or more was never less
than 8%. With large inocula (1 X 108 particles),
vascular occlusions may have occurred. Had
histopathologic sections been examined they
might have revealed emboli or cellular material
in significant concentrations in critical areas.
Nevertheless, it may still be that the deaths from
the large doses of living intact cells were due to
toxic substances. If prolonged exposure to sound
waves destroyed a portion of these toxic sub-
stances, one might expect less mortality with the
sonically ruptured cells, such as we observed.
The comparison of a virulent strain of C.

albicans with another strain of lower virulence
and with two species of nonhuman sources, C.
robusta and C. reukaufii, demonstrated that the
presence of toxic substances is not solely respon-
sible for the virulence of C. albicans. The non-
viable, sonically ruptured cells of the nonpatho-
genic strains killed more mice than even the most
virulent of C. albicans. On the other hand, the
intact cells of these cultures of nonhuman origin
were relatively harmless. Deaths occurred only
at the 1 X 108 dose level and only imme-
diately after inoculation. C. albicans, however,
caused death regularly at this and lower dosages.
It is probable the deaths from C. albicans were
not attributable to embolism inasmuch as for the
most part the deaths did not follow immediately
after inoculation. Furthermore, the particles of
C. albicans were actually smaller than the non-
pathogenic species. Since the sonically ruptured
cells of the nonpathogenic species were lethal,
the failure of intact living cells of these same
species to cause death requires some explanation.
It may be that the toxic substances were released
from the living cells gradually in the body thus
causing little or no damage.

SUMMARY

Mice were injected by various routes, using 1
X 102, 1 X 104, 1 x 106, and 1 X 108 viable
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particles of a single strain of Candida albicans.
The intravenous route was the route of choice
because of resultant prolonged infection with
smaller doses. In a screening of strains with 1
x 104 particles inoculated intravenously, 11
strains were avirulent, 7 caused fatal infection in
3 to 4 of 5 mice, and 14 were of intermediate
virulence. Five strains were selected for more
extensive studies. Very large dosages of most
strains caused death almost immediately, but by
proper selection of the strain and the dosage, it
was possible to induce death from infection
within 2 to 7 weeks.

Soluble substances, obtained by sonic oscilla-
tion of C. albicans, were lethal for mice when
inoculated intravenously. Similarly, toxic sub-
stances were demonstrated also in species of
nonhuman origin.
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