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ABSTRACT

A more reproducible method than previously
available was developeﬁ to verify the phenomenon that
the growth of Candida albicans and Cryptococcus neofor-
mang was inhibited by pooled human serum and that this
inhibition was reversed by iron. Neopeptone-glucose
(N-G) broth, employed as the basic medium, was found to
be superior to other media, since Millipore filtratioﬁ
reduced its iromn content. In comparison to dry weight,
the measurement of growth by the optical density (0.D.)
technique, was not only accurate but it also permitted

a greater number of tests to be performed.

Cﬁltural and environmental conditions such as
pH, glucose concentration and the addition of cations
vere investigated for their influence on the growth-
inhibiting effect of serum. The binding or dissociation
of transferrin to iron is pH-dependent. This serum
protein was found to be responsible for an increase in
the iphibition of the growth of C. albicans in E~-G broth
containing serum when the pH was raised above 7.0. - In
contrast, growth was not significantly affected by pH
values ranging from 5.0 to 9.0 in H-G broth alone or

in broth containing serum plus iron. Growth of




C. neoformans was affected by serum in a similar manner,
but this organism was also inhibited by an alkaline pH.
These results showed that a pH of 7.0 was the proper
value for use in all other experiments with both

organisms.

Glucose was reqguired by both organisms as &8
source of carbon. Nevertheless, it played no significant

role in decreasing growth-inhibition by serum.

+ . .
The cations, Zn2+, M06 s Mn2+, Cu2+, M32+ and

+
Ca2 had no significant effect on the growth of either

organism in media containing serum.

HEuman albumin, T-S-globulin or jiron-free trans-
ferrin in N-G broth d4id not inhibit the growth of
C. albicans. It was demonstrated that other effects of
serum in additiom to transferrin, acted to produce iron-
reversible growth-inhibition. These effects caused changes
in the morphology of the organism. Thus, the yeast-like
growvth was transformed to a mycelial form which required
iron for_grovth. In K-G broth alone & large amount of
growth occurred which increased very little with additions
of iron. Howvever, 8a marked response to iron additions was
noted even when low concentrations of serum were present.
The guantity of iron required to permit growth was greater

for higher concentrations of serum.
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The iron-reversible growth-iﬁhibiting effect of
the powerful iron-chelator desferrioxamine (DFOM) was much
more evident in.aerated cultures. This confirmed the fact
that an oxidative meta%olism (associated with the mycelial
form) was more dependent on iron than was a fermentative
one. The iron-dependent growth of C. albicans in media
containing serum was also demonstrated by a negligible
catalase activity of the sparse growth of cells harvested
from such a medium. In contrast, cells harvested from

broth, or broth containing serum and iron, had a con-

siderable catalase activity.

Normal phagocytes possess an H -dependent

2%2
system for killing ingested cells of C. albicans. -Cata-
lase activity of C. albicans cells may be indirectly
involved in this system. In the blood of normal individu-
als cells of C. albicans_first change to a mycelial form

and then they may be ingested. Such cells would be killed

since they could not synthesize catalase.

In contrast to numerous reports it was demon-
strated that a high concentration of glucose, or other
nutrients, did not inhibit chlamydospore formation by
C. albicans. Furthermore, solid media were not required
for their production. Kumerous chlamydospores could be
obtained at 25°C in liguid media contaipipg serum and
glucose. Partially purified preparations of chlamydospores

could be produced consistently using a differential




xxi

settling method by which all blastospores were removed
leaving masses of chlamydospores still attached to
pseudomycelium. These chlamydospores retained their
characteristic appearance for several months. Mature
chlamydospores were not observed to bud or germinate

in vitro, nor after they were injected into mice.

Cell walls of chlamydospores were observed to
split in a characteristic way under slight pressure or
even when left in media for varying periods. Globules of

lipoidal material were emitted from split cells.

Addition of 0.3% phenethyl alcohol (PEA) to
serum suppressed germ-tube formation by blastospores of
C. albicans. Instead, other structures resembling buds
were formed. This showed that the usual response of

C. albicane to serum was & genuine morphological change.
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INTRODUCTION

The susceptibility of certain individuals to
candidiasis, in contrast to the apparent immunity of the
majority of individusls who are carriers of Candida albi-
cans, has not been fully explained. However, circumstan-
tial evidence and clinical observations have indicated that
individuals who have certain debilitating diseases such as
acute leukemia or diabetes mellitus, or who may have defects
ipn cellular immunological mechanisms, are more likely to ac-
quire candidiasis. Indire?t evidence indicates a possible
role for cellular iﬁmune mechanisms in protection against
candidiasis. In contrast, humoral antibodies do not .serve in
a protective capacity and are found in.high titre as a result
of established infection.

The literature on C. albicans-host relationships
has steadily emphasized candidiasis in susceptible patients.
An investigation of candidiasis on these terms requires an
understanding of & number of serious, pathological disorders
of the human body as well as an understanding of the organism
jtself. These difficulties can be lessened by studying the
relationship of C. albicans to the healthy human body which
so often har£ors it. This, in fact, constitutes the normal
C. albicans-host relationship. The simplest "model system”
which can be devised for such a study could be based on the

use of human serum as a medium for growth. A description of
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any other suitable system has not appeared in literature to-

date.

A well-known change that occurs in C. albicans
cells after a short period of incubation in serum is the
formation of germ-tubes which may develop into septate mycel-
ja. The signficance of this alteration in morphology has not
yet been determined. in sddition, there has been some con-
troversy regarding germ-tube formation as to whether or not

it constitutes the invasive form of the organism.

Virulent organisms play a dynamic role during

their invasion of a host, whether or not this invasion results
in disease. Smith (1968) pointed out that, in most cases,
pathogenicity cannot be related to a single microbial product.
Furthermore, one cannot properly study virulence per 8eé unless
the proper’cultural conditions are determined for demonstrat-
ing a virulence factor. Avirulence may be due to the absence
of only one of the factors which determine virulence (Smith,
1968). In candidiasis, howvever, such factors may be entirely
of host origin, the active disease resulting from the respon-

se of the organism to these factors.

C. albicans is a member of the normal flora of
skin, mucous membranes and intestines in memmels. HNormally,
a state of resistance exists, but the 1oss or absence of one
or more defence factors results in infection vith fhis or-
ganism. For example, loss of bacterial flora omn mucous mem-

branes or in the intestines may result in superficiel
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candidiasis. This occurs because cells of C. albicans
multipl& into a large 'inochlum size' which, together with
the accumulation of irritating substances, cause the appar-

ent infection.

The undoubted ability of C. albicans to reach
the blood stream, or closed cavities of the body by pene-
trative growth or by persorption from the intestines, indi-
cates that the normal body may have humoral and cellular
mechanisms for the prevention of infection. The barriers
that must be penetrated probably ensure that only a small
finoculum size' reaches the blood stream at any one time.
However, 'inoculum size' wbuld be of no importance if the
organism multiélied freely in the blood stream or other body
fluidg. Un@er these conditions the classical, immune defen-
ses sf the body would be overwhelmed permitting the rapid
accumnlation of living and dead cells as well as toxic pro-
duects. Obviously, this situasiémnxndoes not occur in normal

individuels.

The literature cited in this thesis indicated a role
for the iron-uns#tursted transferrin in controlling the grow-
th of microorganisms reaching fhe blood stream and other body
filuids. Iron is knowvn to be essential for the most efficient
metabolic functioning of aerobic microorganisms. Therefore,
chelation of iron by transferrin, making the iron uwmavailable,
results in growth inhibition. Part of the work included in
this thesis attempted to verify this and to determine some of

the factors influencing this growth inhibition for C. albicans.
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A morphological transformation of C. albicans
occurs in blood-serum oOT related substances. Present work
attempted to determine to what extent this change may be
analogous to the transformation in Mucor rouxii in which

the mycelial phase tends to be oxidiative and the yeast

phase fermentative.

In addition to growththe metabolic functions of
an organism may also be important in infection. Polymorpho-
nuclear leukocytes (PMN) in blood engulf and kill invading
microorganisms by a biochemical mechanism in which 3202 is
the toxic agent. Aerobic organisms produce catalase and
therefore could render this H202 relatively innocuous to
themselves or, at least, delay their death. Catalase is a
heme protein and therefore a deficiency of iromn would inhidb-
it catalase production and other enzymes containing iron in
their structures. In C. albigcans the deficiency of iron for
catalase production would enable the PMN to dispose of them
quickly. This indicates that the pre-incubation of C. al-
bicans cells in serum before phagocytosis may be of maximum
benefit to the host. In this connection it should be noted
that several reports in the iiterature have described the
avirulence of filamentous strains of C. albicans. It is
also of interest that the level of iron-saturation in leukem-
ic patients is often high and these patients are unusually
susceptible to candidiasis. The nature of certain constitu-
ents of the cytoplasm and their biochemical activity in cells

of C. albicans, grovn in media containing serum, has not yet
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been investigated. Present investigations included studies

of the catalase activity of the cells of C. albicans.

Finally, germ-tube formation by C. albicans in
serum may prevent the number of infective units from increas-
ing effectively even though nuclear division and increase of

cytoplasmic volume may continue to occur.

In addition, present studies also sought an ex-
planation for chlamydospore production in C. albicans. 1t
js the writer's firm belief that when the significance of
chlamydospore production is known C. albicans will be less

of a mystery than it is at present.
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HISTORICAL REVIEW

The asporogenous genera Candida and Crypto-
eoccus are classed with the Pungi Imperfecti. Lodder
and Kreger-Van Rij (1952) placed all such &easts in the
order Cryptococcalea, containing one family, the Crypto-
coccaceae. Candida and Cryptococcus are two of the seven
genera in the subfamily Cryptococcoideae, in which arthro-
spores are absent. Although Candida albicans (Robin)
Berkhout 1923 and Cryptococcus neoformans (sanfelice)
Vuillemin 1901 are morphologically and physiologically

different, they are two important fungal pathogens.

In general, C. albicans is composed of round or
oval cells called blastospores. It also produces true
mycelium, or more often, pseudomycelium with eclusters of
blastospores attached to it. C. albicans also produces, under
certain conditions, characteristic cells called chlamydospores.
These cells are large, round, thick-walled and are usually pro-
duced terminally on pseudomycelia. Metabolically, C. albicans
can readily ferment glucose as well as several otker sugars.
Recently, Winner and Hurley (1964, 1966) have published two

detailed reviews on C. albicans and candidiasis.
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In contrast, €. neoformans is composed of round or
oval cells, and rarely produces any filamentous structures.
It is not a fermentative organism, although it can assimilate
glucose and some other sugars. Littman and Zimmerman (1956)
and Kao and Schwartz (1957) have described in detail the
morphology and physiology of C. meoformans and the mycotic

infections it causes in man and animals.

I. OPPORTUNISTIC INFECTIONS

C. albicans is the fungus most frequently isolated
from a variety of mycoses in humans and animals. In addition,
C. albicans is isolated as a saprophyte from skin, mucous
membranes and alimentary tract of normal persons with no evi-
dence of candidiasis (Marples & Di Menna, 1952; Winner &
Hurley, 1964). (. albicans, C. neoformans, as well as other
fungi cause what has been termed 'opportunistic infections’.
This term at present is not favored by all medical mycologists
because of its anthropomorphic inferences. A detailed dis-
cussion of opportunistic fungus infections to which a number
of individual authors contributed has been published (Baker
& Chick, 1962). Host and organism-mediated factors are rele-
vant in any discussion of candidiasis. With few exceptions,
these factors are little understood, least of .all the organism-

mediated factors.
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A. Virulence of Candida albicans

Winsten & Murray (1956) reported that growth of
C. albieans in a medium with cysteilne suppressed filamen-
tation and enhanced its virulence. Mourad & Friedman
(1961) showed that strains of C. albicans differed in their
virulence for mice. Soluble substances obtained from
C. albicans cells, as well as from 2 nonpathogenic yeast,
were algso lethal for mice. Mankowski (1962) demonstrated
that culture filtrates of C. albicans had a growth-depress-
ing effect on newborm mice. fwate & Uchida (1969) isolated
an intracellular protein toxin from c. albicans. It wvas
toxicqfor mice and also enhanced candidal infection in mice.
Haley (1965) indicated that it was difficult to determine the
existence of a C. albicans infection in humans. Although
C. albicans cells in large numbers could be present in urine,
this was not necessarily indicative of bladder infection.
In addition, filaments, which are usually found in association
with pathological lesions, could be present if the urine was

acid.

B. Host Treatment

1. Hormone and Immunosuppressive Treatment. There
is general agreement that steroids administered systemically
promote the dissemination of deep fungel infections in labor-

&tory animals. In humans the effect of steroids is difficult
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to assess because patients receiving this treatment may
already lack resistance to fungal infections and may be
receiving antibiotics and cytotoxic agents as well (Burns,
1958). However, he reported that case histories of patients
with mycotic infections do indicate a role for steroids in
promoting systemic fungal infections. Rifkind, Marchioro,
Schneck & Hill (1967) reported that immunosuppressive therapy
played a role in fungus infections in remnal transplant cases.
Tﬁey found systemic fungal infections in almost half"of such
patients. Most of these had bacterial and/or viral infections-

as well. Candida spp. caused the majority of the mycoses.

2. Antibiotic Treatment. Rabbits, whose bronchi

were infused with C. albicans and tetracycline antibiotics,
developed severe bronchopulmonary granuloma-like lesions,
with hemorrhagic alveolitis, which did not occur under other
experimental conditions (Felisati, Bastianini & De Mitri,
1959). Kashkin, Krassilnikov & Nekachalov (1961) statead
that Candida infections may be the result of prolonged anti-
biotic therapy which causes shifts in microbial associatiomns
on mucous membranes. In addition, Seelig (1968) suggested
that antibacterial antibiotic therapy may contribute to fun-
gal diseases in otherwise normal or not seriously 111 persons.
Particularly notable was her emphasis on the importance of
the intestine. It is in the intestine that an increased

growth of C. albicans occurs under heavy antibiotic therapy.
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In her view C. albicans penetrates the intestinal wall as
mycelium and thus could be disseminated from this locus.
Krause, Matheis & Wulf (1969) administered per os a large
quantity of viable C. albicans cells to a human volunteer.
The number of cells administered was equal to the number
available in the intestine after antibiotic therapy and fun-

gal overgrowth. Specimens of blood taken at 3 and 6 hours,

'snd of urine at 2 3/h and 3 1/4 hours were positive for

C. albicans. In this case the rapid response indicated that
transfer of the cells to the blood stream occurred by "per-

sorption’ and not by penetrative growth.

C. Predisposing Host Factors.

Pre-existing host factors are of paramount impor-
tance for the establishment of some systemic fungal infections.
Cancer hospital records of diggnosg@ mycoses showed an in-
creasing incidence in succeeding years (Butter & Collins, 1962).
O0f the mycoses, 56% were candidiasis, which usually occurred
as a secondary infection. Half of these cases were diagnosed
at autopsy. Bodey (1966) studied 454 acute leukemia patients
by post-mortem examination and found that fungal infections
bhad become a major complicsation. Mosf of the fungal infections
wvere caused by Candida spp. He had determined that fungal
infections had caused the death of 61% of the 161 patients

with mycoses. He also noted that therapy and pre-existing
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bacterial infections had played significant roles in the
establishment of fungal infection. Sglter & Zinneman

(1967) reviewed the records of 185 patients with bacteremia
or fungemia. These had been diagnosed entirely from positive
blood cultures. The infection in nine of the patients was
caused by Candida spp., and death in six was believed due to

candidiasis.

A summary of the primary or iatragenic conditions
leading to the establishment of systemic candidiasis was
recently published by Kozinn, Taschdjian, Seelig, Caroline
& Teitler (1969). They pointed out that this infection is
commonly diagnosed at post-mortem. They proposed a composite
picture of the potential candidiasis patient which included
the existence of a primary debilitating disease such as malig-
nancy, diabetes, rheumatic heart disease or bacterial infection.
The patient would have had prolonged therapy including immuno-
suppressive drugs, steroids, antibiotics, or other drugs by
indwelling catheter. They cautioned that C. albicans should
not be considered a saprophyte when isolated from blood, closed

cavities or internal organmns.

D. Environmental Factors

Scherr (1953) found that mice inoculated with
C. albicans and kept either at a lov temperature (5-12 C) or

a high temperature (35-37 C) showed more severe dissemipation
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of infection and a higher death rate than mice kept at
intermediate temperatures. Germ-free chicks inoculated with
C. albicans per os subsequently displayed numerous hyphae

in the alimentary tract, unlike conventional chicks which
showed no evidence of infection (Balish & Phillips, 1966a).
Conventional chicks suffered an invasion of the blood stream
and kidneys by the yeast form of C. albicans when fed an
x-ray treated diet that had been stored for’six months at

25 ¢ (Balish & Phillips, 1966a). Balish and Phillips (1966b)
also found that severe crop infectioms with C. albicans
occurred in germ-free chicks inoculated with Streptococcus
faecalis, but only small lesions with few hyphae resulted if

the chicks were pre-inoculated with Escherichia coli.

E. Phagocytosis

Phagocytosis may be intrinsically involved in the
initiation of infection, as well as in aborting imminent in-
fection. The experiment of Krause et al (1969) indicated
that C. albicans cells rapidly reach the bdlood stream from
the intestine. Introduction of C. albicans into the bdlood
stream apparently does not result in systemic candidiasis
being established. This tentative conclusion may ﬁe reached
by noting that C. albicans is part of the normsl body flora,
but systemic candidiasis is secondary to other disease states

(Kozinn et al, 1969). The normal host-C. albicans relationship

is one in wvhich no disease occurs. Published reports on the
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behavior of C. albicans cells introduced into the peritoneum
were conducted mainly.with animals, inoculated with relative-
1y large numbers of cells. After inoculation, C. albicans
cells were seen to develop in a ckaracteristic way and
mobile body cells also acted in a characteristic fashion

(Hil1l & Gebhardt, 1956; Young, 1958).

1. General Observations. Reynolds & Braude

(1956) observed that C. albicans yeast cells grew into true
mycelium upon incubation in human blood. This change oc-
curred both in extracellular yeasts and in those within neu-
trophils. The filaments grew rapidly and punctured the walls
of the leukocytes. Hill et al (1956) studied mycelium for-
mation from C. albicans cells injected intraperitoneally and
subcutaneously into the tissues at the back of the neck of
mice. Phagocytosis was observed at two hours, and usually

in the presence of germ-tubes, which were thought to hinmnder
phagocytosis. Young (1958) also studied phagocytosis in mice
and transformation of C. albicans into the filamentous form,
wvhen the yeasts were injected intraperitoneally. The cells
showed mycelium formation in one hour. Monocytes were
phagocytizing the cells at this time, especially those with
filaments. Yourng (1958) describes the phagocytizing cells

as seeming to be invaded by the filaments. By three hours
the number of yeasts was much reduced, and rarely present at

five hours. Polymorphonuclear leukocytes were present dut
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not seen phagoecytizing. At two hours the pancreas was in-
fected with many yeast cells with filaments, and by 2k hours
invasion of this organ and of the kidneys was extensive.
Mackenzie (1964) reported that phagocytosis had occurred,
apparently by momnocytes, within one hour after subcutaneous

inoculation of mice with C. albicans cells.

Louria, Brayton & Finkel (1963) and Louria & Brayton
(1964b) found that complete phagocytosis occurred in 30 min-
utes when any of six strains of C. albicans cells were in-
cubated either in human blood or in washed human leukocytes
in mouse plasma. Filaments of the cells of the least viru-
lent stmakn were seen growing through the walls of the leuko-
cytes much isss frequently .than those of the most virulent
strain. The ieukocytes“may not have been perforated, for
they were still functionélly viable although reduced in
phagocytic capacity. Four hours after phagocytosis occurred,
the C. albicans cells remained viable. Stanley & Hurley
(1969) found that mouse macrophages phagocytized all cells of-
Candida spp. in one hour in tissue culture f£luid. Each macro-
phage contained one to five cells, and remained viable. With-
in two hours, almost all the intracellular yeast cells ex-
hibited germ-tube formatiom. The filaments stretched the
macrophage cell wall and occasionelly were seen to break
through it. However, even the remaining, viable macro-
phages which attempted to engulf the freed elements of

candida, died within 24 hours.
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Rosner, Valmont, Kozinn & Caroline (1968) reported
that neutrophils from leukemic patients phagocytized live
C. albicans cells with a normal phagocytic index and per-
cent phagocytosis. However, deg:anulation of the leukocytes
vas increased. The number and size of the germ-tubes formed
by C. albicans was decreased. Leukemic patients' leukocytes
lacked normal killing ability, while neutrophils from patients
with chronic myeléblastic jeukemia also had poor ingesting
ability.

2. Molecular Basis of Phagocytosis. Polymorphonu-~

clear leukocytes (PMN) from patients with chronic granuloma-
tous disease fail to degranulate and release ﬁactericidal
and digestive substances into the phagocytic vacuole. Holmes,
Page & Good (1967) found that such PMN cells did not show a
normal increase in respiration during phagocytosis, although
glucose consumption and lactate production were normal. The
mein differences between the patients' cells and normal cells
was the lower resting level of 1hco2 production from glucose
1-%¢ in the first, without the stimulated production during
phagocytosis that the latter showed. Normal cells.oxidized
several times the quantity of formate (an index of 3202 pro-
duction) during phagocytosis than the resting cells, but the
patients' cells usually showed no such increase. McRipley &
Sbarra (1967a) showed that 8202 production is one reason for

the increased O2 consumption and increased metabolic activity

by PMH during phagocytic activity. Killing of engulfed
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bacterial cells was reduced under an Na atmosphere. Dialized
PMN were reduced in 3202 content and also showed reduced bac-

terial killing ability. The H,O,-generating system was shown

272
as:
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McRipley & Sbarra (1967b) postulated that myeloperoxidase with
H202 may constitute the killing system in PMN, because of the
speed and nonspecificity of killing. The killing rate of bac-
teria was very high from pH 4 to 6. In the phagocytizing cell,
the cytoplasmic granules (lysosomes), known to possess hydroly- -
tic and proteolytic enzymes with acid pH optima, and antibac-
terial factors, decrease in number (= degranulation) due to
their rupture into vacuoles containing the ingested material.
The lysosomes also contain large amounts of myeloperoxidase.
The authors postulated that a reduced pH would activate the
release of NADPBZ oxidase and myeloperoxidase. The H202
produced, plus myeloperoxidase killed bacteria synergistical-
ly. Inhibitors of myeloperoxidase also abolished the killing
activity. Mandell & Hook (1969) found that when the killing
activity of PMN for certain bacteria is low, as in chronic
granulomatous disease, other bacteria were nevertheless

killed. The difference was in these bacteria themselves,
which produced adeguate B202 to enable the otherwise 3202-
deficient killing system to function.
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Leukocytes from patients with chronic granulomatous
disease acquired an improved killing activity of bacteria on
ingesting latex particles to which glucose oxidase was bound
(Johnston & Baehner, 1970). This oxidase could replace DPNH

oxidase in generating 3202.

Lehrer (1969) found that the combination of myelo-
peroxidase, 3202 and KI (or other halide salts) was rapidly
lethal to Candida spp. and to other yeasts and fungi tested.
The 3202 could be replaced by an Héoa-generating'systemfof
D-alanine, D-amino acid oxidase and FAD. Lehrer & Cline
(1969) found that heat-labile serum constituents such as com-
plement, promoted rapid phagocytosis, but different con-
stituents promoted the subsegquent rapid death of ingested
C. albicans cells. A half-hour of pre-incubation‘of c. al-
bicans cells in native or inactivated serum resulted in five
to nine times the killing rate of subsegquently phagocytized
cells than pre-incubation in Hank's solution allowed. The
authors observed that the poor killing ability of PMN of
one patient was due to a deficiency of myeloperoxidase, and
in three other cases the poor killing ability was due to other

unknowvn factors.

I11. IMMUNOLOGY

Adaptive immune responses to C. albicans antigens
constitute a significant area of research on this organism

and the disease it causes. Such research has been developed
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in several ways, and includes studies on immunization methods,
serological diagnostic procedures, the relationship of humor-
al and cellular defense mechanisms to resistance and studies
leading to the establishment of an antigenic classification

scheme.

Many reports published on immunization of animals ]
against candidiasis indicate the difficulties encountered so
far during these trials. Dobias (1964) summarized much of
the literature on jmmunization of animals against C. albicans
infection. Some protection was achieved by injecting mice
witﬁ C. albicans or Coceidioides immitis spherule fragments
(Hasenclever & Mitchell, 1963). Soles, Lim & Louria (1967)

found that a partial, active homologous and heterologous im-

munity could be elicited from mice injected with C. albicans
cells or other Candida spp. Passive immunization of mice
against C. albicans demonstrated considerable protection,
which included survival of one-third of them (Mourad &
Friedman, 1968). 1Iwata et al (1969) purified a toxin from’
C. albicans that was an intracellular protein. The toxin was
antigenic and produced a high titre of specific antitoxin in
rabbits. The IgM fraction from the immune rabbit serum pre-
vented experimental infection of mice by C. albicans. Al-
Doory (1970) obtained complete protection of the highly sus-
ceptible baboon against any evidence of candidiasis by pas-
sive immunization. A lapse of time between serum administra-

tion and challenge was essential. Howvever, he failed to find
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a significant agglutinin or precipitin titre in the immune
serum. He thought that either the protective factor was
antibody, undetected by the usual procedures, or else wvas a

substance producing a cell-mediating immunity in the recip-

jent animal.

Patients with systemic candidiasis develop anti-
bodies against C. albicans, and therefore a diagnostic test
could be developed. The success of this test would depend on
the use of suitable antigens. Comaish, Gibson & Green (1963)
reported that skin tests for candidiasis did not reliably in-
dicate the presence of this infection, but agglutinin titres
of patients' sera did do so in most cases. Negroni (1968)
found that complement-fixation and immunodiffusion titres were
high in the sera of patients with systemic candidiasis,'but
negative for those with only superficial candidiasis. In con-
trast, skin tests were negative in candida septicemia and
endocarditis, and positive in superficial and bronchopulmon-
ary candidiasis. Preisler, Hasenclever, Levitan & Henderson
(1969) reported that an agglutination test conld assist in
the diagnosis of systemic candidiasis patients. There is a
great need for such diagnostic methods, for 23 of 33 acute
leukemia patients were found on post-mortem to have visceral
candidiasis, and only four had been correctly diggnosed. Four-
teen of these patients showved 8 significant'rise in agglutinin
titre while alive. Taschdjian, Dobkin, Caroline & Kozinn
(1964); Taschdjian, Kozinn & Caroline (1964) and Taschdjian,

Kozinn, Pink, Cuesta, Caroline & Kantrowitz (1969) found
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precipitating antibodies to cytoplasmic antigens of
C. albicans in the serum of immunized rabbits and in
systemic candidiasis patients. 1In some cases an ap-

parent anergy was present.

Good, Peterson, Perey, Finstad & Cooper (1968, in
Fujiwara, Landeu & Newcomer, 1970) reported that patients
with agammaglobulinemia are not unusually susceptible to
fungal infections. This indicates that hﬁmoral defense
mechanisms are less important in resistance to céndidiasis
than other defense mechanisms. Landau 11968) found that
in some ceases of recalcitrant cutaneous and systémic can-
didiasis, there were abnqrmalities of the thymus. This in-
dicates that the existence of cellular immunologicai defects
mey predispose to candidiasis. In addition, Buckley, Lucas,
Hattler, Zmijewski & Amos (1968) described the case of a
patient with chronic mucocutaneous candidiasis, in which no
agglutinins were present and no delayed hypersensitivity
reactions could be shown. Serunm immunoglobitlins were nor-
mal. After being transfused with white blood cells, the
immunological cellular defect was corrected, so that a de-
layed hypersensitivity to candida antigens developed, and
the patient recovered from the infection. Fujivara, Landau,
& Hewcomer (;970) reported that chicks wvhose bursae of
Fabricius bhad been removed after hatching did not produce
candidal agglutinins or precipitins upon challenge with
nonviable cells, vhereas thymectomized chicks failed to
shov a delayed hypersensitivity response.

The relative success of passive immunization in

achieving protection egainst candidiasis may indicate that
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antibodies directed against the antigens of a 'tissue phase’'
of C. albicans were present in the serum. However, Al-Doory
profferedf two explanations not based on this premise.
Reynolds et al (1956) observed that C. albicans cells rapidly
undergo a morphological transformation in blood or plasma.
Antigens to detect antibodies against this altered form of
C. albicans have not as yet been tested. Such studies could
?—gssist in determining whether the yeast or mycelial form of
C. albicans is the invasive and/or virulent form. A possible
experimental model was suggested by Goos & Summers (1964), who
showed that fluorescein-labelled antisera were bound to the
cell walls of C. albicans cells. When these cells were in-
cubated in unlabelled serum, germ-tubes developed whose ceil

walls also carried some of the labelled antibody.

Isenberg, Allerhand, Berkman & Goldberg (1963) showed
serological differences in surface antigens of mouse virulent
apnd avirulent strains of C. albicans. Tsuchiya, Fukazawva &
Kawakita (1959) prepared specific antibodies against the
entigens of Candida, to use for the rapid identification of
the species. Fukazawa, Elinov, Shinoda & Tsuchiya (1968) ob-
tained solubie specific polysaccharides from C. albicans and
C. tropicalis. Fukazawa, Shinoda & Tsuchiya (1968) reported
that the IgG fraction of rabbit immune serum vas specific
enough for use in agglutination and fluorescent work with
C. albicans. The IgM fraction also had antibodies but they

lacked specificity. Saltarelli (1968) found differences
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between two atralns and two mutants of C. albicans dy
electrophoresis and lmmunoelectrophoresis. Therefore,.
there is some evidence that a reliable, if conplei, anti-
_genic‘classiricatien scheme could be developed for

C. albicdna_and other- Candida spp.

The developmeﬁt‘ot high titres of humoral anti-
bodies against C. albicans occurs as a result of infection.
Active iﬁﬁnnizatiqn is not yet feasible in nernal individu-
als to achieve a high level of ﬁuﬁorel;entlboaies.es.alp:o-
tectlbn;egsinstv1gfecﬁibn;A Bovever,'in,protectionisgainst
some beeterial-intections;:hdhspeedfle feetorsrmey'pley a

vrole.‘ Plornen (1965) eccidentslly_found that ‘a. staphylo-

coecel extrect gave pro 'n?to;nice challenged vithin

-hours, too soon for- antibody fornation to. have occurred.‘
Eovever, vhen the-experinent vas repeeted, alloving & sut;_
tieient period of tine to elapse before challenge, the ex-
trecteteiled tovprotect the,niee. However, hecdid not
rlgggestrenuexplenation;foretherphenonenon. ‘Keehan3.Golden
& nquvic (l969)55heved a relationship betwveen serum hypo-
ferregte,end'resisteﬁce thtubeeeulosis. Many other pub-
l1ished reports also indicate the importance of the degree
of 1:on9nneetu;etion of serum transferrin in resistance

to.ihteetion.by.other.nicroorganisns.

IIX. SERUH BACTERIOSTASIS AND FUNGISTASIS

,A.- Antxbacter1a1 Effect of Serum

In 19586 Schade & Caroline first investigated an

iron~reversible bacteriostatic property of a serum fraction
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using Shigella dysenteriae. This fraction was found to be
rich in iron-binding protein. A possible role for this pro-
tein, called siderophilimn or transferrin, in protection again-
st infection, was not investigated for another decade.

Jackson & Burrows (1956) reported that injection of large a-
mounts of iron into mice with a non-virulent variant of

Pasteurella pestis caused this bacterium to become lethal.

The bacteriostatic property of serum related to its
content of iron-unsaturated transferrin was subsequently in-
vestigated by & number of workers wvho used the nonpathogenic
Bacillus subtilis, as well as pathogenic bacteria. Martin
(1962) noted that addition of iron to, or a lowering of the pH
of serum resulted in a reversal of bacteriostasis for B. subti-
lis. He also found that the sera of four patients with agam-
maglobulinemia had a higher unbound iron-binding capacity of
transferiin than normal, as well as a greater bacteriostatic
activity. Bornside, Merritt & Wéil (1964) found whole rabbit
serum to inhibit the respiration of B. subtilis, and to be
bactericidal. Iron in excess reversed the antirespiratory
activity. Bornside & Getz (1967) €found that a B,, globulin
was the most important antirespiratory serum protein for
B. subtilis. Iron reversed the activity of this protein but
not that of other serum proteins. Jackson & Morris (1961)
found iron compounds to enable the avirulent strain of P. pes-
tis, as well as P. pseudotuberculosis and Salmonella typhi-

murium to grovw vell in serum.
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Schade (1963) reported that Staphylococcus albus
strains failed to grow in serum unless iron was added to sat-
urate the unbound iron-binding capacity. S. aureus grewvw in
serum and was stimulated by the addition of iron. Moreover,
the degree of saturation of siderophilin (transferrin) de-
termined the length of the log phase and rate of gréwth.
Growth rate at 90% saturation was four times that at 50% sa-
turation, thus indicating th#t a high degree of saturation in
a patient's serum may signify unusual susceptibility to this
organism. Iron uptake by S. aureus at 95% saturation was four
times that at 51%. The availability of iron to the cells was
not merely proportional to the jron-saturation of the trans-
ferrin. Schade (1963) also found that the color of the cells
and catalase activity indicated their iron content. Catalase
aétivity, uptake of irom and growth of S. aureus was related
to the degree of iron saturation of conalbumin, which has an
iron-chelating activity related to that of tramnsferrin.
Bullen & Rogers (1969) found that reduction of oxygen tension
shortened the response time in serum to iromn addition for
P. septica. Serum bacteriostasis evident at pH 7.5 was lost
at pH 6.8. They reported that bacterial iron metabolism was
important for E. coli and P. septica infections, in which ser-
um transferrin, as well as complement and specific antibody

may be involved.

A detailed investigation relating serum transferrin

to a bacteriostatic effect im vitro, as well as to resistance
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to infection has been reported, in which Mycobacterium tuber-
culosis was the test organism. Kochan & Raffel (1960) demon-
strated an inhibition of the growth of M. tuberculosis in
culture by sera from infected and BCG-vaccinated guinea pigs,
but not by sera from normal guinesa pigs. This property was

not related to antibodies or complement. Kochan (1969) re-
ported that transferrin in serum, through its unsaturated
iron-binding capacity, was responsible for the tuberculo-
static effect of serum, to the exclusion of any other factors.
Iron sufficient to saturate transferrin completely neutralized
the antimycobacterial activity of serum. Youdim (1969) also
reported that iron-chelatiog by transferrin in humen serum was
responsible for tuberculostasis in culture. Normal guinea pig
serum has a high level of iron-saturation of its transferrin,
and it was not found to be tuberculostatic (Kochan et al 1969).
This may explain the high susceptibility of guinea pigs to
tuberculosis. Treatment of guinea pigs with lipopolysacchar-
ide or tuberculous cell wall preparation caused their sere

to become hypoferremic and also tuberculostatic. The tuber-
culostasis could be neutralized with iron. These authors sug-
gested that the jron-transferrin system constitutes a humoral

factor in resistance to tuberculosis.

A number of publications have reported on the viru-
lence-enhancing effect of iron treatment of animals injected
with bacteria. Martin, Jandl, & Finland (1963) found that

i{¥on administered to rats and mice enhanced the virulence of
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Klebsiella pneumoniae. Some protection was offered by in-
Jections of iron-free transferrin. Iron compounds enhanced
the virulence of Escherichia coli in guinea pigs (Bullen,
Leigh & Rogers, 1968) and of Listeria monocytogenes in mice
(Sword, 1966). In animals treated with iron compounds, the
bacteria multiplied raéidly, resulting in serious disease

and death of the animals. The strain of E. coli apparently
possessed all the factors necessary for rapid growth in

vivo except the ability to overcome a defense mechanism asso-
ciated with iron. This mechanism was thoﬁght by Bullen et al
(1968) to include both beta-2 and gamma globulins. The -
severe growth-limiting effects of the lack of irom was shown
in vitro by Ratledge and Winder (1964) for E. coli. The
growth rate was proportional to iron added in a medium free
of trace metals. They suggested that in an irom-poor medium,
a greater dependence on anaerobic fermentation resulted, and
the growth rate was fixed by the amount of intracellular ironm

availadble.

Experiments which indicate indirectly that the
transferrin factor may function together with antibodies
have been reported. Bullen, Wilson, Cushnie & Rogers (1968)
found that injection of iron compounds with P. septica into
mice abolished the protective action of passive immunization.
The bacteriostatic effect of horse anti-Clostridium welchii

serum and normal horse serum was abolished by iron ions

(Rogers, 1967). An immediate bacteriostatic effect not
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reversible by iron vhs‘given by a mixture of B2 and gamma
globulins, but a delayed effect, reversible by iron, was
shown by a mixture of the two proteins with transferrin.
Bullen, Cushnie & Rogers (1967) showed that intravenously
administered iron in Clostridium welchii-infected guinea
pigs abolished the protective effect of antiserum, allowing
the organisms to multiply inm spit; of excess anti-toxin be-

ing present in the plasma and tissues.

Resistance of mammals to bacterial pathogens may
depend on the functioning of one or more factors. Unsatur-
ated transferrin has been shown to act as a defense mechan-
ism (Kochan et al, 1969). The failure of transferrin as a
protective mechanism weakens the protection given by other
mechanisms (Bullen et al, 1967, 1968). Transferrin may per-
form its protective function by inhibiting the growth of an
invading organism during the time that other mechanisms in-
volved in the killing and removal of the bacteria were
functioning (Bullen et al, 1968). 1In addition, strains of
some bacteria may be avirulent to test animals because the
metabolism of the organism is unable to obtain iron in vivo

(Jackson et al, 1956; Bullen et al, 1968).

Phe role of metallic ioms as virulence factors for
bacteria and the activity of these factors in the defense of
the host against bacterial and fungal diseases has been re-

viewved by Weinberg (1966). He stated that, "Iron is the
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metallic ion that presently appears to be most critical in
determining whether an infectious agent is to be permitted

to multiply in mammalian host tissues.”

B. Serum Fungistasis

l. Serum Fungistasis Against Dermatophytes. Ayers
& Anderson (1934) reported that 8% serum teken from patients
with dermatophytid reactions and added to Sabouraud's medium,
prevented the growth of dermatophytes. Serum from normal
persons did not inhibit the growth of these fungi. Peck,
Rosenfield & Glick (1940) found that sera in Sabouraud’'s
broth possessed varying degrees of fungistasic activity to-
ward Trichophyton gypseum (= T. mentaérophytes), and that
sera from patients with dermatophytid reactions did not dif-
fer from others. Usually fungistasis was evident only at
30% or more of serum concentration. Lewis & Hopper (1948,
in Lorincz, Priestley & Jacobs, 1958) also found that some
sera were fungistatic regardless of the presence or absence
of dermatophytid reactions of the patients. Lorincz,
Priestly & Jacobs (1958) implanted Millipore chambers and
dialysis bags containing T. mentagrophytes inoculum intra-
peritoneally into mice, and found that no growth of the fung-
us occurred although the inoculum remained viable. This in-
dicated that a humoral and dializable factor was operating.
This factor was unstable, because jnoculum in dialysis bags

placed in serum grev unless the serum was remneved daily.
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Roth, Boyd, Sagami & Blank (1959) tested 156 sera and found
most of them to be fungistatic to T. mentagrophytes and T.
rubrum, with a mean inhibitory titre of 4L.T7%. Inactivation
of serum did not alter the fungistatic capacity, but dialy-
sis against water lowered it. Cord sera were less inhibitory
‘for T. mentagrophytes than maternal sera. The serum of one
patient with subcutaneous abscesses and granuloma due to T.
pubrum was not inhibitory at 80%. Blank, Sagami, Boyd & Roth
(1959) reported that T. mentagrophytes and T. rubrum will not
penetrate the living dermis of skin in tissue culture 1if high
concentrations of serum are used in the nutrient medium.
Inhibition of the fungi wvas lowered if the serum was dialized
against Hank's solution, or was jnactivated. A number of
proteins and fractions from serum singly or in combiﬁation

did not show inhibition of penetration of the dermatophytes.

2. Anti-Cryptococcal Activity of Serum and Related

Substances. Allen & Evans (1955) noted that the growth of

C. neoformang was inhibited vhen mixed with animal sera. Di-
lution of human serum with neopeptone broth caused a gradual
loss of its activity. Chicken serum was found to be fungi-
ci@al and fungistatic toward this yeast, but both activities
were lost when 1% hog gastric mucin was added to the serum.
Gadebusch (1961) reported that the anticryptococcal activity
of mouse or guinea pig serum vas not related to the pro-
perdin systenm. It was Pillemer, Blum, Lepow, Ross, Todad &
Wardlav (1954) who first described this system as an appar-

ently antimicrobial protein. Baum & Artis (1961a,b) reported
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that sera from seven patients and three normal persons in-
hibited thé growth of C. neoformans to different extents.
Baum & Artis (1963) also found that the sera from three
patients with lymphoecytic leukemia, multiple myeloma and
Hodgkin's disease, respectively, lacked an inhibitory ef-

fect against C. neoformans.

Howard (1961) found that although C. neoformans
could be inhibited by a slightly alkaline pH, this factor
was mot the only reason for the inhibitory activity of ho%
serum. Inactivation of serum, or absorption with live cells
of C. neoformans did not alter the anticryptococcal activity.
of serum. A partially purified globulin extracted from the
serum had no activity. Gadebusch & Gikas (1963) found that
thiamine deficient mice were more susceptible to cryptococ-
cosis, although C. meoformans has a requirement for this vit-
amin. The growth of the organism was equally inhibited by
sera from normal and thiamine-deficient mice. Summers &
Hasenclever (1964) reported that 10% mouse ascites fluid was
inhibitory to the growth of C. neoformans, dbut that some re-
versal occurred when the concentration of nutrients was in-

creased.

Igel & Bolande (1966) found no relation between
the properdin system, complement or antibodies and the anti-
cryptococcal effect of serum. Although he did not identify
the inhibitor of growth in serum, it was protein, non-di-

alizable and associated with a B-globulin fraction. A
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pumber of cationic factors tested were not implicated, al-

though phosphate decreased the anticryptococcal activity.

Szilagyi, Reiss & Smith (1966) found that addition
of iron to serum may reduce its anticrfbtococcal effect, but
they suggested that other unspecified factors bes%des the
iron saturation of transferrin were acting. Of several
serum fractions, the alpha-2-globulin and_gamma-2eglobulin
were inhibitory. Reiss & Szilagyi (1967) found horse, sheep
and other mammalian sera to have about the same anticrypto-
coccal activity as human serum. Poultry sera showed only &
short period of activity, while pigeon serum showed an en-—

hancement of growth of C. neoformans.

3. Anti-Candidal Activity of Serum and Related
Substances. Before the significance of the iron-unsaturated
transferrin became knqﬁn for fungi, some workers investigated
the growth-depressing effects of serum in media for C. albi-
cang and other yeasts. Roth et al (1959) used a turdbido-
metric method to show that growth of C. albicans in the pres-
ence of cord sera was much less inhibited than in the pres-
ence of maternal sera. Under the conditions of these experi-
ments, cord sera inhibited growth at 80%, maternal sera at
30% or less. Sera from infants became inereasingly inhibi-
tory up to the age of two. Absorption of sersa with live or
- dead cells, or ipactivation did not alter its activity. Roth

& Goldstein (1961), in testimg 250 normal adult sera, found

. that 5 or 10% was inhibitory to C. albicans. The growth of
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C. albicans was less inhibited than that of other Candida
spp. or Saccharomyces cerevisiae. The fungistatic effect

of serum from acute leukemia patients was much less than
normal. This was also true of Hodgkin's disease and mul-
tiple myeloma and in one patient with erythemic myelosis.
‘Sera from & number of animals were also inhibitory. Dif-
ferent test media or media constituents failed to alter

the titre pattern substantially. Inactivation or dialysis
of serum also failed to have an effect. Roth (1961) report-
ed that sera from patients with cutaneous candidiasis, dia-
betes, systemic mycoses, and metastatic carcinomas had =&
normel fungistatic activity against C. albicans. The fungi-
static factor -.n serum was not thought to be related to clas-
sical antibody. It was destroyed by heating serum at 60 C

for one to two hours.

Summers et al (1964) found that inhibition of grow-
th- of C. albicans in mouse ascites fluid was maximal at 10%.
The serum from these mice, which had been treated with
Freund's adjuvant to obtain the ascites fluid, wvas also fungi-
static, but that from normal mice was not. Increased con-
centrations of the medium used, or increased concentrations
of glucose reduced the fungistasis of ascites fluid. Addition
of iron also reversed the fungistasis. ©Sera from mice treated
with Salmonella enteritidis endotoxin, sublethal doses of
€. albicans or dead Coccidioides immitis spherule fragments

also inhibited C. albicans in vitro. Caroline, Taschdjian,



33

Kozinn and Schade (1964) reported that irom sufficient to
saturgte the unbound transferrin in human serum reversed

the fungistatic action of the serum for C. albicans. In a
lowv-iron medium made with egg white, iromn additions had no
effect until the unbound iron-binding capacity of the con-
elbumin was saturated. In serum, uptake of labelled iron
by C. albicans cells was negligible at 50% saturation of the

trensferrin, but was high when excess iron was added.

Hasenclever et al (1963) showed that serum from
mice immunized with C. immitie had more fungistatic effect
on the growth of C. albicans than normal mouse serum. Lourisa
et al (196La) studied a factor in undiluted serum which wvas
lethal for C. albicans and C. stellatoidea but not for other
Candida spp., C. neoformans or Saccharomyces cerevisiae. The
activity of the lethal factor wvas observed as decreased cell
count determined by plating after an incubation period. The
authors estimated a molecular weight of 10-20,000 for the
substance, which was also susceptible to trypsin. It was
thought to be present in the alpha and beta-globulin fractions

after starch column electrophoresis.

Esterly, Brammer & Crounse (1967a) studied the
anticandidal effect of a large number of sera. Cord sers,
but not maternal sera, permitted growth to occur. Sera from
young infants, from hemaglobinopathies, sera from patients

with acute leukemia, hypoplastic anemia, acidosis, and
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hypoparathyroidin spherocytosis were not fungistatic, al-
though sera from patients with candidiasis alone were.
Esterly, Brammer & Crounse (1967b) found that even high con-
centrations of transferrin alone, used in place of serum,
failed to inhibit the growth of C. albicane in broth. A
number of sera which were not inhibitory became so after trans-
ferrin was added. However, this did mnot occur for cord sera.
Addition of excess irom to sers allowed growth to occur.
Louria, Shannon, Johnson, Caroline, Okas & Taschdjian (1967T)
studied the sera of patients with endocrine hypofunctions

and mucocutaneous candidiasis. Compared to the sera of nor;\
mal persons, the sera of these patients were usually lacking
in anti-candidal activity. Some of the sera also had sub-
stances interfering with “the candidacidal activity of normal
sera. Caroline, Rosner & Kozinn (1969) found that sera from
many acute leukemic patients allowed a much greater growth

of C. albicans than did normal sera. This was related to the
?:on saturation of the transferrin, because addition of tramns-
ferrin to highly jron-saturated sera caused them to act as

did normasl sera.

In contrast to many other reports, Baum et al (1961)
found no fungistatic effect of 50% serum on C. albicans, when

tested by means of a serial inoculum dilution method.

The indirect effect of unsaturated transferrin has

been shown to inhibit the growth of C. albicans. Experiments
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to show the relationship of unsaturated transferrin to pro-
tection against infection in vivo are still lacking. How-
ever, this may be due to infection with C. albicans result-
ing in the persistent presence of the cells in the animal
body. It is difficult to establish an experimental model

under these conditions.

. Serum Fungistasis Against Other Fungi. Baum

et al (1961) found Sporotrichum schenckii and Histoplasma
capsulatum to be inhibited by 50% serum. Roth et al (1961)
reported that the growth of Saecharomycee cerevisiae was in-
hibited by human serum. Summers et al (196L4) noted that mouse
ascites fluid was as inhibitory to Torulopsis glabrata es it

was to C. albicans.

Gale & Welch (1961) investigated the serum fungi-
static actiwity against Rhizsopus oryzae, for vhich.growth
was measured by dry weight. Five to 10% of pooled human ser-
um stimulated the growth, but 20-30% inhibited it. Classical
antibodies, complement, lysozyme oOr properdin were apparently
not involved. Owens, Shacklette & Baker (1965) found that
pormal human serum inhibited Rhizopus rhiiopoééfbrmis at lev-
els above 20%. Pooled sera from diabetes mellitus patients
with ketoacidosis failed to have inhibitory activity, as daid

sera from acute leukemia patients.

English & Stanley (1966) reported that the growth

of Aspergillus niger wvas more inhibited by serum than was
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that of A. fumigatus, terreus and flavus. Weary (1968)
showed that Pityrosprum ovale was partially inhibited by
low concentrations of serum. Human gamma-globulin was also

inhibitory, but not albumin.

C. Properties of Serum Transferrin.

Laboratory methods for the measurement of serum
iron and serum iron-binding capacity have been described by
Giovanniello & Peters (1963), Williams & Conrad (1966) and

Giovanniello, DiBenedetto, Palmer & Peters (1968).

Holmberg & Laurell (1945) found that serum irom
was nondializable af blood pH, and was bound to a protein.
Acidified serum released its iron. Schade et al (1946) in-
vestigated Cohn fractions of serum for their ability to in-
hibit the growth of Shigella dysenteriae, and found that
fractions II and III, and IV-3,4 were inhibitory, while V
was slightly so. Only fraction Iv-3,4 showed reversibility
of inhibition upon addition of iron. This fractiomn also
showed a salmon-pink color formation upon addition of ferr-
ous iron. Schade, Reinhart & Levy (1949) found that maximum
color formation occurred when one molecule of siderophilin
(transferrin), the iron-binding protein of serum, re;cted
with 2 Fe2+ and two molecules of bicarbonate under aerobic
conditions. Some titratable B+ was freed for each iron mole-
cule bound. Anaerobically, the color formed was yellow. Be-
cause of similarities of absorption maxima of conalbumin,

siderophilin, aspergillic acid and hydroxamine with iron,
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a hydroxamic group was postulated by Fiala & Burk (19L49)
to be responsible for the iron-binding properties of these

compounds.

«N = O
(8)

Rath & Finch (1949) found serum iron-binding capacity to
average 300 gammas in normal persons, with 200 gammas of un-
saturated capacity per 100 ml serum. Considerable differences
in serum iron and total capacity from the average value vere
found in the serum of patients”with a variety of clinical -
conditions. More recently, Sinniah & Neill (1968) found
the mean serum iron of normal persons to be 138.3 * 4.3 ug/
100 ml, and the mean total iron-binding capacity to be 470.1%
6.8 ug/100 ml. The mean saturation was 30.0%. There was a

normal distribution and no sex differences.

Surgenor, Koechlin & Strong (1949) concentrated and
crystallized the iron-binding protein of serum from fraction
iIV-7. The protein was a Bl—globulin. Both irom and copper
were bound to this protein, and zinc-was also thought to com-
bine at neutral pH. Iron could displace copper from the com-
plex. Above pH 6.5 the protein-iron complex developed its
maximum color. The ;opper-protein complex had & green color,
with maximum binding near pH 8.5. Koechlin (1952) reported

physical and chemical properties of trapsferrin. Each molecule
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combined with two molecules of ferric iron, but oxygen was
 required for ferrous iron to be bound. Transferrin was
found to be very soluble in water. Iron, bound to the pro-
tein, could not be displaced by any other cation at any pH
alkaline to 6.5. Rubin, Houlihan & Princiotto (1960) found
that certain synthetic chelators were unable to remove iromn
from siderophilin in rabbit serum, but siderophilin was al-
so unable to remove iron from the more tightly bound chel-
ates. EDTA and HOEDTA at iron-binding ratios of 20-25/1
and 3-5/1 respectively, to that of siderophilin, competed

on an equal basis for added irom.

There are several detailed reviews available con-
cerning the chemistry and the physiological significance of
transferrin. Among these are the reports by Giblett (1962)
and by Bothwell & Finch (1962). Some of the properties
of transferrin can be summarized as follows: transferrin
binds two molecules of ferric iromn in an ionic, not cova-
lent bond. This binding requires one bicarbonate ion per
ferric ion. The complex has a stability coefficient of about
1030, and is most stable at alkaline pH. Transferrin is a
glycoprotein with a carbohydrate content of about 5% (hexose,
hexosamine and sialic acid) and has as molecular weight of
90,000. The isoelectric point is 5.45 wvhen saturated with
iron, and 5.80 vhen iroam-free. Normal human subjects have
a transferrin content of about 200-300 mg per 100 ml of:plas-
ma. The total iron-binding capacity ranges from 250-400 ug

per 100 ml, dbut the normal concentration of iromn is about
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80 to 150 ug, leaving a capacity to bind 170-250 ug iron

per 100 ml. Transferrin is not a single molecular entity,
because on starch block electrophoresis, several distinct
bands can be distinguished. Most individuals have the single
transferrin C, the rest of the known types are uncommon. The
level of transferrin and its degree of saturation can differ
greatly from average values in various clinical conditions,

and these can also vary in the same individual.

Peterson, Wyckoff & Sober (1961) found after 50%
(nnh)zsoh precipitation, that several of the proteins of ser-
um, including transferrin,”were found in the supernatant fluid
and in the precipitated portion. Bezkorovainy (1966) report-
ed that the molecules of iron-saturated transferrin are more

elongate and have a lower Ve than the iron-free transferrin.

In addition to iron and copper, transferrinm also
binds chromium, manganese and cobalt specifically (Aisen,
Aasa and Redfield, 1969). Each metal is bound in the tri-
valent state, with bicarbonate. 1In addition, the binding
with chromium indicated that the two bindiﬁg sites of trans-
ferrin are different. However, Mann, Fish, Cox & Tanford
(1970) found the two binding sites of transferrin to be iden-
tical. The molecule has two identical carbohydrate groups.
They observed a molecular wveight of 77,000, and all data in-

dicated the existence of only a single polypeptide chain.

TFhe unsaturated iron-binding capacity of blood-

gserum can be altered im vivo. Endotoxim, or heat-killed

-
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cells of gram negative bacteria injected into mice caused
a hypoferremia which was specific, reproducible and dose-

dependent (Baker.& Wilson, 1965).

Martin & Jandl (1960) reported an antiviral effect
of transferrin in tissue culture. This effect was expressed

as an inhibition of viral synthesis.

Two proteins similar to transferrin have been re-
ported. These are milk transferrin (Baeker, Jordan, Tuffery &
Morgan, 1969) and gastroferrin (Rudzki & Deller, 1969). There
are many other known iron-binding compounds of biological
derivation. Some of fhese have been described by Weinberg
(1957). In this review he reported that metallic jons may
suppress or enhance the antimicrobial activity of many anti-
microbial substances. Bickel, G&umann, Keller-Schierlein,
Prelog, Vischer, Wettstein & Zdhner (1960) isolated a group
of iron-containing, growth-stimulating compounds from strepto-
mycetes. They proposed that these ferrioxamines be grouped
with ferrichrome, coprogen and terregens factor in a new
class of growth factors to be called the sideramines.
Moeschlin & Schnider (1963) developed the potent drug des-
ferrioxamine (DFOM) useful for the treatment of iron poi-
soning and hemochromatosis, by using an iron-containing com-
pound from the group of sideramines. DFOM has a stability

constant with irom slightly higher than that of transferrin-

iron.
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D. Comalbumin.

Schade & Caroline (1944) found that the growth of
Shigella dysenteriae, Staphylococcus aureus and Saccharomyces
cerevisiae was inhibited in the presence of egg white. Iron
alone of 31 elements tested had the ability to reverse the
inhibition of growth in the presence of egg white. Alderton,
Ward & Fevold (1946) partially purified an iron-binding sub-
stance, called conalbumin,‘fromf?sg white. Bain & Deutsch
(1948) purified conalbumin and determined its molecular weight
to be 87,000. Fraenkel-Conrat & Feeney (1956) and Feeney &
Ragy (1952) found'thatﬁamnuﬁber.of'bacteria were inhibited
in growth by comnalbumin. ;Thévinhibition wvas shovnvﬁy an
- increased lag phase, and a slover rate of growth theréatter.
Silva & Buckley (1962) investigated the antifungal activity
of egg white in Sabouraud's agar and found that of 52 species
of pathogens tested, only two Rhizopus spp. were not inhidbited.
Iron neutralized the antifungal activity for some fungi, and

biotin 4id so in some cases.

IV. MORPHOLOGY AND PHYSIOLOGY OF CANDIDA ALBICANS

A. Metabolism of Candida albicans

Johnson (1954) found that no change occurred in
the pH wvhen C. aglbicans was grown in serum to which glucose
was added. This wvas attributed by him to the buffering

action of the serum. Staib (1964, 1965) found that some
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strains of C. albicans proteolyzed albumin in serum agar

at an acid pH and that this could be used for strain dif-
ferentiation. Some strains utilized albumin as the sole
source of nitrogen. He observed that since skin and mucous
membranes may have a low pH, proteolysis may be a factor

in mucocutaneous candidiasis. Staibd (1969) also reported
that only those strains of C. albicans showing proteolysis

on serum protein agar caused extensive peritonitis and vis-
ceral infection in mice. KNo keratinolytic activity was found
in C. albicans by Weary & Canby (1966). However, they used

alkaline conditions in their experiments.

Rao, Ramakrishnan & Sirsi (1960) concluded that
C. albicans had enzymes of both glycolysis (Embden-Meyerhof
pathway) and the hexose monophosphate shunt. Kim, Adachi
& Chow (1962) and Montées & Constantine (1968) demomnstrated
considerable leucine aminopeptidase activity in C. albicans.
Cytochemical studies of C. albicane have demonstrated the
presence of succinic dehydrogenase, lADHa—tetrazolium re-
ductase and HADPHa-tetrazolium reductase activities (Mizuno

& Montes, 1966).

Dastidar, Purandare & Desai (1967) found that
Candida spp. grew in the mycelial form vhen grovth conditions
vere poor. Best growth occurred when the pH was 5.0 - 6.0,
and in media with inorganic ammonium compounds. Montrocher

(1968) found that C. albicans required only biotinm, and was
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independent of requirements for several other factors. A
thorough review of the nutritional requirements of C. al-

bicans and other fungi was published by Gilardi (1965).

B. Chlamydospore Formation.

. An early reference to chlamydospore formation is

by Shrewbury (1934). He distinguished between the plant

Monilia spp. end the monilias of medical importance, now

‘known as Candida spp. He also suggested the use of the term
'gemma’'  -instead of chlamydospore for the terminal, thick-
walled cells formed by a budding process. In éddition, he
maintained that the term 'chlamydospore' should be used for
intercalary cells formed from existing cells. Linossier &
Roux (1889, as reported by Shrewsbury, 1934) found that old
gemmae ruptured through a V-shaped split, and they thought
that the large globuletherein was an endospore with the povw-
er to germinate. Shrevbury (193h) disagreed with this obser-
vation. He noted that fat globuleés were often confused with
endospores by early workers with fungi. He also observed
V-shaped splits in gemmae of the medical monilias and re-

ported that they produced new vegetation by budding daughter

cells.

The formation of chlamydospores by C. albicans on
a variety of media is, to the present, the most valid criterion
for the identification of this species. Gordon, Bradley &
Grant (1952) determined that agar made with yellow corn meal

was superior for this purpose to that made with other cormn
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meals. Taschdjian (1953) indicated that an agar made with
rice was easy to prepare and was comparable to cormn meal

agar. HNickerson & Mankowski (1953) devised a medium con-
taining trypan blue and polysaccharide free of reducing su-
gars, with ammonium sulfate as the nitrogen source. Liu &
Newton (1955) devised an alkaline agar medium containing no
source of carbon and nitrogen. Pavlatou & Marselou (1957)
found that substances such as bile, organic acid Qalts, al-
bumin or tween '80' increased the production of chlamydo-
spores of C. albicans. Walker & Huppert (1960) found that
corn meal agar with tween 180' was a superior medium for
chlamydospore production and for rapid identification of

other Candida spp. Bakerspigel (1962) reported that a med-
jum containing sodium taurocholate was excellent for the
production of chlamydospores. Wolin, Bevis & Laurors (1962)
found that medie with a pH above 6.0 were very poor, and

that a temperature of 26 C for incubation was better than

30 or 37T C. They found that combination of L-histidine,
(nnh)zsoh end a small amount of glucose which was found stimu-
latory to the production of chlamydospores, could be used with

tween '80' to make a medium better than corn meal.

This sampling of the literature covering several
decades illustrates that little definitive work was reported

on the nature and significance of the chlamydospore, per 8é.
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C. Morphology and Cytology of Candida albicans

It is only during the last decade that several
detailed studies have been published concerning the mor-
phology of the blastospores and chlamydoépores of C. al-
bicans. For example, during the study of a large number
of C. albicans strains, Brown-Thomsen (1968) found 15 forms,
most of which could be differentiated by their macromor-
phology. Strains resembling C. tropicalis appeared as vari-
ants of C. albicans. Three types of pseudomycelium for-
mation, and considerable differences in the reduction of

triphenyltetrazolium chloride were also observed.

Ven der Walt (1967) reported the isolation of
sexually active strains of C. albicans, which he described
as being homothallic. - These homothallic strains apparently
conjugated with their buds, and the result of this conju-
gation was the formation of monokaryotic zygotes. Zygotes
could convert directly to chlamydospores or presumably form
a diploid generation. A haplophase could then arise from
small conidia. Examination of the photomicrograph showing
van der Walt's 'chlamydospore' (Fig. 8, p. 249), reveals
that it is not similar morphologically to chlamydospores
produced by C. albicans on a variety of media. On the basis
of his observations, van der Walt (1969) suggested that
C. albicans should be placed in the genus Syringospora
Quinguad emend. According to van der Walt, this yeast-

like fungus nowv belongs with the HBemibasidiomycetes, which
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is a group of smut fungi.

Bakerspigel (1963) isolated several unusual streins
of C. albicane which produced numerous chlamydospores on
Sabouraud’s dextrose agar and also on other media containing
up to 50% dextrose. Electron micrograph studies were facil-
itated since these strains produced numerous chlamydospores
after a short period of time (Bakerspigel, 1964). Similar
studies were made of blastospores by Bakerspigel (1964) and
by Montes, Patrick, Martin & Smith (1965). Furthermore, in
1966, Bakerspigel also described the behavior of the blasto-

spore .nucleus during its divisionm.

D. Dimorphism

1. Germ-tube Formation. Reynolds et al (1956) ob-

served that C. albicans cells formed germ-tubes in plasma or
serum to a dilution of 1/64. This was not due to agglutinims,
and inactivation or dialysis did not alter this property of
serum. Other workers also applied this phenomemnon for identi-
fication of C. albicans. Taschdjian, Burchall, Kozinn (1960)
found that germ-tubes could be produced in 90 min to 4 hr, at
temperatures between 37 and 42 C. Mackenzie (1962) confirmed
this finding, and noted other mammalian sera to be useful for
this purpose. He also reported that too large an inoculum in-
hibited germ-tube formation, but age was not important. BEe
determined the effective temperature to be betwveen 31 and

hi c.
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Landau, Dabrowa, Newcomer & Rowe (196L) stated
that germ-tubes appeared to represent true mycélia rather
than pseudomycelia since they elongate by apical growth and
develop septa. They found that more cells produced germ-
tubes in serum with the transferrin saturated with iron than
in normal serum. The unsaturated transferrin formed an in-
hibitory factor against germ-tube formation. Landau, Dabrowa
& Newcomer (1965) found that amphotericin B, Nystatin, cys-‘
teine, or Na3zEDTA reduced the percent germ-tube formation,
whereas other antibiotics, antinegplastic agents, certain
chemicals or dextrose had no effect. Absorption of serum
with C. krusei or C. albicans cells greatly reduced the
germ-tube formation. These authors were unable to determine
the exact property of serum responsible for germ-tube for-
mation, beyond noting that if was heat-stable, independent
of complement and properdin, non-dializable, unrelated to
agglutinins or precipitins, and that it was present in all
sera tested. Grigoriu & Grigoriu (1969) found that complex
media of plant or animal origin such as serum or Sabouraud's
medium, allowed rapid germ-tube formation. A solution of
plasma proteins failed to permit germ-tube formation.
.Dabrowa, Landau & Newcomer (1965) found that a significant-
1y lower percentage of germ-~tubes from C. albicans resulted
in serum at various dilutions when the diluent was saline

rather than distilled water.

Hill et al (1956) observed that in 60 min, cells
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of C. albicans injected into mice formed what they termed
pseudonycelia, although theiryphotpgraphs'indicétc that

these were similar to. gern-tuhes. In four honrsﬂsepta.weie
present, and later,'also lateral blsstospores. Young (1958)
studied C. albtcags,frdmﬁperitonegl washings of mice in-
Jected with the cellé.» In bne»hour‘GOZ of~the}cgils showed
;yceliai_fornhﬁion, ihigh,<from:hisrphotpgraphsj_re:eigern-
tubes. 1In tvp,honrségsgs.ptﬁfﬁéVcellsAshoved~fi1§mehts..
Louria &‘Brayéoﬁa(196£$)?éﬁéééd»thét.1nvb1o§d;~és§ént1311yf
all thé c.. albtcana cells ot several strains coﬁld'be account-

ed Lfor within viable polynorphonuclear 1eukocytes in 30 nin.

At tonr honrs, thef ,frains tended to 1onger

;tilanents, either p; 4ing'or distorting the phagocytes.

-Greshsn‘&wwhittle (19nu_fstated that the invasive torn of

-Ce alb%cans is nyceliﬁn and~not pseudonyceliun.f The differ-

. ‘ence betveen these two torns .was: stated by hin to: nesn neta-
bolic continntty in the forner and a. string ot runctionally
m§ichnnectedﬁnnitagigstpe;lgtjer.- The nvceliun of C. -albicans
tikén-fronwlésion§;ahoﬁéd$3]l;accﬁnulgtions at the hyphal tip

and at the sebta;.binilqr to that seen in other fungi.

The relationghip.of the tissue phase of C. albicans
touthe_gernptube»torp;tion(observed in serum, in vitro, wvas
also reported byf!uckénzié (1965); He described the fila-
ments formed 1n'i4¢eei£1qne hour as being cylindricel out-

_growths 0.6-1.2 u in width, and up to 10 u in length. Unlike

. buds, they lacked a éoanriction at the point of origin.
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Mackenzie (196L4) called the structures pseudogerm-tubes, to
distinguish them'from,serm-tubes'produced by authentic fun-
_gal spores. Furthermore he noted that the alteration in mor-

phology was abrupt, with no transitional period. Mackenzie

(1965) also studied the formation of germ-tubes by C. albicans

cells on blood-free organ extract of rabbits. He found the

lengths, and the numbers formed to vary in different organs.

2. piﬁéfgpégﬁiQ:“c°_QZbi¢9”31 Germ-tube formation
in this o;gdhisﬁ;isind# beipg used as a criterion for identi-
. tication.« However, 1t nay have .a signiticance related to the
pathogenicity ot C.‘albzcans.  Any detinition of dimorphism,
‘as: it ﬁight apply to C. albzcéns;.tsfinadequatewat~present
beeause researchers differ about what constitutes the alter-
nate-norphological.rorn;A~A nunherwofuworkers,»tor example,
llardon, Ba.lish L) Ph:lll:lps (1969), vhose research was confined
to cultural vork with this organism, refer only to blasto-
spore-pseudomycelium dimorphism. Scherr & Weaver (1953) state
thst”pseudonygeliun in C. albicans is an intermediate form
between yeasts-ahd ﬁyphae. ‘
A mutant of C. &lbicans, termed "filamentous”, was
studied by Nickerson (195k, 1963), Nickerson & Chung (1954),
and Ward & Nickerson (1958). However, in a drawing published
by Kickerson et al (1954), it is shown that the mutant formed
pseudomycelium and not true mycelium such as is formed vhen
cells of C. albicans are incubated in serum (Mackenzie, 196L).
Nickerson (1963) found th;t protein disulfide reductase (for
splitting S-8 1links in the glycoprotein network of tﬁe wvall)

wvas lowver in concentration in the mutant tham in normal
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strains. Nickerson et al (1954) reported that growth of the
mutant strain of C. albicans had become uncoupled from cellu-
lar division. The divisionless mutant was made more yeast-
like by the addition of cysteine to the medium or by being
streaked on agar next to a normal strain. However, Lingappa,
Prasad, Lingappa, Hunt & Beimann (1969) reported that C. al-
bicans produced autoantibiotics (phenyl alcohol and tryptophol)
which caused its growth to become yeast-like. It is not
known if the divisionless strain of Nickerson et al (1954)
was deficient in these autoantibiotics. Ward et al (1958)
observed that the filamentous mutant of C. albicans reduced
oxygen more rapidly than the normal strain did. - Bernander &
Edebo (1969), in studying filamentation of C. albiecans in
Dubos'! medium, suggested that the albumin in the medium may

bind substances promoting yeast-cell formatiom.

Nickerson, Taber & F;lcone (1956) reported that =
filamentous mutant of C. albicans became virulent on regain-
ing its yeast-like morphology. Gresham et al (1961) found
that iso-nicotinic acid hydrazide (IEAH) reduced the severity
of candidiasis in rabbits. In vitro this substance prevented
the mycelial development of the organism. Taschdjian & Kozinn
(1961) reported that invasion by C. albicans is associated
with inhibition of cell division, resulting in mycelium. In
addition, they showed that =a yeast-like tissue phase may be
different from that seen in culture. They noted that C. al-

bicans grown in serum did not evolve 002, although it rapidly
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consumed glucose. They observed that triphenyltetrazolium
chloride was not reduced by actively growing cells or mycel-
ium of C. albicane. Phillips & Balish (1966) and Balish &
Phillips (1966a) found that C. albicane became mycelial in
the gut of germ-free mice and chicks, but remained in the
yeast form in conventional mice and chicks. Taschdjien et
al (1969) reported that C. albicans in the tissues and or-
gans of candidiasis patients was in the yeast form. They
concluded that the yeast form was the carrier of pathogeni-
city and was the invasive fomm, while mycelia were formed
secondarily. Only yeast cells were seen in the macrophages.
However, these workers studied terminal cases of candidias-
is, which vould,indic#teAthatvtﬁeir observations refer only
to exceptionally éusceptible patients, and to lesions in an
advanced state of development. Romano (1966) reviewed the

dimorphism of C. albicans in relation to its pathogenicity.

A fungus in which dimorphism occurs and which hsas
been the subject of much study is Mucour rouxii. The infor-
mation gained from these studies may be applied in the fu-
ture to an understanding of other organisms like C. albicans,
in which a less well-defined dimorphism exists. Haidle &
Storck (1966) found that yeast-like cells of M. rouxii vere
converted to filaments upon exposure to air, whereupon syn-
thesis of cytochrome oxidase was induced. Substances inhib-
jting the action or synthesis of this oxidase also inhibited

the morphological change. Bartnicki-Garcia (1968) found that
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M. rouxii converted to the filamentous form under a co, atmos-
phere in low concentrations of glucose, but in high concentra-
tions of glucose, a yeast-like morphology developed. Terenzi
& Storck (1969) reported that the germination of spores of

M. rouxzii into filaments was inhibited by phenethyl alcohol
(PEA). PEA 4id not inhibit synthesis of cytochrome oxidase

or 02 uptake, although a fermentative activity was stimulated.
The activity of PEA was suggested to be due to uncoupling of
oxidative phosphorylation. Elmer & Nickersom (1970) reported
that a large inoculum of spores of M. rouxii under N, resulted
in the formation of some yeast-like cells, whereas only fila-

ments developed from a small inoculunm.
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EXPERIMENTAL

Introduction

The historical review presented here reveals the
complexity of Candida albicans as a living organism as well
as the complexity of its relationship to man and animals.
C. albicans is among the easiest of microorganisms to
culture on common laboratory media but its 'normal' habitat
is the mucous membranes and intestines of animals, particu-
larly man. However, at times this relationship with man
changes so that it does herm to its host--it causes an in-
fection. Completely satisfactory explanations for these

changes'have not as yet been given.

The literature on C. albicans may be divided into
characteristic areas. One area is confined to in vitro
studies. This includes studies of chlamydospore formation
on a variety of media and some studies of its nutritional
requirements. Another area encompasses numerical determin-
ations of the carrier rate with regard to man. Still amnother
area is concermed with the variety of infections caused by
C. albicans. 1In general, these areas have not been studied
simultaneously by individual workers, resulting in a seg-

mentation of knowledge regarding C. albicans.
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Some studies have been made on germ-tube for-
mation by C. albicans in serum, (see Historical Review,

P. 46-k49), and on filament formation by this organism in
culture, in serum and in living tissue (P. 49-51). Fur-
thermore, several recent studies have now demonstrated
that the growth of C. albicans in the presemce of serum
may be influenced by the unbound iron-binding capacity

of the serum (P. 32-34). The results obtained from these
studies have afforded an opportunity to understand better
the role played by C. albicans and to connect the various
areas of study.

Present studies were undertaken t§ understand
the effect of the unbound iron-binding capacity of serum on
C. albicans as well as the significance of germ-tube for-
mation by this organism in serum. The possibility that
these two aspects were linked was also investigated. A
further link was sought in the area of chlamydospore for-
mation.

Initially, it was essential to establish a
working laboratory model and for this purpose, the growth
of C. albicans in media containing serum was selected. It
was also necessary to investigate the possible effect of pH;
glucose concentration; aeration; cations and other vari-
ables on this model.

Serum fungistasis had been reported in a number
of organisms in several previous publications (see Histor-
ical Review, P. 28-36). However, explanations for this
phenomenon were lacking. Oni2y ome report showved by direct

experiments that iron-binding by serum transferrin may
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be responsible for serum fungistasis for C. albicans. (Caroline
et al, 196L4). Other reports suggested that this might occur.
Therefore, it was neéessary to determine whether or not

serum fungigtasis could indeed be demonstrated consistent-

ly. Thus, it was necessary to devise an experimental
technique which cthd be employed ih the analysis of serum

fungistasis.

I. INTRODUCTORY EXPERIMENTATION

‘‘Materials . and Methods

The °?8§§15#§fu39d'1n.tﬁe§é¥¢3P°¥#ﬂ¢§ts were a
strain of C. ngoformans, an oxidetive yeast isolated by
Bakerspigel, »Canpésil-&ﬁﬁéssionﬂ(19$85;xC;Jdtbicans, a
fernentative yeust ot variable morphological forn, and
: H%stoplaama capsulatum, a dinorphic fungus vhich 'is mycel<
ial at room tenperuture.and vhose tissue phase is yeast-
1ike. Stock cultures were nsintained on: neopeptone-gln-
cose (HW=G) -agar containing 0.5% Ditco neOpeptone, 1% glu-
cose and 1% agar. The yeast phase of H. capsulatum wvas
maintained on blood agar slants Qt'BT C. VPor the first
series of tests N-G agar slants were prepared which con-
tained filtered, pooled,”hunai sernnéfro- 1 to 6% and from
S to 25% (Tables 1-5); The rfiltered serum, sterile dis-
tilled water and doubié—strength n?lte&ngsr medium were
iixed-sceptically at 55 C to give single-strength medium.
:'Bltnts were subsequently inoculated with yeast cells sus-
xpended 1n ;;ter and one drop wvas allowed to flood the sur-

ftcee ot esch slant which was then 1ncubated at 25 C.
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Other tests were performed in flat-bottomed
petri dishes in which drops of iron salts were added to
the surface of the ager after it had been inoculated by
flooding and then dried. In these tests 20% human serum
was used. In additiomn, 10, 25 and 504 serum without N-G

were used for H. capsulatum.

Testing of Liguid Media

In order to measure OT read growth by optical
density methods it was necessary to devise liquid media
to act as diluents for the serum. Littman's (1958) liquid
medium was modified by being prepared double strength and
by omitting the iron salt. Glucose was substituted for
the main carbon sources. This liquid medium was then
adjusted to pH 7.0 and sterilized by filtration. Another
liquid medium used was casamino acids-glucose broth. It
was prepared double strength and contained 1% casamino
acids and 2% glucose. Another medium consisted of double
strength broth containing 1% Difco neépeptone and 2% glu-
cose (H-G broth). The growth of C. albicans and C. neo-
formans were tested in 25 and 10% serum respectively with
each of these three media as diluents to make single-streng-
th media. The serum was adjusted to pH 7.0 and sterilized
by Millipore filtration. These tests were done inm 13 x 100
mm tubes containing twvo ml of medium and additions of serum
‘and water up to b mi. The media were also prepared with

additions of PeCl3 to make the final concentrations 1uM,
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10uM and 100uM. Phe inoculum consisted of 0.05 ml of sus-
pensions containing 1.3 x 105 cells/ml and the tubes were
incubated at 37 C. At 10, 15 and 21 hour intervals the
tubes of C. albicans were shaken up on the vortex mixer
and read at 500 mu on the Bausch and Lomb Spectronic 20
spectrophotometer. For C. neoformans readings were done
daily for T days. Tests were also run in the same way
with serum, diluted only with water, and containing 0.5%

glucose.

Effect of pH

Growth of C. albicane and C. neoformans was
determined in N-G broth adjusted to pH 6.0, 6.5, T.0, T-5,
and 8.0 before inoculation. After a long period of growth
(30.5 hrs.) the final pH was measured. In addition, growth
in this medium was also.dete;mined when 25% human serum
adjusted to the corresponding pH values was added. This
test was performed in the same way as described for the
testing of liguid media except for the longer incubation

time.

Results

Human serum in an agar medium had a distinct

e i

fungistatic effect against C. albicans, C. neoformans
and H. capsulatum (Tables 1-5). Tables 1 and b show that
C. neoformans was inhibited by 2% serum and could, on pro-

longed incubation, overcome the fungistasis of 5 but not
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TABLE 1

Growth of C. meoformans on N-G Agar

Containing 0-6% Serum

Serum % 3 days 5 days 10 days
0 + + &
1 + + +
2 + + +
3 - +/-* +
h - +/ =% +
5 - - +
6 - - +/-*

* Growth visible at top of slant.
TABLE 2

Growth of H. capsulatum on N-G Agar

Containing 0-6% Serum

Serum ¥ 3 days 6 days 10 days 26 days
o - + + +
1 - 2 + +
2 - ? + +
3 - - + +
L - - + +
5 - - + +
6 - - - +
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TABLE 3
Growth of C. albicans on N-G Agar

Containing 0-25% Serum

Serum § 4 days 5 days _ 11 days
o + + +
5 +/-% * +
10 - 3 .
15 - ;4 +
20 - * + .

25 -

I+
+

* @rowth visible at top of slant.

TABLE 4

Growth of C. neoformans on B-G Agar

Containing 0-25% Serum

Serum % 4 days 11 days 13 days 18 days
o] ¥ + + +
5 - +/-* +/-% +

10 - +/-* +/-* +/-%
15 - - - -
20 - - - -
25 - - - -

# Ggrowth visible at top of slant.
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TABLE 5

Growth of H. capsulatum on N-G Agar

Containing 0-25% Serum

Serum % 5 days 11 days 13 days 18 days 22 days
o + + + + +
5 - + + + +
10 - - - - - -
15 - - - + +
20 - - - + +
25 - - - * +
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of 6% serum. Table 3 shows that C. albicans was inhibited
by 5% serum but could overcome the fungistatic effect of
25% serum on prolonged incubation under the conditions

of the test. Tables 2 and 5 indicate that serum had a
fungistatic activity against H. capsulatum at 3% although .
the organism.progressiygly overcame éhis activity up to

25% upon continued incubation.

All three Qrgé#isnsigrew well on N-G agar con-
taininé,serum,in'the-azea vhere 0.05% ferric ammonium sul-
fate or 0.01% I'eCl3 were;placed. C. albicans,<however,
overgrew the ent:l.re agar snrface in a relatively short
tine-obliterating~the”are&s~shoving-reversal by iron.

- Ha oapaulatum also grew vell .on. agar containing serum vith-
out neopeptone or: glucose 1n ‘the ‘area where 0.1% ?e013 vas
placed.

. ‘ —
¥-G broth permitted excellent growth of C. albi-

cans . With the aﬂdition of serum, & conéiderable'inhibit;on
of_érovth wvas denqnét:aﬁed;"In?;daition, 100uun35613:great-.
1y stinulated thevgrovthiqf this:o:gsﬁibn,inwserﬁn-contain-
1ng,i-c.broth. Casamino acids medium also supported the
growth of C. albicane and alloved both a demonstration of
serum fﬁngistasis and its reversal with FeClB. However,
this medium wvas less satisfactory for growvth than wvas -G
droth. The modified Littmun's liquid medium was neither
satisfactory tot,groﬁth of C. ;lbicana nor for demomnstrat-
ing serum fungistasis. C. neoformans grewv more slovly in
these media but all proved satisfactory for growth

and for demonstrating both serum fungistasis and its
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reversal with iron for this organism. With the a@dition
of thiemin and biotin to N-G broth this medium was found
to be more satisfactory for C. neoformans than the others.
Both organisms showed a considerable ability to grow in

diluted serum containing glucose when iron was added.

A number of other experiments were also con-
ducted with C. albicans and C. neoformans in which it was
determined that various inorganic iron salts such as
Fe(N03)3, FeClB, ferrous sulfate, ferric ammonium sulfate
and ferric ammonium citrate were interchangeable. The
final choice was FeCl3 because it did not contain nitro-
gen in any form and because it could be obtained com-
mercially in a pure form. Furthermore, it was soluble
under conditions where other salts were not. Hemin was
also tested as an iron sourée but reliable results could
not be obtained because of poor solubility and the result-
ing color which interfered with optical density readings.
However, use of .0008%4 hemin showed some reversibility of

serum fungistasis for C. neoformans.

Tables 6 and 7 show the effect of initial pH of
the medium on the final pH achieved after a long period
of growth. C. albicans could lower a high pH value of
N-G broth considerably as well as achieve considerable
growth (Table 6). In the presence of serum the final pH
achieved was not as low as it wvas without serum and, in
addition, was correlated with much poorer growth above

pH 7.0. In this experiment, C. neoformans did not
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achieve considerable growth although it was much better
at low pH values than at values above T.0 (Table 7). 1In
the medium without serum, C. neoformans also lowered the

pH considerably after a period of growth.

Discussion and Conclusions

The growth of C. albicans, C. neoformans and
H. capsulatum was inhibited by huﬁan serum incorporated
into an agar medium. C. albicans and H. capsulatum
showed a tendency to reverse the inhibition of the serum
on prolonged incubation. A number of experiments re-
vealed that iron could readily reverse the inhibition

of serum. (P. 63,6L).

N-G medium as a diluent for serum was found to
be most satisfactory and was, therefore, chosen for fur-

ther tests.

Although H. capsulatum showed an inhibition of
growth on serum-containing agar media and a reversal with
iron no further tests were done with this organism. ¥No
l1iquid medium completely suitable for measuring the
fungistatic activity of serum could be devised for this
organism. Furthermore, H. capsulatum could not be made
to grow consistently in one phase in the presence of ser-
um and the presence of masses of mycelium made optical
density readings impractical. Howvever, even the results

obtained from the preliminary tests indicate that the
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effect of serum with regard to iron-chelation could be a

profitable area for future study omn this fungi.

The results obtained in these preliminary
studies paved the way for more detailed experimentation
on C. neoformans and particularly on C. albicans (see
next section). The results obtained on solid media
should not be confused with those in liguid media because
of obvious differences in micro-environment where the
cells were growvn. On solid media growth occurs as a
surface layer, while in liquid media it occurs through-

out the medium.
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II. INVESTIGATIONS OF SERUM FUNGISTASIS

Materials and Methods

Inoculum

The organisms used in these studies were a strain

of C. neoformans and C. albicans (7396). The strain of

C. albicans was different from the one used in the intro-
ductory studies élthongh it showed considerable chlamydo-
spore production on appropriate media. The determination
of inoculum size used in the following tests is recorded

in Appendix I. Inoculum was grown in N-G broth, except

in the case of tests with media reduced in iron where
growth from N-G broth was suspended in sterile distilled
water. Cells for inoculation were grown in half strength

5

N-G broth at 37 C to obtein 1.3 x 10° cells/ml.

Medium

The medium most commonly used was double-strength
N-G broth, containing 1% neopeptone (Difco); 2‘ glucose; 2
ppm thiamin and 0.02 ppm biotin. All of the neopeptone used
in the medium was obtained from the same container. The iron
content of the neopeptone was determined using standard meth-
ods (see Appendix L4). The medium was first sterilized by
filtering through large-pored Millipore membranes and then

through 0.45 or 0.22 B -filters. In order to determine
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possible loss of any iron from this medium during its pre-
paration, the membranes were saved until 6000 ml had been
filtered. They were then analysed for the presence of iron
using the method described in Appendix L. As a result all
of the neopeptone media used were known to contain only
0.07Th ug of iron in 5 ml of the single-strength medium
used per tube in the tests. Although the concentration
was extremely small, experimental results with serum and
with iron additions (described later) showed that: 1) this
concentration was adequate for optimum or nearly optimum
growth of C. albicans and C. neoformane and 2) this amount
was apparently made unavailable by as little as 2% pooled

human serum.

Thiamin was added to the medium because €. neo-
formans requires it for growth (Littman, 1958). Where
necessary, the medium was adjusted to pH.6.0, 7.0, or 8.0

or other values, using 1N NaOH or HCl.

Additional, special treatments of the N-G broth
or other media, are noted in the experiments in which they

were used.

Glass-distilled water was used in all of the

experiments.
Human Serum Fractions

Pooled serum, in at least 150 ml lots, was odb-
“tained from a bPlood bank. The serum was first filtered thr-

'5~dggp3ch;;e Millipore filters, the pH adjusted to a required
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value; then filtered through 0.2u Millipore filters. 1In

some experiments, saline or water dilutions of the serum
were prepared so that 1 ml additions to the test-tube,

for the final tests, resulted im 1,2,3,4,5,10,15,20 apd

25% solutions in single-strength N-G broth. In most
experiments however, the serum was not diluted beforehand
but the volumes in-th; test-tubes were adjusted by addi-
tions of water. The followipg:vere'also employed in va?ious
tests; iron-free human traﬁsferrin (calbiochem, Calif.);}
crystallized human albumin and T-8 globulin (Mann Research
Lab., X.Y.); 5% Difco bovine.albumin solution; Difco ascites
fluid; and Difco:horse se:nn.ﬂngrumvdialized against water
-andvggainst,Ty:ode‘solutibngwétefﬁlso used-.‘Unsterilized.

préﬁarations vere'sterilizédfby:fiitrgtion.
General Procedure

~ Disposable 13 x 100 mm test tubes were used in most
cases. When examined electrophotome€trically (filled with
cobalt chloride solutionm) %heyrghovcd'less variation in
"their optical qu;lities}than-di#-standard cuvettes. This .
was. due to their very thin walls and the method of manu-
facture. It was essential to use these tubes because others
were ruined by irom if aﬁtoglaved,under the conditions used
in some tests. Thus,~difficu1tie; encountered in obtaining
veﬁjllarge.nnnbers of aatchiné:testhtubes per test; scratch-
'¢d~tup¢pgoi'tuﬁéavqpoiled'bwaoreign substances wvere com-

Mjietélifelininated.
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Tubes were soaked in‘ln HC1l and then thoroughly
rinsed with glass-distilled water. The materials were
pipetted aseptically into the sterile, foam-plugged tubes
to a volume of 4 ml. This volume included 2 ml of double-
strength broth with additions of various quantities of
serum and water to make b4 ml. >Some series of tubes con-
tained 1 ml of 100uM FeCl3 solution per tube. Other test
materials were substituted for water as required. Thus, in
some tests, the final, 4 ml of single-strength broth was

also a 25uM solution of FeCl This general procedure

3"
will hereafter be describéavag "standard"”. In some tests
smaller amounts of more concentrated materials were added

so that the final volume was 4 ml, if the number of materials
to be added required it. Each tube was then inoculated with
0.0S.ml of inoculum. This will henceforth be referred to as
"standard" inoculum size. Test tubes were incubated at

37 C. In some experiments inoculated test tubes were also

incubated at 25 C.

Optical deﬁsity (0.D.) values of the tubes shaken
in a vortex mixer were read on a Bausch & Lomb Spectronic 20
spectrophotometer at 600 mu. This wavelength was chosen
after 'spectra' of each organism and of the broth were examin-
ed over a large number of wavelengths on this instrument.
Separate blank tubes were prepared for each level of serum

‘used.

The methods described here were selected following

:nﬁn@#oqutestsvtdzdeternihe.the best inoculum size; incubation
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periods; relative rates of growth and their inter-relation-
ships. The most useful readings were those which could bde
obtained over the most accurate range of the optical dens-
ity scale on the‘spectrophotometer. These were takeﬁ at

9, 15, and 18 hours for C. albicans and at 2, h, and 6

days for C. neoformans. Each e#pgriment included a large
number of tubes containing different concentrations of ser-
um under at least two different comditiomns. Furthermore,

they were read at three or more time intervals.

Initial experiments clearly demonstrated that
there were mo demonstrable effects resulting from the
order in which ingredie;ts-vere added to the tubes, or
from the time that elapsedwbetween~additionsrand.before
inoculation. A convénient~order was the‘addition'of the
broth and any water, followed by serum and then iron.

Inoculation was made several hours after the last addition.

It should also be emphasized that the exact time
of reading was irrelevant in these testé. Oﬁly the over-
all patterns of growth and the relation of the points to
each other at any particular time interval were considered

to be significant.

Specific Tests

1. Temperature

The effect of incubation temperature (37 C and 25 C)
was determined for both C. albicans and C. neoformans

when grown in N-G broth containing verious concen-
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trations of serum at pH T.0. Readings were taken at

appropriate intervals.

Inoculum Size

The effect of varying Enoculum size by 9 and 3 times
the "standard" was determined for both organisms grown
in N-G broth containing various concentrations of serum
at pH 7.0. Readings taken after 10, 14 and 18 hrs of
incubation for C. albicans, and 2, 4 and 6 days for

C. neoformans.

FeCl3 Concentration

The effect of three widely differing concentrations of
FeCl3 (25uM, 10uM, and 2.5uM) was tested on the growth
of both organisms in N-G broth containing various con-
centrations of serum at pH 7.0 by standard procedure.
ﬁeadings were taken after 10, 14 and 17.5 hrs for

C. albicane U4;-.6 and 8 days for C. neoformans.

Dry Weight

A comparison of results was made after 16 hours of in-
cubation when growth of C. albicans in N-G broth con-
taining various serum concentrations was measured by
both optical density and dry weight of the cells. The
standard procedure was used except that four repli-
cations were pooled after imcubation. Formelin wvas
then aﬁged to make a final concentration of 2%. After

24% hours, the 0.D. values were determined. The cells

were then deposited on tared, dried Millipore membranes
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by suction and washed. The membranes were dried in
vacuo over P205 to & constant weight. The net weight
of the cells at each serum concentration was calculat-
ed as a percentage of the weight of the cells in the
control tube. For both dry weight and 0.D., the con-
trol tube was the one without added serum or iron and
was given the value of 100%4. All other tubes were com-

pared to this tube.

Cations

The effect of cations on C. albicans and C. meoformans
in N-G broth containing various concentrations of ser-
um was determined by standard procedure with and with-
out 25uM FeClB. The effect of the following cations
at pH 7.0 was tested: 25uM solutions of 202t (as

6+ 2+
ZnS0), .7520) , Mo

(as HaMooh.2320), Mn (as Mnsoh.nao);
2.5uM solution of cu? (as CuSOh.SHZO); 16uM solutions
of ce??t (as CaCla), and M52+ (gs Mg012.6H20). Readings
were taken after 9.5, 12.5 and 15.5 hours of incubation
for C. albicans and after 2.5, 4.5 and 6.5 days for

C. neoformans.

pH

The effect of the initial pH of the medium on the grow-
th-of C. albicans and C. neoformans in various concen-—
trations of serum was studied by: 1) standard proced-~
ure at pH 6.0, 7.0, and 8.0;' 2) use of 25%:serum in

broth for C. albicans and 10% serum in dbroth for
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C. neoformans over several pH's. In two tests these
were pH 5.5, 6.0, 6.5, 7.0, T.5, 8.0, and 8.5; and
pH 5.0, 6.0, 7.0, 8.0, and 9.0. The growth of the
two organisms was also e;amined at these pH's in
N-C broth alone and in broth, serum and l100uM FeCl3.
?urther variations of similar tests included the use
of phosphate buffers and tris buffers. Readings of
all these tests were taken at three appropriate

intervals.
Glucose

The effect of different concentrations of glucose on

the growth of the two organisms in various concen<
trations of serum was determined by standard: procedure
where 0.1, 0.25, 0.5, 1.0, and 2.0% glucose was used.
Further tests, in vhici a larger number of concentrations

of gluéose were used, were carried out where 25% serum

in broth was used for C. albicans and 10% serum in

"broth for C. neoformans. The effect of glucose concen-

trations was also tested in N-G broth alomne and in broth,
serum and 100uM FeCls. Similar tests of the effect of
glucose concentrations were conducted wvhere N-G broth

waa'bmitted.

‘All these tests were conducted at pH 7.0 and readings

fégfe-takgnm§t thr§é appropriate time intervals.
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concentrations of serum at pH T.0 in 1% glucose was
determined by a modification of the standard procedure
in which the neopeptone was omitted. The effect of
25uM Fe013 was also determined in this system. The
extent of growth was determined at numerous intervals
and total incubation time was prolonged over the usual
procedure. C. albicans was measured at 9%, 12%, 15%,

and 33% hours. C. neoformans was measured at 2%, L%

and 6% days.

Effect of Aeration

The effect of aeration by shaken culture) was compar-
ed to the effect of still culture on the growth of
either organism at pH T7.0. These experiments were per-
formed in foam-plugged, 18 x 150 mm test tubes, using

6 ml1 volumes. The test otherwise was performed accord-
ing to standard procedure with similar proportions of con-
stituents. Readings were taken at numerous intervals,
je., for C. albicans (shaken & still) at 10, 11.5, 13,
and 1k.5 hrs; for C. neoformans (still) at 23.5, 29.5,
37.5, 3.5, 52.5 and 77 hrs and shaken at 19.5, 22.5,
25.5 and 28.5 hrs. All of these experiments were done
at various concentretions of serum with and without

the addition of 25uM Fe013.

Effect of Pre-exposure of C. albicans to Serum

In this experiment, inoculum wes exposed to ¥ ml of

human serum at 37 C and 25 C for ¥, 1, 2, 3, b, 5, 6
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Effect of Dialysis of Serum
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and T hours. This*ﬁas aehiéved by inoculating the serum
at 1n;ervals during‘fhe day and then centrifuging the
tubes, removing the supérnatant, and washing tke cells
once with N-G broth. The standard inoculum was taken
from a culture of C. albicans in N-G broth. ‘This cul-
ture was kept at the required concentration of cells by
apprOpriatevdilﬁtioﬁ at intervals. Four ml of N-G
broth, with and without 2shu Fec13, was then added to
the series of tubes at each pre-exposure. temperature at

pHE 7.0. Incubation was at 37 C for 1T¥ hours.

The effect of human serum dialized sgainst distilled
water at 4 C (E;éﬁﬁntes)”andAserunfdializedusimilarly

against ty:odewqpiution iackipg,glucose wasgs determined

. by the standard procedure for C. albiecans. The pH of

the sera and N-G broth was 7.0.' Readings were taken

at 23 hours.

‘The Effect of Ascitic Fluid, Horse Serum and Albumin

' A-nunber.ot substances were substituted for similar

amounts of human serum in the standard prbcedure.
Their effect, with and without the presence of 25uM
Pec13, vas determined on C. albicans and C. ?cofbrmans.
These substances were Difco horse serum; Difco ascitic
filuid, and Difco 5% beef aldbumin. Resdings wvere taken

at 9, 13 and 15 hours.
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The Effect of Desferrioxamine (DFOM--CIBA)

This strong iron-chelator of microbial origin is des-
cribed in Appendix 2. The effect of increments of

this chelator was determined for both organisms, in
shaken and still culture, with and without the presence

of 25uM FeCl, in N-G broth at pH 7.0. In still culture,

3
readings of the growth of C. meoformans were taken at

3, 5 and 7 days and of C. albicans at 10, 13 and 16 hrs.
In shaken culture, readings of €. neoformans were taken

at 41 and 5S4 hrs and of C. albiecans at 11 and 13 hrs.

The Effect of Serum Proteins

The effect of increments of iron-free human transferrin
at 11 .concentrations from O to 2 mg (in 6 ml total vol-
umes) was determined for C. albicans with and without

25uM FeCl The method used was similar to that al-

3°
ready described as standard procedure. Readings were
taken at 10.5, 13.5 and 16.5 hrs. Human T7S-globulin

increments from O to 6 mg and human albumin increments
from O to 30 mg were also tested for their effect on
the growth of C. albicans with and without 25uM FeClB.
These were read at the same times as the tests with

transferrin.

The Effect of Irom Increments on Growth in Serum

-Iﬁcrenents of PeCl3 were added to H-G broth amd to N-G

"broth. containing 4 and 10% human serum, to determine

the effect of these increments on the growth of




16.

78

C. neoformans. The pH was T7.0 and 4 ml volumes were .
used. Growth was measured after 2.5, 4.5, and 6.5
days. Growth response of C. albicans to increments

of Fe013 up to 100uM concentration in the final volume
was determined in N-G broth at pH 7.0 and in N-G broth
plus 2, 5, 10 and 25% serum. In these tests, the N-G
broth had been 'reduced' in iron by either autoclav-
ing it with alumina (Ratledge & Winder, 196k) or by
extraction with 8-hydroxyguinoline (Nicholas, 1957).
In one set of tests, in which the inoculum concentra-
tion had been reduced by %, readings were taken at 16,
20.5 and 24 hours. In a second series of tests read-

ings were taken at 17 and 21 hours. In these two ser-

jes the N-G broth.had been reduced in iromn by 8-hydroxy-

quinoline extraction. In tests using ordinary N-G
broth, or slumina-treated dbroth, readings were taken

at 17, 19.5, and 2.5 hrs.

Relative Catalase Activity of C. albicans Yeast Cells

No references could be found describing studies of
cat;;ase or catalase activity of C. albicans. The in-
vestigation reported here was undertaken with the
assumption that catalase, a heme-protein, would not be
synthesized in cells grovn in media deficient imn iron.
Growth in media containing serum was apparently sub-
jected to a deficiency of iron.

A technique was developed which could be applied to the

study of catalase activity im C. albicans. Cells of
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C. albicans were harvested after %0 hr of incubation at
37 C from 200 ml of media of the following compositions:
N-G broth; E-G broth containing 254 serum; N-G broth con-
taining 25% serum and 20uM FeCl,. These media were plac-
ed in 500 ml flasks. Growth in the medium containing
serum was poor, therefore, additional flasks of this
medium were required to supply a sufficient number of
cells. Each flask was inoculated with 2.5 ml of inoculum,
and incubateh éith shaking for some experiments and with-
out shaking for others. After batch centrifugation the
cells were washed 2X with jce-cold distilled water. To a
homogenous slurry of cells in water, freezer-chilled
acetone (-20 C) was added, then mixed well and centrifuged.
The use of chilled acetone in enzyme studies of micro-
organisms has been described by Gunsalus (1955). The re-
sulting 'powder' was wvashed 2X in acetone and the cells
were finally placed under vacuum to remove acetone fumes.
The volume of each slurry was determined by the volume of
the cells and it was noted that the acetone required was
about 10X the volume of the sliurry.

This 'acetone-drying' treatment had the effect of dis-
rupting the integri£§ of the cell membrane, thereby
allowing ready access of the enzymes to 3202 in the tests.
Chilling prevented~denaturation of the enzyme. The

assgyb had to be conducted within 3 to S5 hours after

'p:eparation of the cells because the activity of the
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enzyme was gradually lost even though the powder was
stored in a desiccator. The reaction mixture for

the assay consisted of 20 ml of 0.00353M 5202 solution;
4 ml1 0.07T6M phosphate buffer at pH 7.0 and 6 ml of a
suspension containing either kS mg or 15 mg of acetone-
dried cells per ml of buffer. The reagents and the
flask containing the reaction mixture were kept in ice-
vater (0 C). Five ml aliquots of the reaction mixture
were added to 5 ml amounts of 20% v/v stoh at a O min
and at 5 min intervals. The aliquots in stoh were
titrated against standardized 0.00LM KMnOh. A value
was obtained at 25 min by correcting for a 4 ml aliquot.
Additional information on the catalase assay can be

found in Appendix 5.
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Results

Pigure 1 shows growth of C. albicans at 25°c in
N-G broth with and without human serum, and with and with-
out 25uM FeCl3. The growth rate was very small in 20%
serum unless FeCl_ was also added. The growth rate in

3
broth alone was not affected by the addition of FeCl3.
Almost similar resu}ts are shown in figure 2 where temper-
ature of incubation was 37°C. Rate of growth of C. albi-
cans was not substantially different in 10 to 25% serum at

37°%c.

C. neoformans was affected similarly by 2 to
10% serum, either at 25°C or 37°C (Fig. 3, 4). At either
temperature a greatly increased rate of growth resulted

when 25uM FeCl_ was also present.

3

Figure 5 shows the effect of three Aifferent con-
centrations of inoculum of C. albicans at 14 and 18 hrs over
a number of different serum concentrations. A third set of
measurements at 10 hrs was not recorded on the graph to
avoid confusing the lines. However, it is apparent that
the rate of growth of the cells in the higher concentra-
tions of inoculum was greater than that in the standard

inoculum.

Figures 6-8 show that the serum inhibition pattern
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for C. neoformans was not obliterated regardless of the
concentretion of inoculum. These three figures show the
growth obtained by this organism after 2, 4 and 6 days

of incubation.

Figures 9-11 show that the serum inhibition pat-
tern of C. albicans in N-G broth containing various con-
centrations of serum was altered by different degrees by
the addition of three concentrations of FeCl3. These
figures record the results at 10, 1k and 17.5 hrs of in-
cubation respectively and, together, can be used to deter-
mine relative .growth rates of the organism under the dif-

ferent conditions tested.

Similarly figures 12-14 show the effect of three
different concentrations of Fe013 on the serum inhibition

pattern of C. neoformans at 4, 6 and 8 days.

Although measurements of growth by dry weight
and 0.D. do not result in identical curves at all serum
concentrations, a distinct pattern was given for C. albi-
cang for serum inhibition and its reversal by FeCl3 re-
gardless of the means used to measure it (Fig. 15). <The
results obtained in this experiment verify those previ-
ously reported by Hendry et al (1969) for a similar
experiment. The 0.D. method of measuring amount of growth
ié probably less accurate than dry weight determinations.
Nevertheless, under the conditions of the experiment, it

is much more accurate than counts of colony-forming units
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or direct counts in a hemocytometer. In contrast to dry
weight determination the O0.D. method is much preferred when
handling a pathogenic yeast or when it is necessary to
monitor growth over a period of time. It is also pre-
ferred when it is necessary to measure a large number of

- tubes rapidly.

Figures 16-21 show that there was no signifi-
cant effect on the growth of C. albicans following the
addition of any cation (other than Fe3+) to N-G broth
with or without various concentrations of serum and with
or without 25uM FeCl3. The combined use of Fe3+ with
other cations had not been previously reported in the
literature. The results noted in the first four figures
were obteined during the course of one experiment. The
last two figures were obtained during another experiment.
To avoid repetition, only the results obtained after 12.5

hrs of incubation are reported here.

Similarly, figures 22-27 show that cationic fac-
tors other than Fe3+ had no significant effect on the grovth
of C. neoformans in serum. Again, only the results obtained

after 6.5 days have been recorded.

There is no ihformation available relating the
growth of C. albicanqvor C. neoformans in serum to pH.
Therefore, a series of experiments were performed to
.clarify these.:glgtionships. Figure 28 shows the effect

:of pH 6.0, T.0 6r*8,0é;on-the growth of C. albicans in

UéG,bgbthgqlc#erfgfchntaining various concentrations of
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serum. It is apparent that pH was much more important in

determining growth in the broth containing serum than in

the broth itself. Figure 29 shows that pH was also very
important in determining growth when 25uM FeCl3.was pres-—
ent. PFigures 30-32 show some of the same information
described in figure 28 and 29 except that measurepents for

2 other time-intervals are included and some of the infor-

mation for various concentrations of serum are deleted.

Increase in pH from 6.0 to 8.0 reduced the rate of growth

of C. albicans in 2 and 5% serum but rate of growth in 10%

or more of serum was poor at any pH. Addition of 25uM

Fe013 permitted an optimum rate of growth in 2 and 5% ser-

um at pHE 8.0. From these experiments it can be concluded

that the growth of C. albicans is independent of pH in

N-Gvbroth and is greatly influenced by pH if serum present.

Figures 33 and 34 verify these effects of pH on the growth

of C. albicans. 1In these two experiments 25% serum was

used with or without 100uUM FeCl3 in N-G broth and a larger
number of pH values were employed. These figures clearly
indicete that:

1) €. albicans grown in N-G broth is largely independent
of pH over values from 5.0 to 9.0.

2) €. albicans in N-G broth containing 25% serum and
100uM Pe013 also is largely independent 6f pHE values
from 5.0 to 9.0.

3) However, the growth of C. albicans in H-G broth con-
taining 25% serum is markedly and increasingly depres-

sed as pH values are increased to 7.0 from 5.0. Thus,
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growth of C. albicans in broth containing 25% serum

is as poor at pH 7.0 as it is at pH 8.0.

These results are significant with regard to
those known properties of serum transferrin in which dis-
sociation of the transferrin-iron complex decreases to almo-

st a minimum value as pH is raised to T.0 (see Historical

Review).

Eigures 35-37 include some information similar
to that recorded in Fig. 33 as well as values obtained at
two other time intervals. It can be seen that rate of
growth of C. albicans at pH 5.5 is much greater than at
pH 7.0 in broth containing 25% serum (Fig. 35). Figure
36 shows that ;ate of growth of C. albicans is similar
at all tested pH values in broth alone. Fig. 37 shows
that the organism grows in a similar manner at all tested

pH values in broth containing 25% serum and 100uM FeClS.

Figures 38-42 show the results of experiments
for C. neoformans which were done in a manner similar to
those for C. albicans (Fig. 28-32). C. neoformans is
definitely more inhibited by a high pH value than is
C. albicans. Addition of Fe013 produced a8 less marked
reversal of serum inhibition at pH 8.0. Figures 43 and
44 show that growth of C. neoformans was greatly inhibited
at pH 8.5, or over, under any conditions. They do show,

however, that iron had some effect in reversing this

inhibition. Figures 45-47 record some of the same results
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as shown in figures 43 and 44 and also include measure-
ment at four other time-intervals. Figure 45 shows that
C. neoformans grew much better at pH 5.5 in 10% serum
than at any other pH value. Figure 46 reveals that addi-
tion of 100uM FeC13 to 10% serum in broth permitted op-
timum rates of growth to occur at acid pH. Smaller grov-
th rates occurred when the pH increased from T.0 to 8.5.
Furthermore, this figure shows the considerable nutrient
value of serum for C. neoformans which N-G broth alone

does not have (Fig. 7). Figure 47 shows the greater

rates of growth with increasing pH in N-G broth.

Phosphate buffers used in a number of experi-
ments, similar to those described above, generally re-
vealed similar resultéi This was also true of 'tris'
buffers. However, use of 1¢ris' buffers was limited to
pE values over T.0. Phosphate buffers are not recommended
for use in conjunction with serum since, under these

conditions, precipitatescoccur.

Experiments revealed that glucose alone did not
have a significant effect in promoting the growth of
C. albicans and C. neoformans in a medium containing serum.
Figures 48-52 showv the effect of 0.1, 0.25, 0.5, 1.0 and
2.0% glucose respectively, on C. albicans in HE-G broth
containing O to 25% serum. in addition, these figures
also show the amount of growth achieved after 10, 14 and

17.5 hrs of incubatiom. It is apparent that the rate of
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growth of C. albicans at 1 or 2% glucose was much more
rapid in the broth alone or in only 1 or 24 serum, than
it was in 10 to 25% serum (Fig. 51 and 52). However,
0.1% glucose was insufficient to permit any consideradble

rate of growth in broth with or without serum (Fig. 48).

The effects of glucose on the growth of C. al-
bicans was further demonstrated in figures 53-55 which
show results taken at 11, 17 and 23 hrs, respectively.
The response of C. albiecans to a number of different
glucose concentrations, in N-G broth alone, was similar
to the response to the glucose in broth containing 25%
serum and 100uM FeCl3. The rate of growth was optimal
at about 1.0% glucose concentration. In contrast, this
organism responded to glucose in broth containing 25%
serum and no iron with only a very slow rate of growth

In a similar experiment the response of C. al-
bicans to glucose increments was tested just in 25%
serum with or without 100uM FeCl, (Fig. 56). Measurements
vere made at 11, 17 & 23 hrs. Serum was shown to have
considerable nutrient value for C. albicans. Under these
conditions the rate of growth was optimal at 1.0% glucose,
provided that FeCl3 was also present. This result in-
dicated that, slthough glucose wvas required as a carbon
source for C. albicans growing in serum, little growth

occurred unless iron wvas made available.
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'In experiments paralleling those with C. albi-
cans‘(Fig. 48-52), C. neoformans waé shown to respond to
glucose concentrations as low as 0.1% in N-G broth alone
showing & greater rate of growth here than in broth con-
taining 2 to 15% serum (Fig. S§e61). Measurements were

taken at 4, 6 and 8 days in these experiments.

Figures 62 and 63 show that C. neoformans re-
quired glucose as a carbon source and would respond to
glucose additions in N-G broth alone or containing 10%
serum plus S5S0uM FeCl3. There was no measurable growth
of this organism between 5.5 and T.5 days in broth con-
taihing 10% serum if iron wasl;ot made availgble.
Additional experiments (not recorded .here) also revealed
that C. neoformans caﬂfutilize serum as a sohrce of cer-
tain nutrients requiripg, however, the addition of glu-

cose and FeCl3.

Figure 64 shows that aeration of C. albicans
during growth in E-G broth has an enhancing effect on
inhibition of growth even by 1% serum and on reversal

of growth if FeCl_, is present. This figure shows the

3
measurement at 13 hrs. Hovever, the iron was probably
not‘sgﬂréadily available to the organism under aerated

‘cdﬁditioqsfand fhis naj‘éxplain the sharp drop in grov-

‘serum. Measurement. of growth of C. albicans

gﬂaftei=aerstionuisinotuaswreliable since cells
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by clumping and revealed that the growth of this organism
is much more rapid under aeration. The response of C. neo-
formans to serum and iron under aeration was similar to

that of C. albicans.

Pre-exposure of C. albicans cells to serum for
vaerying periods of time revesled no apparent differences

in the subsequent rate of growth in N-G broth (Fig. 65).

Experiments in which fluids other than pooled
human serum were tested for their effect on the growth of
C. albicans end C. neoformans revealed that horse serum
and human serum were equivalent in their effects. ‘Ascitic
fluid up to 25% did not significantly alter growth rate
of C. albicans (Fig. 66) but it did have an inhibitory
effect on C. neoformans (Fig. 67). This effect was not
iron-reversible. Difco albumin solution had no signi-

ficant effect on the growth of either organism.

The effect of serum on growth of C. albicane

and C. neoformans was apparently due to a deficiency of
iron made acute at neutral or alkaline pH by the highly
active iron-chelating protein, tramsferrin (see Historical
Review). Experiments in which the potent iron chelator,
desferrioxamine (DFOM), was added to N-G broth revealed no
effect on the growth of C. meoformans in quantities up to
10ug in bk mls (Pig. 68). Figure 69 shows that the same
quantities of DFOM had a partial effect in decreasing the

rate of growth of C. albicans in still culture. Hovever,
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there appeared to be no significant decrease in growth
rate between 10 and 16 hrs, the decresase having occurred
previous to 10 hr. 1In contrast, figure TO shows that
aeration resulted in a considerable decrease in growth
rate of C. albican by 7.5 ug or more of DFOM in 6 ml
volumes. At 11.25 ug of DFOM virtually no growth
occurred between 11 and 13 hours. Figures 69 and TO
show that any inhibition of growth by DFOM was reversed

by 25uM FeCl3;

Figure Tl shows that jron-free transferrin
did not decrease the growth rate of C. albicans and there
was no iron-reversible inhibition. Human TS-globulin
to 6 mg and human albumin to 30 mg also had no effect on
the growth rate of C. albicansg and showed no iron-re-

versible inhibition.

After it was found that the inhibition of
growth of C. albicans and C. neoformans, in a medium
containing serum, was reversed by addition of iron it
became necessary to determine the guantity of iron reguir-
ed to accomplish this reversal. Figures T2 and T3 show
the effectof arange of iron concentrations on the rate
of growth of C. neoformans in H-G broth alone or con-
taining 4 and 10% serum. Measurements for 2.5 days wvere
omitted from figure T2 to avoid a confusion of lines.

It is apparent that certain minimum concentrations of
iropn are sufficient to allow growth in a medium con-

taining serum.
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Quantities of iron required to negate the inhibi-
tory effect of serum on the growth of C. albicans were
determined under more precise conditions. Figures TuW-T8
show tpe marked inhibition of 2, 5, 10 and 254 serum in
N-G broth on the rate of growth of C. albicans and the
marked reversal of this iphibition when certain minimum
quantities of FeCl3 were added. The KE-G broth was

" extracted with 8-hydroxyquinoline in an effort to reduce
its iron content dbut, it is belie;ed that this treatment
could not further reduce the low iron concentration that
was present. The accuracy of this e:periment was increas-
ed by reducing the inoculum size to one-half the standard
value. The rate of growth of this organism was negligi-
ble in the medium containing 2, 5, 10 or 25% serum wvhere

insufficient iron had been added (Figs. 75-78).

'Figure Tk shows that C. albicans grew in the
-G broth alone at approximately the same rate regardless
of iron addition revealing that the broth had sufficient
iron for optimum growth of this organism. The results
shown in figures T79-83 parallel those in figures 15-79
but reveal a less sharp response to iron addition be-
cause of the larger (standard) inoculum size. Results
obtained using the regular N-G‘broth, or E-G broth
autoclaved with alumina to reduc; iron, were similar

to those noted above.

The significance of the response of C. albicans
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to iron for growth in media containing serum appeared to
depend partly on the tendency of C. albicans to grow in

a mycélial form inmn media containing serum (see following
section describing morphological studies). Previous
investigations d4id not describe or suggestlan association
between the morphological alteration of C. albicans in
serum to changes in its iron metabolism. An index of

iron metebolism in C. albicans, or in any organism which
can undergo an oxidative (aerobic) metabolism, is the enzyme
catalase. Catalase is a heme-protein and, therefore, re-
quires irom for its synthesis. A deficiency of iron may be
traced through a deficienc& of catalase activity as well as
through any other ironécoﬁtaihing substance in the.cells.
Typical results of'numefous trials are shown in figures
84-86 wherercatalase activity of C. albicans cells, grown
under different conditions, was measured. Figure 84 shows
catalase activity of the cells harvested from N-G broth
after incubation under aeration or as a still culture.

Fig. 85 shows the lack of catalase activity of cells har-
vested from E-G broth containing 25% serum also after
incubation with aeration or as a still culture. Fig. 86
shows that addition of iron apparently enables Cc. albi-
cans to synthesize catalase even though it was grown in

broth containing 25% serum.

Discussion

Hendry et al (1969) reported that concentrations

of pooled human serum as low as 1 or 2% in H-G droth had
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an inhibitory effect on the growth of C. albicans and C.
neoformans. This is consistent with the finding that

the iron content of filtered N-G broth was very low
(Appendix 4) and with the knowledge that 2% pooled human
serum in the broth was sufficient to bind this iron
(Appendix 2). However, present results show that the N-G
broth itself had almost optimum iron content for the
growth of C. albicans and C. neoformans. In many experi-
ments, the organisms did not increase in growth with

additions of Fe013 to the broth.

The demonstration of an anticryptococcal and
anticandidal effect of serum was therefore best achieved
by studying the growth of thé organisms in filtered N-G
broth. The test method developed was more detailed and
reproducible than any method described previously. The
use of optical density methods was justified when the
results obtained by both 0.D. measurements and dry weight

were compared.

Published reports on anticandidal activity of
serum record several methods for testing the growth in-
hibition of C. albicans by serum although none were
adaptable for use in present studies. Optical density
readings were used by Roth et al (1959, 1961) to determine
the inhibitory activity of different concentrations of
individual sera. Caroline et al (1964) and Esterly et al
(1967a, b) also determined the inhidbitory activity of
serum, diluted in liquid media, by optical density measure-

ments. Hasenclever et al (1963) and Summers et al (196k)
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incubated C. albicans in media containing serum and sub-
sequently examined the growth by plating. Louria et al
(1964, 1967) and Caroline et al (1969) added cells of

C. albicang to undiluted serum and determined the can-
didacidal activity of the serum by plate counts immedi-
ately after and at several later intervals. Caroline et
al (1964) determined the growtg of C. albicans in serum

by optical density values as well as by direct cell counts.
The possibility that clumping of C. albigans in serum was
responsible for a reduéed number of colonies was discounted
by Louria et al (1967). In addition, they indicated that
undiluted serum often contained a factor which interfered

with the candidacidal activity serum.

Various methods for testing the anticryptococcal
activity of serum have also been reported. Allen et al
(1955) plated out serum seeded with C. neoformans. Baum
et al (1961, 1963) studied the anticryptococcal activity
of serum by using an inoculum dilution method with sub-
sequent plating. - Igel et al (1966) studied the inhibition
of C. neoformans in serial dilutions of serum in Sabouraud's
broth. The cells were then counted in a hemocytometer.
Szilagyl et al (1966) studied the growth of C. neoformans

in Littman's capsule broth with optical density methods.

The importance of a standard pH in studying serum
fungistatic activity against C. albicane and C. neoformans
was previously discussed by Hendry et al (1969). Present

results indicate that a medium with a pH as low as 6.0
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could be acceptable for C. neoformans because it is in-
hibited by an alkeline pHE (Howard, 1961). A pH of 7.0

is the lowest pH suitable for the testing of the growth

of C. albicane in media containing serum because of its
ability to lower the pH of a medium. These pH values are
consistent with the known properties of serum transferrin
end its iron-binding activity since chelation becomes
greatest at pH 7.0 or over. The use of standardized pH

for studies of the anticandidal activity of serum has been
rarely report;d in literature. Although Esterly et al
(1967b) used a medium with a pH of 6.6, the actual pH of
her test in which 20% serum was added, was not standardized.
Caroline et al (1969) usedia pHE of 7.3 for their inhibition
tests but these were performed in undiluted serum. Thus,
to date, there has been no determination of the effect of
pH combined with the effect of serum on the growth of

either organism.

Schade et al (194k) reported that the anti-
bacterial activity of egg-white was reversed by yeeast
extract due to its content of iron. Present results (not
recorded here) also showed that 1% yeast extract was ef-
fective in reversing the anticandidal and anticryptococcal
activity of serum. Therefore, the use of yeast extract in
media for studying the antifungal activity of serum is not
recommended. Nevertheless, yeast extract has been used in
media for this purpose (Roth et al, 1959, 1961; and Esterly

et al, 1967a, b).
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Present experiments (Fig. T1l), performed with
a different experimental approach, confirmed some of
the results recorded by Esterly et al (1967b) who showed
that the growth of C. albicans was not inhibited by high
concentrations of transferrin alone when added to media.
Esterly et al (1967Tb) also stated that another factor, in
eddition to transferrin, is active in serum and that it
may be partially responsible for the growth-inhibiting
property of serum. However, present results indicate that
one such "other factor" may be related,to-the'ﬁlfered mor-
phology eand metébélism of C. albicans when grown in the
présence Qf serum. The evidence for this will be dis-
cuﬁsg§ mQr¢pfﬁl1y“gn§er Yuprpholpgicgl>§§ndies.of c. al-
' bic&ns*;  ﬁ§ﬁe€éf inairect:evidén§é~f@rff§e imp§rtance of
“tr;nsfe:rfn‘hasvbgen;given,aby,Esﬁei;y etqhz“(lgémb) and
Caroline et al (1969), who found that the addition of
transfer:ih to”sera, Jow in.irpnebindipg cgpaéity, restored
the anticandidal activity of such sera, with the exception
of cord sera. Present studies (P.,189)‘have shown that
transférrih alone did not indiace germ-tube formation by
blastosporés of C. albicans, nor di&d transferrin added to
N-G broth cause growth inhibition of this organism (Fig. T1).
This is presented as indirect evidence that a tendency to-~
wards morphological change to the myeelial form is required
in order to demonstrate inhibiton of growth by serum. C.
albicans possesses the enzymes of both the hexose-mono-
phosphate shunt and the Embden-Meyerhoff pathway (Rao et
al, 1969). The high iron requirement for growth in the

presence of serum might be due to unknown mechanisms
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inhibiting the fermentative pathway, stimulating oxidative
metabolism, and altéring the morphdlogy to the mycelial form.
The enhancing effect of aeration (in media containing DFOM)
supports this hypothesis (Fié. 69,70). However, DFOM does
not substitute for serum. Aeration of‘media containing

DFOM may ceuse C. albicans to uséioxypgen as its terminal
electron acceptor.

The growth response of C. albicans to additions
of glucosé in serum when iron was prgsent (and not in the
ebsence of iron) (Fig. 53-56) shows that glucose is re-
quired as a carbon source, but that its presence does not
result in significant growth in the presence of serum. The
response of C. neofbrmansvtOuglucoée»inﬁrements in media con-
tainiﬂg serum (Fig;‘63) iS'p:Ohgﬁly less complex because
this organism does nét posséss'apy'strong fermentative abil-
ities;

Availability of oxygen is an importgnt require-~
ment limiting the growth of C. albicans in media contain-
vingfserum. Indeed, Mardon, Balish & Philips (1969) found
that a deficiency of Os reduced the growth of filamentous
forms of C. albicane. Although these authors apparently
referred only to pseudomycelial growth this may indicate
the relatively greater dependence of any filamentous form
of this organism on an oxidative metabolism. It also
suggests that the ability to "ferment” may be decreased
when C. albicans is inoculated into serum. Fresent re-
sults (P. 189) showed that no filament formation occurred
in dnorganic media. HN-G broth appears to complement the

filament-inducing properties of serum (p. 189).



98

Iron is essential for the synthesis of heme-
proteins or other iron-containing compounds, by organisms
with an oxidative metabolism. An important example of a
heme-protein is the enzyme catalase. Activity of this
enzyme was negligible in the sparse growth of C. albicans
harvested from N-G b;oth containing serum. In contrast,
addition of iron to the medium containing iron not only
resulted in considerably more growth of C. albicans was

also in a high catalase activity.

A number of other Candida speciés tested (re-
sults not recorded here)-aléo-showed an iron-reversible
growth inhibition in the presence of serum. The appar-
ent universality of serum fupgistasis indicates that,
if there were any specific immunological factors re-
sponsible for érowth inhibition of such widespread patho-

" gens as C. albicans or C. neoformans by serum, these

would likely be of less importance in vitro than the trans-
ferrin-mediated mechanism. The reason for this conclusion
is that a high titer of specific antibodies for nonpatho-
genic yeasts is not likely to be present, nevertheless the
growth of nonpathogenic yeasts was also inhibited by serum.

. Wood, Burgess & Morginson (1961), Martin (1962) and
Bornside et al (1964, 1967) used the nonpathogenic bacterium
B. subtilis in studies of the bacteriostatic and antirespir-
atory activity of serum. It is also highly unlikely that
specific antibodies against this nonpathogenic bacterium

may be found in human serum.

Good et al (1968) Landau (1968) and Fujiwvara
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et al (1970) stated that the cellular immune defences of
an individual may be important in his resistance to
cendidiasis. However, Louria et al (1967) found that
children with recalcitrant mn;ocutaneous cendidiasis,
who also suffered from endocrine hypofunctions, had nor-
mal cellular and humoral immune functions. On immuno-.
eleétrophoresis their serum proteins appeared normal.
Nevertheless, their sera in most cases had a reduced
anticandidal activity. This again underscores the need
to search beyond those well-known cellular and humoral
defenses of the acquize§y§£p$ invorder-to explain some

types of resistance to infection.
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FIGURE 5. Effect of 9X (0—==0) and 3X (0——¢0) the standard
inoculum size (@——e) on the growth of C. albicans in E-G
broth containing serum. 14 and 18 hr. Standard inoculum
size = 6 x 103 cells in 0.05 ml of inoculum added per tube.
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FIGURE 8. Effect of 9X (0=—==0) and 3X
. (0=——=m@) the standard inoculum size

. (@=emm®) -on the growth of C. neofor-
mans in N-G broth containing serum; 6
days. Standard inoculum size = 6 x 103
~ cells in 0.05 ml of inoculum added per
tube. )
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% SERUM:

?IGUBE 19e Effec’t of iron on the grovth of C. albicans

in N-G broth containing serum; 25uM’ FeCl3 (O cameam0) ,

10uM FeCljz- (0——0), 2.5uM FeClgz (@-+e-ee--0), no added iron
(®=——e); 10 hr.
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1.0¢

e SERUM

FIGURE 10. 2 Effect of iron on the grovth of C. albicans
in N-G broth containing serum; 25uM FeCl3 (0=—-—-=0),
.10uM FeClz (0——=90), 2. 511!4 FeCly (0--:-----®), no added ironm
(@——=0); 14 hr.
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. FIGURE 11. Effect of iron on the growth of C. albicans
in NH-G broth containing serum; 25uM FeCl3 (0—-—-=—0),
10uM FeClj3 (0=——=—0), 2.5uM FeCl3z (0-------- ©), no added iron

}; 17.5 hr.
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5 ___ 10 15

FIGURE 1k. Effect of iron on the
growth of C. neoformans in E-G
broth containing serum; 25uM FeCl3
(0———-—0), 10uM FeClg (0—==0) ,
2.5u¥ FeCly (©--------0), no added
iron (@——e@); 8 days.
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FIGURE 1S5. Inhibition of the growth of C. albtecans
in H-G broth containing serum (e); reversal by 25uM
FeCl, (©); dry weight determinations ( ), 0.D.
(-——?; 16 hr.
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FIGURE 16. Effect of 25iM Zn>' (——) on growth of
C. albicans in E-G broth containing serum {(o——=—90),

or serum plus 25pM FeClg (0—==——0); 12.5 hr.
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FIGURE 17. Effect of 25uM uos* (——) on growth of
. C. atbicans in H-G broth. containing serum (o——=o),
or serum plus 25uM FeClg (0===0); 12.5 hr.
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‘Io SERUM

FIGURE 18. Effect of 25I1M Mn 2+ (——) on the

grovth of C. albicans in H-G broth containing
serun (6———@), or serum plus 25uM Pe013 (O===0);
12.5 hr. .
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o SERUM

PIGURE 19. Effect of 2.5uM Cu2 (=) on growth of

.  C. albicans in H-G broth containing serum (0——=0) ,
- or serum plus 25uM Fe01 - (O===0); 12.5 br.
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%% SERUM

FIGURE 20. Effect of 25uM Ca®’ (——) on growth of

C. albicans in N-G bdbroth containing serum (0—-—-®),
or serum plus 25uM Pe013 (0==—0); 12.5 hr.



117

1.0

% SERUM
FIGURE 21. Effect of 25uM Mg>' (——) on growth of

C. albicans in B-G broth containing serum (e——-@),
or serum plus 25uM Fe013 (0=—=—0); 12.5 hr.



118

¢

832! .wﬁa
998 .nhac 69 t(0) €100 B 1i(4
snd mnzas 10 ‘(@) uWnies mqﬁnaapnoo,
q303q 9=N nﬂ u: sao% U .o 3o ap;o 9.

qo on

‘le=-22 ‘g

07 TOXZWOd YUY 93INITIBUOD BITNSOI
9891y, ‘sfep ¢*9 !(e) wnxes Bujuyeiuod
q3oxq. omz uy a:csso%oez *9 JO y3Aox® ayg
1084 zzmm JO 399JJX ‘®g2 JUNOIJ

z:mmm *ls

0

o



119

L

‘ez 9ng
eag *shep ¢°9 f(o0) Eroad wngz

entd wnxes 1o ¢ (@) wWNI9s FUTAFBUOD.

U302q D-N UT SUDUIOSOPU *) JO UIAOLD
uo _uW WigZ FO 40933  *H2 TUNDIL

+2 R RTINS P
WY3s % 0

A e s b e s - AT s 4

‘ege 3nd

seg  *s&ep $°9 (o) Eroed wrce

sntd wntes xo ¢(e) wWniss Suguyeljuod

q30xq 9-N uy. euvuxofosu °9 Jo yyaoxd
_.no.+woz_z:mmvwo 09331 €2 TUNOId

nw 009 O




. ' 120

FIGURE 25. Effect of 2.5uM Cu>' on

growth of C. neoformans in K-~G broth
containing serum (®), or serum plus
25uM FeCly (0); 6.5 days. See

FPig. 22a.
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i Inh:l‘bit:l.on of grovth of c. albicans

[ = ‘\'

i 1 1. L. ir—f - . o

0 3 10 15 20 25
%% SERUM

FIGURE 29. Reversal of inhibition of growth of
C. albicans in increasing amounts of serum in
H-G broth containing 25uM PeCl3, at pH 6.0
(0~~-0), pi 7.0 (06~~—0), pH 8.0 (@=—e); 12.5 hr.
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FIGURE 30. . Rate of growth of C. albicans in N-G droth
containing various concentrations of serum; pH 6.0; no
added FeCly (®-------@), 25uM FeClz (0——0). Numbers to .
the right of the lines indicate % serum.
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FIGURE 31.. Rate of growth of C. albicans in N-G broth
containing various concentrations of serum; pH 7.0; no
added FeCl3 (®-------@), 25uM FeCl3 (p=——0).

Humbers to
the right of the lines indicate % serum.
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1.0¢r

FIGURE 32.

Rate of growth of C.
containing various concentrations of serum; pH 8.0; no

albicans in N-G broth

added FeClz (®----...@), 25uM FeCl3 (0—0).

Numbers to
the right of the lines indicate % serum.



c ‘xq 9T ¢ (o===9)
1094 WHOOT pus mmxes g5z UITA
¢ (—s) wnios <2 UITA ¢(0) WI0IQ
p-N U 8uD0O3q1D °9 3O UIAOIS

.oq3 uwo Fd Jo 399333 °nE TUNDIL

nd

nwo09 @0

126

c *xq 4T ¢ (o===0)
1094 WAOOT Pus wnxes §42 UITA °(e~——e) WR
-298 $$2 YATA °(0) UY0XQ =N UT 8uDO3IQID °J
30 yaaox® ey3 uwo RA Jo 32833y “°E£E JWNOIL

d
g M G

.



127

1.2¢

oD 600 mu
)

a2 g

14
HOURS
FIGURE 35. Effect of pH on rate of growth of C. albicans

in N-G broth containing 25% serum. FNumbers to the right
of the lines indicate pH.
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FIGURE 36. Effect of pH on rate of growth of C. albicans
in N-G bProth, at pH values from 5.5 to 8.5.
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FIGURE 37. Effect of pH on rate of growth of C. albicans
in N-G broth containing 25% serum plus 100uM FeClj.
Numbers to the right of the lines indicate pH.
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FTGURE 38. Imhibition of growth of

C. neoformans in increasing concentra-
tions of serum in N-G broth at pH 6.0
(¢~—=0),. pH 7.0 (0=—0), pH 8.0
(0——e); k4.5 days. '
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FIGURE 39. Growth of . neoformans
in increasing concentrations of ser-
um in -G broth plus 25uM FeCl3 at
pH 6.0 (@===0), PH 7.0 (06——0),

pH 8.0 (@——e); 4.5 days.
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FIGURE L4O0. Effect of pH on the rate of growth of
C. neoformans in K-G broth containing various con-
centrations of serum, pH 6.0; no added FeCl
(®.......0), 25uM FeCl3z (@ ®). Numbers to the
right of the lines indicate % serum.
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FIGURE 41. Effect of pH on the rate of growth of
C. neoformans in N-G broth containing various con-
centrations of serum, pH 7.0; no added FeClg

(@.cc...-®) , 25uM FeCl3 (@——@). HNumbers to the
right of the lines indicate % serum.



133

0D 600 mu

7 IR :.'.'.'.':8l 0.

cesessasson s

FIGURE k2. Effect of pH on the rate of growth of
C. neoformans in R-G broth containing verious con-
centrations of serum, pH 8.0; no added FeClgy
(@-cce---®) , 25uM FeClB-v(o——O). Numbers to the
right of the lines indicate ¥ serum.
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.FIGURE k5. Effect of pH on the rate of growth of C. neo-
formans in N-G broth containing 10% serum. KNumbers to
the right of the lines indicate pH.
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FIGURE 46. Effect of pH on the rate of growth of C. neo-

formans in H-G broth.
indicate pH.

Numbers to the right of the lines
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FIGURE 47. Effect of pH on the rate of .growth of C. neo-
formans in H-G broth containing 10% serum plus 100uM
FeClz. HNumbers to the right of the lines indicate pH.
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PIGURE b49. Growth of C. albicans in neopeptone solution

containing 0.25% glucose and various concentrations of
serum; Lines from top to bottom, 17.5, 14, 10 hr., resp.
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- FIGURE 50. Growth of C. albicans in neopeptone solution

cbntainingho.sﬁ;glncoseuand.various concentrations of
serum; Lines from top to bottom, 17.5, 14, 10 hr., resp.
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FIGURE 51. Growth of>c. albicans_ in neopeptone solution

containing 1.0% glucose and various concentrations of
serum. Lines from top to bottom, 17.5, 14, 10 hr., resp.
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FPIGURE 52. Growth of C. albicans in neopeptone solution

containing 2.0% glucose and various concentrations of
serum. Lines from top to bottom, 1T7.5 14k, 10 hr., resp.
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‘%l glucose

FIGURE 53. Effect or.incféasing amounts of glucose on
the growth of C. albicdns in neopeptone solution
(0——0), in neopeptone solution plus 25% serum (o—eo),

. in neopeptone solution plus 25% serum and 100uM FeClj
(@~—=e); pH T7.0; 11 hr.
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| - "% glucose

FIGURE 5k. Effect of increasing amounts of glucose
on-the growth of C.:albicans in neopeptone solution
(0=———0), in neopeptone solution plus 25% serum

(@), in neopeptone solution plus 25% serum and
100uM FeCl-B..v (@——ae@); pH T7.0; 17 hr.




144

0D 600mu

% glucose

FIGURE 55. Effect of increasing amounts of glucose
on the growth of C. albicans in neopeptome solution
(0——©), in neopeptone solution plus 25% serum ’
(0~——e), in neopeptone solution plus 25% serum and
loouM PeClB-'(C——-.); PpH T.03 23 hr.
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- [l 92 |_v 2 .l_“,_l.——l-—l
(0] J 2 3 4L 5 10 15 20
% - glucose

FIGURE 56. Effect of increasing amounts of glucose
on the growth of C. albicans in water containing
25% serum (@——®), in water containing 25% serum
and 1001 FeCly (e——=—€); pH 7.0; 11, 17, 23 hr.
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0D 600 mu
&

- 015

% SERUM

FIGURE 61. Growth of C. mneoformans in
neopeptone solution containing 2.0% glu-
cose and various concentrations of serum;

lines from top to bottom, 8, 6, 4 days,
resp. !
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0D 600 mu

623 4 516 15 20
*s glucose

FIGURE 62. Effect of increasing amounts of
glucose on the grovwth of C. neoformans in neo-
peptone solution (o~——0), in neopeptone solution
plus 10% serum (e——e), in neopeptone solution
 plus 10% serum and 100uM FeClg (@~=——e); pH T7.0;
5.5 days.
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NO-Serum-
‘no:EeCly.

0D 600mu

1 L NN S i N |
0o 1 2 3 4 S5 10 15 20
% glucose i

FIGURE 63. Effect of increasing amounts of glu-
cose on the growth of C. neoformans in neo-
peptone solution (@=——0), in- neopeptone solution
plus 10% serum (6——e), in neopeptone solution
plus 10%f serum and 100uM FeCl, (0=——8); pE 7.0;
7.5 days.
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% SERUM

FIGURE 64. Effect of aeration on the growth of
C. albicans in N-G broth containing various con-
centrations of serum, no FeCly @——@), with 25uM
FeCl3 (0——0). Unaerated controls (e—=) with (o)
and without (®) FeClz. 13 hr, in 6 ml volumes.
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L : i
', o 15 . 20 25
*, ASCITIC FLUID

FIGURE 66. Growth of C. albicans in E-GC broth contain-
.ing various concentrations of ascitic fluid (e); with
25uM FeClj (©); 13 nr. ' '
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A

FIGURE 67. Growth of C. ‘neoformans in N-G broth
containing various concentrations of ascitic
fluid” (@) ; with 25uM. FeCl (0); 4 days.
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6 i 0
ug desferrioxamine

FIGURE 68. Growth of C. neoformans in N-G droth

containing various concentrations of desferriox~
amine (@); with 25uM FeCl, (o).
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ug DESFERRIOXAMINE

PIGURE 69. Growth of C. albicans in N-G broth con-
taining various concentrations of desferrioxamine (@)
with 25uM FeClz (©); 10, 13, 16 hr; still culture.
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15 375_75 W25 15 345 715 1125 150
Gg “DESFERRIGKAMNE

FIGURE 70. Growth of C. albicans in N-G broth con-
taining various concentrations of desferrioxamine
. (®); with 25uM FeClz (0); 11, 13 hr.; shaken culture.
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O—-:ues hr.

’t%F ;;,. .j‘;n,

l?j““f8fjj;'"ft§*”“"
mg “TRANSFERRIN

~o

FIGURE T1. Grévth of C. albicans in N-G broth contain-
‘ing various concentrations of iron-free transferrin (®);
wvith 25uM FeClg (o); 10.5, 13.5, 16.5 hr.
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1.0¢

Z

‘ml of 0.1mM FeCly

FIGURE 72. Growth response of C. neoformans to
FeCl3 in N-G broth (@—@), with 4% serum (@=——0),
with 10% serum (0——-@); 4.5, 6.5 days.
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0D/600mu.

ml of 0.4mM FeCly

FIGURE 73. Growth response of C. neoformans to
FeCl3 in F-G broth (@——e), with 10% serum
(@=—=0); 2.5, k.5, 6.5 days. '
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L& or ] 1 10 700
uM FeCl3 ’

FIGURE Th. Effect of increasing concentrations of FeClg
on the growth of C. albicans in N-G broth extracted with
8-hydroxyquinoline. One-half standard inoculum.
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1.2

10

PR

FIGURE T5.

Bffect of increasing concentrations of FeCl
on the growth of C. albicane in K-G broth extracted wit

B8-hydroxyquinoline, and containing 2% serum. One-half
standard inoculum.
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—100

10

-

ol 1
uM FeCly

Effect of increésing concentrations of FeCl
albicans in N-G broth extracted with
One-half

FIGURE 76.
on the growth of C.
8-hydroxyquinoline, and containing 5% serum.

standard inoculum.
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1.2¢

Spesme—

10

uM FeCl3 ‘

FIGURE T7. Effect of increasing concentrations of FeCl
on the growth of C. albicans in E-G broth extracted with
8-hydroxyquinoline, and containing 10% serum. One-half
standard inoculum. ’
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FIGURE 78.
on the growth of C.

‘8-hydroxyquinoline, and containing 25% serum. One-half
standa:dvinoculum.

Effect of increasing concentrations of FeClg
albicans in H-G broth extracted with
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FIGURE 84. Catalase activity of C. albicans grown in N-G
broth; 1.5 and 4.5 mg acetone-dried cells/sample, upper and

lower curves, respectively.

FIGURE 85. Catalase activity of C. aZbicanéAgrown in N-G
broth containing 25% serum; 4.5 mg acetone-dried cells/

sample.

FIGURE 86. Catalase activity of C. albicans grown in N-G
broth containing 25% serum and 20uM FeCl3; 1.5 and 4.5 mg
ecetone-dried cells/sample, upper and lower curves,

respectively.
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MORPHOLOGICAL STUDIES OF C. ALBICANS

Introduction

The production and morphology of chlamydospores
and germ-tubes were studied in order to understand better
the process of infection by C. albicans. Chlamydospore
formation is a phehomenon.occurripg best at 2h-26 C
(Bakerspigel, 1962), while germ-tube formation is more
commonly studiedlét 37. C. Therefore, chlamydospore for-
mation is not likely to function in infection.  However,
chlamydospores hay keep the organism viable in unfavorable
environments, and may act as infectious units, although

they are not presently known to do so.

Chlamydospores were tested to determine whether
they function as propagating and infectious units. For this
purpose, purified preparations of chlamydospores were re-
quired, and attempts were made to obtain preparations free
of blastospores and mycelium. Such preparations could then
‘be used for metabolic, genetic, chemical, serological and
structural studies, as well as for electromn microscopy.
Obviously, a genuine understanding of C. albicans cannot be
achieved until the true nature of the chliamydospore itself

is revealed.
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C. albicans readily forms germ-tubes at 37 C in
serum and in many other substances, but the exact reason
for this response is unknown at present. Germ-tube forma-
tion apperently constitutes the initiation of mycelium

(Gresham et al, 1961; Mackenzie, 1964).

Materials and Methods

C. albicans (7396) produced sbundant chlamydo-
spores on sodium taurocholate agar ﬁedium, as well as in
a liquid medium consisting of Yeast Nitrogen base.mith 20%
human serum and 1% glucose. This medium was buffefed.at
PH 6.0 with 0.05M MES bufférv(CalbiOchems Calif.). In this
medium, the ability of the organism to grow well was. directly
related to its ability to p;oduce numerous chlamydospores.

A pH value above T.0, or the absence of glucose, :eéuited in

poor growth.

.

A partially purified preparation of chlamydospores
was obtained in the liguid medium. Optimum cultural.con-
ditions were obtained in 10 ml volumes of medium in 125 ml
flasks at 25 C. After a week of growth, the cultures were
transferred to large tubes, diluted with saline or water, sha-
ken on a vortex mixer and allowed to settle for 25 min. The
supernatant which wvas removed and which contained mostly
blastospores, wWas discarded. Masses of chlamydospores were
associated with pseudomyceliunm which settled to the botfom
of the tubes before the blastospores. The procedure of di-

jution with water or saline and the settling wvas repeated
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several times, until the supernatant became relatively free
of blastospores. No method was found which would free the
ch:amydospores from the mycelium without damaging them.
Apparently they were more firmly fixed to the mycelium
than were the blastospores. However, the mycelium as a
contaminant, was relatively unimportant. On standing,
myeglium became 'empty' within two weeks, whereas chlamydo-
spores retained their characteristic appearance for periods
up to six months. These chlamydospores were relatively
large, spherical, thickwalled, refractile, and filled

with cytoplasm and globules of lipoid material.

The possibflityttﬁat chlamydospores éould‘ggrminate
was also tested at_£emp§ra£ﬁxes between 37 and’h3 Cvin7N-G
bfoth, in 1% yeast-exﬁract, in Ieast Nitrogén base, and in
these media with and without 1% glucose. The'poséibility
4+that chlamydospores could function as infectious units was
tested by injecting them into '*granuloma pouches' on the
backs of the necks of white mice (Mackenzie, 196L4). These
mice were injected with 0.2 ml of & heavy suspensiqn‘of
chlamydospores alonej; with 0.2 ml of 1% cysteine (to esta-
blish reduced conditions); 1.0 ml of 0.00kM FeClz; 0.1 ml
croton oil (a chemical irritant causing inflammation), or
with 0.2 ml1 of 5% hog gastric mucin (to enhance infection).
The mice injected with chlamydospores alone were'
sacrificed at 2 and 5 hr and at 1, 2, 3, 4 and 8 days. The
other mice were sacrificied at”;‘Aafs. To examine the tissues

for the presence of chlamydospores, pieces of conmective tis-

sue were lifted and laid onto glass slides. Slides were al-

so prepared by swabbing or scraping the tissues under the
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skin. The slides were then stained with Giemsa.

Germ-tube formation by blastospores of C. albicans
was examined in human serum at pH T.0; in the dialized super-
natants and precipitates of (NHY ) oSOy-fractionated serum; in
Difco bovine albumin; in pleural and abdominal fluids; in
dielized serum; in serum boiled for 3% hr; in 20% gelatin
and in néopeptone solution. The effect of increasing the
concentration of phenethyl alcohol (PEA) was tested on germ-
tube formation in 50% serum af pH 7.0. These tests were
examined at intervals between 2 and 4 hours., and after 20 hr

incubation.
Chlamydospores

Observations revealed that chlamydospores were
usually associated with pseudomycelial formation, and could
arise in several different ways (Plate I, Fig. 1-3). One
way (Pig. 1) that chlamydospores may arise is by budding
directly from a single blastospore. The two chlamydospores
shown in the figure were observed by Dr. Bakerspigel during
their formation. Fig. 2 shovs‘the characteristic appearance
of a chlamydospore which budded from a 'found cell', which
had itself arisen as a bud from elongeted cells (*pseudohy-
phae'). Numberous observations have shown that usually
the original blastospores budded twvo or three times in se-

quence before chlamydospores were formed. This chain of cells



PLATE 1

Fig. 1

Fig. 3

Fig. U
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Two mature chlamydospores of C. albicans (58/60),
each having arisen from a single blastospore.
Unstained, X302k.

A single, mature chlamydospore of C. albicans

(58/60) on a four-celled .'chlamydophore'. Un-

stained, X134k,

A group of four chlamydoqures, produced by C.
albicane 7396, two of which are bormne terminally
on short, elongated cells ('pseudohyphae'). Un-
stained, X13Lk.

A group of T chlamydospores, produced by C. al-
bicane 7396, aged 4 months, stained selectively
with thionin. Note the empty cells attached to

these chlamydospores. X13Lk,
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(Fig. 2) was termed a 'chlamydqghore' ny Bakerspigel (1954).
Since the chlamydospores are the final cells produced, and
since they have not been observed to bud, they were desig-
nated‘as.heing-lterminal' . Although a 'rounded cell' was
usually formed before the chlamydospore, this sequence did

not occur at ali'times. Fig. 3'shevs tﬁo chlamydospores borne
in a manner. described here ‘as 'sessile' . The single rounded
,cells subtending the.chlamydospores shown in Fig. 2 and 4 are
-.stmilar to the cells which Lodder et al (1952) called 'pro-
'tochlamydospores' . Hovever,‘it was observed in these stud-

'uies that h or more of these c lls in a. chain formation could

chlamydospore. Ch‘amydospores stained with thion-»

rin, rereal that,they'are elearly defined,and do not appear
to- share any protoplasmie continuity vith the . subtending
.cells (Fig.-h). This is also clearly shown in that chlamydo-
spores at any  time may be.completely separated from such
cells in a wet mount on a glass slide by a gentle rudbbing
motion of the eover slip. Eurthermore, it should bdbe neted

. that the subtending cells become empty (Fig. b4).

Numerous chiamydospores.can.be readily produced in
serum-containing media (Plate II, Fig. 1). Preparations of
chlamydospores can be freed of blastospores by the differ-
ential-settling method described above. Within two weeks,
the mycelium also becomes empty and collapses in many cases.
Because the chlamydospores apparently do not share any cyto-

plasmic continuity with subtending cells, they may be
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Fig. 1

Fig.. 2

Fig.
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 Numerous chlamydospores produced by C. albicans
57396 in serum—containing medium, 4 months.

.gThionin-stained 1336.

75A,group of slightly crushed chlamydospores of

aszcans 7396, show g;v-shaped.openings dis-

“u tal to ‘the point of" attachment. The spherical
uiand bean-shaped globules, vhich were extruded
,,fromuthexchlapydoqures, arerthoyght—to be

lipoid in chg:acter..vﬁnétained,VXIth.

'Several,chlamydospores of C. albicans (58/60).

Noté.thevsmallJopenipg,in»the highly refractile

_cell wall in the chlamydospore distal to-.the

point of attachment. Unstained, X302k.
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reﬁo#ed from them in large numbers, if a suitable procedure

[for this step could be found. This would obviate the need

T,. e“them in order to render the mycelium unimportant.

ffTh type‘of chlamydospore preparations that can nov be made

o: enings dO‘not__ccuz in the ‘region: vhere the o

ch amydosporea are attached to subtending cells.i It is sug-e
fﬁgested that these areas. nay pernit the exchange of naterials
*from within the cell to the environment and vice versa.
r'Furthermore, other types of cells may arise from chlamydo-

spores atlthese areas.

Although free and unattached chlamydospores were
observed for as long as 30 days on sealed glass slidzs,

none were noted to bud or germinate. Observations made in
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a number of. liquid media did not reveal chlamyd03pores which

"had germinated.. Increases in the numher of" blastospores or

= scriu "ed to budding e.nd ‘I:o ‘the ger-

fnineﬁienfdfﬂerhenfm

ab1e¢e1ements. However, the possibility'

: théﬁﬁéhiéﬁj&bébﬁrésﬁ', function'asipropagating;units in

;some other ways (:anno‘tz'-:j 'dismissed. For example, chlamydo-

'_spores might gradumll_fr v_rt to thinwalled cells before they

7ﬁgenminate;. It was observed that during the- formation of

'@chlamydospores, cell;wa‘ “5radua11y thickened over a period

“ﬂof 2h Ahr-or’ more.jﬂ'

'feﬁexplanations vill.depend_upon further studies of mature

hgchlamydospores.'

-

Attempts to initiate germination of chlamydospores
'ﬂby injecting<£hem into mice have thus far been unsuccessful.
' Tissue taken from- the miee revealed abundant chlamydospores
" to be present at various: times, althongh»the numbers . appeared
to diminish after three days. No germinating chlamydospores
were seen, although some showed V-shaped splits. Inbgeneral,
chlamydospores were engulfed by macrophage-like cells and
giant cells. Inoculation of the chlamydospores into a mouse
with croton oil resulted in the production of purulent lesions
in which many hyphal elements were present though not assoc-

jated with chlamydospores. The mouse receiving cysteine
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devéldpédfnuherouéNhemérrhages inrthe'napé_tissﬁés, but
agaln no chlamydospores were observed.' TheSe reSults-are
 s1milar to those obtained in rabbits by Bakersplgel (per-

'1sgnna14communication) in a series of«experimants u31ng the

orsa: route:of infection.d

; dfspores.» Another source of such an error. could

'u§igr;bnto;a;nev,mg§iun,A,Liu et aZ (1955)43130 stated that
solid media which are poor in nutritional value are necessary

for chlamydospore formation. This statement is unfounded,
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since the'serum-containing liquiad mediumﬁ&efinitelywcenteins"
vmany nutrients, including l$ glucose. Nickersdnﬁet'dir(1953)

greported that reducing sugar inhibitedmchlamydospore_pno-ﬁ,;

'Tduction;j Wolin et aZ (196,)é£ound that ‘a: small amount of

fin gelatin, in.abn m: nel,:

Fig. 1 ama 2

Mnot_in&u e ger_ntub pformation.
ffashov germ-tubes vhich.vere formed 4in serum at

a0 after 3 1/2 hr. Upon further incubation, germ-tubes

'.fconx_nned to elongate and heeome septete ‘mycelium on which

.nw,bJastospo:es Were prodnced (Fig. 1, Plete V). Germ-tubes

-Lrere also.produeed 1n‘neopeptone solntion, with or without

ligglneqse..;The'appearancevot;gern—tnbes was determined
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. 2=k .Celids and mycelium produced by (. -albicane

- 7396 in: serum, ngtained, X13bk.
gated: germ-tubes grown. .for 3 1/2 hr at
m-tubes ghown in.

../.Adistorted germ-tube .produced after 6 hr in

' .serum containing 0:2% PEA.

.Absence.of ‘ch,a._:r_.'.‘_ajct:_e’#i_:l,;'st;ic; .germ-tube formation

‘after 6 hr- in serum containing 0.3% PEA.
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PLATE V
. Fig. 1 Myeelium obtainéd within..20 hr at pE T.0 by
" C. albicane: 7396 in::

rum at 37 C.  Note also
.septa,mblastosporésgaﬁd.therprigingl.cells-

Unstained, X13kh.
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PLATE V

Fig. 1 Mycelium obtained within 20 hr at pH T.0 by

C. albicans T396 in serum at 37 C. Note also

septa, blastospores and the original cells.
Unstained, X134k,
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by & number of factors such as concentration of inoculum,
and the particular fraction of serum used. In preparations
containing high propbrtions of albumin and in gelatin, the
germ-tubes were narrow and delicate in appearance, with no
fendency to swell at the tip. It is suggested that such
substances might be used for producing germ-tubes to study
cytological changes occurring in the cells. The germ-tubes
could be produced under conditions which are apparently free
of exogenous nutrients. A relatively concentrated inoculum
in serum resulted in germ-tubes that swelled at the tips.
Fig. 3 (Plate IV) shows a diétorted.germ-tube produced

in the presence of 0.2% PEA, in 50% serum at pH T.0. With
0.3% PEA, typical germ-tubes were not formed ﬁithin the usual
period. However, in approximately 6 hr, rounded structures
were formed, resembling buds, as shown in Fig. 4 (Plate L).
On further incubation, these continued to develop and bud
again, so that after 20 hr, each original cell had two or
more buds. Concentrations of PEA higher than 0.3% also in-

hibited budding to a considerable extent.

In agreement with Gresham et al (1961) and
Mackenzie et al (1964) it is concluded that germ-tube for-
mation represents the initiation of mycelial growth. In
N-G broth, the formation of germ-tubes is transient, the
growvth being modified to a yeast-like form by autoanti-~
biotics (Lingappa et al, 1969). In serum the tendency to

mycelial formation is prolonged (Fig. 1, Plate 5). Thus

the use of N-G broth together with serum permits & mycelial
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form of growth. Under optimum growth conditions, such as
a pH of 7.0, and adequate iron availability, the growth
appears to become more yeast-like. However, it is likely
that many of the yeasts formed are blastospores such as

those shown on the mycelium in Fig. 1 (Plate V).

C. albicane d4id not produce germ-tubes in syn-
thetic media such as YNB. In gtudies of chlamydospore pro-
duction, such synthetic media were found to be ideal when
used with serum for abundanf pseudomycelial formation. Thus
it appears that the mycelium-promoting activity of serum is
modified when the diluent is a synthetic medium rather than

an organic one.
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GENERAL DISCUSSION

Mycotic infections among cancer patients occur
frequently, but only a specific search for these infec-
tions reveals thi; incidence. Thus, in a series of post-
mortem examinations of 45h leukemic patients, Bodey (1966)
found 161 to have mycotic infections. The majority of
these patients died from these infections rather than from
leukemia. Cancer may also predispose to an increased in-
cidence of C. albicans in the body. Vanbreuseghem,
Coremans-Pelseneer, Swinne-~Desgain & Janssens-van Dyk
(1969) made a detailed study of 100 randomly selected can-
cerous cadavers and found 90 of them to be harboring fungi.
Nearly 80% of the samples #ere positive for C. albicansg on
culture, and these samples came from 71l cadavers. C. al-
bicans was most frequently found in the alimentary tract,
particularly in the stomach. This was thought to be the
main reservoir of C. albicans in the body. Marples et al
(1952) found C. albicans in the mouths of one half of nor-
mal adults and of one-third of the children examined by
them. C. albicans was present in almost one-third of their
fecal specimens. Thereforé, C. albicans is also present
in normel individuals who do not present any symptoms of

candidiasis.

..

The study of patients with candidiasis is more
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often the subject of published reports-.(e.g., Taschdjian
et al, 1969) than are studies of resistance to infection
by C. albicans in normal individuals (Mackenzie, 1964). A
distinction must be made between candidiasis as a clinical
entity and resistance to candidiasis. The sequence of
events which follows the introduction of C. albicans into
the blood stream of healthy animals, as described by
Mackenzie (1964), may not parallel the sequences that lead
to the establishment of infection in suscéptible individu-
als. Thus, those patients who already have candidiasis
presumably lack one or more defense mechanisms. Since
these mechanisms cannot be studied directly in such .patients,
it should be evident that the response of normal individ-
uals should be studied instead. This rationale has not

been reported in literature to date.

In addition, the changes which occur in C. al-
bicans itself and in the body as well may be difficult to
study during the progress of the infection. Smith (1968)
stated that virulence of an organism is determined by differ-
ences which may be fully expressed only during growth in vivo.
In the present studies, it was the nature of C. albicans that
wvas of primary interest and, for this purpose, laboratory-
controlled experiments were designed. HNevertheless, present
results indicate two ways in which the normal human body may

resist systemic infection with this organism.

Martin (1962) found that a high, unbound iron-

binding capacity in the serum of patients with agamma-



EUSPITINEPIVIE PIRS e teh

198

globulinemia may help to compensate for a lack of protec-

tion against infection through the deficiency of humoral
antibodies. Serum from such patients showed a greater
than normal bacteriostatic effect against B. subtilis.
Wood et al (1961) reported that some patients with low
gamma globulin levels had ser?m_antibacterial values
exceeding normal values and, that the serum of normal
individuals and of patients with hypogammablobulinemia
who had acute (but not chronic) infections had elevated

antibacterial activity against B. subtilis.

The growth of C. albicans is inhibited in the
presence of human serum a#d thig inhibition appears to be
a normal defense mechanism of the body which prevents ino-
cnlu; that has reache@—the blood stréan from multiplying.
Indirect evidence that serum transferrin, which is a power-
ful iron chelator at physiological pH, is responsible for

this growth inhibition or at least for part of it has been

given by Hendry et al (1967b) and by Carolinme et al (1964).

Present studies (Fig. 71), and those of Esterly et al
(1967b), have demonstrated that transferrin by itself does
not have a growth-depressing effect on C. albicans in cul-
ture. Reasons for this lie in the failure of transferrin
alone to cause a morphological change in the growth. A
change of this sort is due to other serum factors, unknown
at present. Howvever, experiments with DFOM have shown
that iron chelation alone does ﬁfrect the growth

of C. albicans, particularly under aerobic conditions.

Landau et al (196L) indicated that serum with
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its transferrin saturated, induced a greater percentage of
C. albicans cells to form germ-tubes. However, results
obtained from present studies indicate that the transferrin-
mediated growth-inhibition of C. albicans operates only in
relation to the altered nature of the growth in the pres-

ence of serum.

In a medium containing serum growth and relative
catalase activity of C. albicans cells were both greatly
decreased. The significance of catalase activity is two-
fold. Catalase is an enzyme essential for aerobic or
oxidative metabolism. A deficiency of iromn would thus
inhibit the synthesis of this enzyme a&s well as that of
other heme-proteins or iron-containing enzymes. The
deficiency of iron would, therefore, inhibit the growth of
any organism which cannot for any reason reduce its de-~
pendence on an oxidative pathway in its metabolism. The
deficiency of catalase activity in the cells, and the
coincidently reduced over-all growth in & medium containing
serum, indicates that the metabolism of C. albicane had

indeed become more dependent on its iron-containing enzymes.

Catalase deficiency of C. albicane cells grown in
a medium containing serum has another significance in re-
lation to its role as a potential pathogen. This signi-
ficance is concerned with phagocytosis. Young (1958) and
Louria et al (1963, 196L) have shown that germ-<tubes for-
mation and phagocytosis readily and rapidly occur when

C. albicane cells are injected into human blood. Lehrer
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(1969) and Lehrer et al (1969) reported that polymorpho-
nuclear leukocytes kill injested C. albicans cells by a
combination of myeloperoxidase, H2‘2, and a halide. C. al-
bicaneg germ-tube formation which occurs in blood (Reynolds
et al, 1956) may thus be a prerequisite for the most ef-
ficient killing of ingested cells. Present results show
that cells which have produced germ-tubes are deficient

in catalase activity due to the lack of iron in plasma
and, thus, woula be less able to detoxify the H202. Any
residual iron in the cells in the inoculum would be over-
taxed to produce enzymes needed for the maintenance of

oxidative metabolic functions.

Caroline et al (1969) observed that leukemic
patients have a highly iron-saturated transferrin in
their serum as well as a greater susceptibility to
candidiasis. Individuals whose PMN leukocytes are defic-
jent in killing ability (Lehrer et al, 1969) may also be
more susceptible to candiasis. However, cellular immune
defects may also contribute to the establishment of can-

didiasis (Fujiwara et al, 1970, and Landau, i968).

Other factors which may be important in can-
didiasis include the virulence of the strain of C. albi-
cane (Winston et al, 1956), the presence or absence of
microflora in the host (Balish et al, 1966a, b) and the
size of the inoculum. Numerous cells reaching the blood
stream at any one time may contribute large amounts of

canditoxin. This toxin, which was isolated by Iwatsa
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et al in 1969 from blastospores of C. albicans, enhanced
the infection in mice. It was noted by Mackenszie (1962)
that the proportion of cells forming germ-tubes in serum
was decreased with increasing concentratioﬁ of cells.
This observation may be analogous to that of Taschdjian
.et al (1969) who reported that yeast cells were present
in the organs of patients who died of candidiasis. In
addition, C. albicans may alter its mycelial growth to
the yeast-like form by producing autoantibiotics, phen-
ethyl alcohol and tryptophol, for this purpose (Lingappa
et al, 1969). A large inoculum may thus suppress germ-
tube formation by introducing such autoantibiotics in
high concentrations. Under such circumstances auto-
antibiotics might be called 'virulence factors'. Indeed,
Taschdjian et al (1969) stated that the yeast phase of

C. albicane was the carrier of pathogenicity. It appears
likely that factors promoting the yeast-phase in C. al-
bicaneg will enhance infection with this organism and that
mycelial formeation is associated with either an unsuc-
cessful infection or the availability of irom in vivo in

abnormal individuals.

Although the cause of germ-tube formation by
C. albicane in serum is unknovn at present, Bernander &
Edebo (1969), in studying mycelial formation of this or-
ganism in Dubos medium, suggested that serum albumin may
bind yeast cell-promoting substances in the inoculum. In

this connection it may be that. the autoantibiotics phenethyl
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alcohol and tryptophol (Lingappa et al, 1969) are the sub-
stances which are bound. However, Bernander et al (1969)
also suggested that impurities present in the albumin

solution may be required by the blastospores for conversion

to mycelium.

Ramirez & Ransom (1964) reported that the
exhaustion of carbohydrates and nitrogenous compounds from
the medium was responsible for the inhibition of pseudo-
mycelial formation at the edges of parallel colonies of
C. tropicalis. However, the findings of Lingappa et al

(1969) make this opinion untenable.

Scherr et al (1953) stated that pseudomycelium
is a growth form intermediate ietween yeasts and mycelium.
However, there is some indirect evidence available to in-
dicate that the problem is much more complicated. For
example, Mardon, Balish & Phillips (1969) studied yeast-
pseudomycelium dimorphism in C. albicans with a culture
that did mot form germ-—tubes in serun. On the other hand,
present results indicate that PEA inhibits germ-tube for-

mation by C. albicans in serum.

An additional problem related to dimorphism in
C. albicans concerns the use of certain substrates for its
growth. Thus, Mardon et al (1969) found that a C02:02
ratio of 2:1 favored a higher proportion of pseudomycelium
to yeast cell formation. They also found that any one of

several amino acids when used es a sole H-source favored
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pseudomycelial formation and the best ones were methion-
ine, phenylalanine and tyrosine. However,-Johnson (1954%)
noted that no single amino acid used as a source of nit-
rogenmpermitted C. albicans to grow as well as did a mix-
ture of amino acids. Since poor growth generally favored
mycelial formation in this organism (Dastidar et al, 1967T)
it is, ‘nerefore, not relevant to state that any one amino
acid will favor pseudomycelial formation. In addition,
Dastidar et al (1967) found that phenylamine in Czapek Dox
broth (containing NaNO; as a sourcs of nitrogen) supported
excellent growth and favored the yeast phase. However,
they also found methionine and tyrosine permitted only a
relatively poor growth and mycelial formation. Thus, there
is no proper evidence showing that-the reasons for poor
growth and/or mycelial formation are simply related to the

presence or absence of nutritional substances.

Chattaway, Ellis & Barlow (1963) found that
5-20% human serum inhibited proteolytic activity of
enzymes extracted from dermatophytes. This inhibition
occurred only above pH 6.0. Staid (1964, 1965) reported
that some strains of C. albicans exhibited a proteolytic
activity against serum albumin not demonstrable above
pH 5.0. However, Staeib did not determine if this was an
inhibition of the proteolytic activity above this pH in
the presence of serum Or if it involved pH-semnsitive
enzymes. If the real situetion in this respect for

C. albicans is analogous to that described by Chattawvay
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et al (1963) then it might mean that an antienzymatic
activity of serum may also be involved in susceptibility
or resistance to candidiasis. This activity could pre-
sumably operate at physiological pH but allow growth

of C. albicans at any pH below normal.

Present experiments on the iron-reversible
anticandidal activity of serum should not necessarily be
interpreted to mean that introduction of excess iron,
in vivo, will promote candidiasis. These experiments
were designed primarily to gain more information about

C. albicans per se.
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ADDENDUM

Additional References

In addition to other tests performed on the
sera of ratients, Barlow (1967) attempted to determine
the extent of serum fungistasis on C. albicans using
Kjeldahl nitrogen determinations. Turbidity methods for
measuring growth were ruled out since mycelial pellets
were formed in broth while cultures were being aerated
during incuvation. Plate counts were considered to be
inaccurate, and too little serum could be obtained per
patient to permit dry weight determinations. However,
total nitrogen determinations also failed to Yield any

usable data because of interference from serum nitrogen.

Similar problems were encountered during
present studies in attempting to determine the best
methods to use in measuring fungistasis. Several methods
were not employed because of anticipated difficulties.
Use of pooled serum solved the problem concerning the
requirement for sufficient quantities of serum. Growth
in liquid media did not form pellets if the tubes were
not shakern during incubation. In spectrophotometric
measurements relatively little error was introduced in
relating mass to the degree of decrease in light trans-

mittance by mycelial strands. This claim cannot be made



for plate counts of colony-forming units or for direct
microscopic counts of cells and filaments produced by this

organism.

Bienias & Szymczykiewicz (1967) attempted to
measure relative fungistatic activity of individual
serum samples by a method whereby blastospores of C. al-
bicans were inoculated into the undiluted serum. After
24 hrs a measured gquantity of this serum was inoculated
into broth and, following a further period of incubation,
a direct count of cells was made. However, Bienias et
al (1967) were apparently unaware that they were probably
measuring two, quite distinct, effects of serum. Thus,
incubation in undiluted serum may have had a lethal effect
on the cells in the inoculum. Incubation in the broth,
which would now contain almost 5% serum carried over with
the inoculum, may have had a growth inhibiting effect.
In view of the data presented in this thesis 5% serum could
be a critical amount depending on the type of broth and the
qualities of the serum. In addition, it is very likely
that filament formation would interfere with any reliable
measurement of growth based on microscopic counts. Never-
theless, none of these problems were discussed by Bienias

et al (1967).

The reports by Barlow et al (1967) and Bienias
et al (1967) were aﬁparently published before those which
first attributed the fungistatic activity of serum to its

content of iron-unsaturated transferrin. HNevertheless,
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they illustrate the need to establish reliable testing
methods for determining the extent of fungistasis in
patients' sera as well as the difficulties encountered

in the performance of this task.

The recent reports of Jansons & Nickerson
(1970a, b) are evidence of the continuing interest in,
and the significance attached to, the chlamydospores
produced by C. albicans. Some of the results in these
reports are siﬁilar to observations in this thesis.and,
in some instances, confirm them. Jansons et al (1970a)
reported the preparation of chlamydospores free of blasto-
spores although still attached to pseudomycelium. This
result had also been achieved in the present work (see
Morphologicél'Studies of C. albicans). However, Jansons
et al (1970a) failed to produce chlamydospores in a liquid
medium and, therefore, their purification method was more
complex than the one employed in the present work. Jansons
et al (1970a) observed germination of chlamydospores,
provided these were younger than 24-40 hrs. In the present
studies chlamydospores could not be induced to germinate
at any time. However, spherical cells which might have be-
come chlamydospores were often observed to bud and these
buds subsequently formed other spherical cells. Differences
in interpretation may also be due to the use of agar on
slides by Jansons et al (1970e) whereas, in the present
studies, thin mounts in liquid media were used. Furthermore,

it should be emphasized that spherical cells were not termed
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"chlamydospores™ until they achieved a characteristic

appearance with maximum refractility of their cell walls.

Jansons et al (1970b) observed that granules
found outside of chlamydospores, when split by slight
pressure, were deeply stained by 1lipid dyes. Several
cytochemical procedures were also performed by Jansons
et al (1970b) on chlamydospores still attached to
pseudomycelium. In present studies it was observed that
chlamydospores could be detached from pseudomycelium
without breaking them although a method was not found to
accomplish this on a 'test-tube' scale. Jansons et al
(1970b) were unable to localize & nucleus in the
chlamydospore. Bakerspigel (196L4) encountered a some-
what similar difficulty when he attempted to demonstrate
nuclei in fixed chlamydospores. However, ckhlamydospore
nuclei, stained by the HCl-Giemsa technique, have been
observed which reveal among other things that the
chlamydospores are uninucleate (Bakerspigel, Personal

Communication).

Van der Walt (1970) described a method for
obtaining diplophase and haplophase cells of C. albicans.
The life cycle of C. albicans, as proposed by Van der
Walt, has been discussed under "Morphological Studies
of C. albicans™. Van der Walt (1970) also described a
method for inducing germination of chlamydospores on a

non-nutritive agar containing salts. According to him



chlamydospores germinated by forming haploid buds, which

gave rise to the sexually active haplophase.
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APPENDICES
1l. Determination of Inoculum Size

A suspension of cells of C. neoformans was
used which showed an 0.D. reading of 0.89 on the Bausch
and Lomb Spectronic 20 spectrophotometer at 600 mu, in
16 X 150 mm tubes. In a hemocytometer, this gave a
count of 1.2 X 105 cells per ml. Therefore, the inoculum.
size was 6 X 103 cells in the 0.05 ml used per tube of

medium in present experiments.

Similarly, a suspension of cells of C. albicans

was used which showed an 0.D. value of 0.350, with a

count of 1.3 X 105

103 cells in 0.05 ml.

‘cells per ml. The inoculum was 6.5 X

The quantity of cells in the inoculum was
nearly the same for both organisms. The difference in
the optical density readings was probably due to the

capsular material accumulated by C. neoformans.

The spectrophotometer gave a linear response
to arithmetic increases in cell concentration over the

0.D. values from 0.1 to 0.9.
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2. Desferrioxamine (DFOM)

The molecular weight of DFOM is 597 (Moeschlin
et al, 1963) and each molecule binds 1 molecule of Fe3+
wvhich has a molecular weight of 55.85. Therefore, there
is approximately a 10:1 relationship by weight. It was
calculated that about 0.7T5 ug of DFOM would be required
to bind the iron in 4 ml of single strength N-G broth
(Appendix 4). The binding coefficient of DFOM with iron

is known to be even greater than that for transferrin

with iron at physiological pH.

3. Serum Transferrin

The mean total iron-binding capacity in serum
was found by Sinniah & Neill (1968) to be LT0 ug per
100 ml, of which 30% was saturated. This left 329 ug of
unbound capacity per 100 ml, or 3.29 ug per ml. That is,
1l ml samples of serum from most individuals examined bound
quantities of iron not greatly above or below 3.29 ug.
The unbound capacity of a pool from a large number of in-

dividuals can be expected to approximate +this value.

Table 9 shows that the unbound iron-binding
capacity of 0.0k ml pooled human serum (using the mean
value) would be sufficient to bind the iron present in
b ml single-strength N-G broth (Appendix U4). 1In the
majority of present experiments, 5.6 ug Fe (25uM FeCl

3
in the final volume) were added to 4 ml of broth, or
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broth containing serum. This is sufficient to bind the
iron requirement of much more than 25% serum concentration,
the maximum used in many of the present experiments. It

is beyond any reasonable margin of error assumed by
arbitrarily using the best published mean value for un-

bound serum iron-binding capacity.

4., Iron content of FeCl3 Solutior and N-G Broth

In determining the iron content of FeCl3
solutions, the O-phenanthroline-hydroxilamine method
(Horowitz, 1960) was used. The Bausch and Lomb spec-
tronic 20 spectrophotometer was used to measure density
of color. The standard curve was prepared from Fisher
Scientific purified iron powder. A 0.00LM FeCl3 solution
was diluted 10 times and half was filtered through a
0.22u Millipore membrane. The unfiltered solution was
found to contain 96.21% of the expected iron concen-
tration, in comparison to the standard solution, and

the filtered solution 95.32%. Thus, in diluting

0.00L4M solutions of FeCl_, for addition to media, a value

3
of 95% was used as a correction factor.

The iron content of neopeptone was determined
by the method of Ballentyne & Burford (1957). This
method was also spectropheoctometric. The Difco value for
iron in neopeptone is 0.0041 g per 100 g (about 4O ug
per g). However, on analysis, a 2 g sample of one batch

of neopeptone was found to contain 11.1 ug per g, or
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0.222 ug of iron for the 0.02 g neopeptone contained in
b ml1 medium. This same batch was used throughout all
the experiments. Therefore the iron content of N-G

broth was known in all present experiments.

In addition, Millipore filtration of 6000 ml
N-G broth (containing 60 g neopeptone) showed that
T-4 ug of iron for every g of neopeptone was retained
on the filters. ©No iron was found in the same type of
filters used to obtain blank values. This loss repre-
sents 66.67% of the iron concentration of this batch of
neopeptone. Therefore, by subtraction, 0.0T4 ug of
iron remained in each 4 ml of filtered N-G broth
(IX strength). This concentration is in fact, a very
low value which made Millipore filtered N-G broth an
exceptionally good medium to use in determining the ef-

fect of serum on organisms.

5. Catalase Determinations

See also Luck (1956) and Chance & Maehly
(1955). A 0.004M KMnO, solution, standardized with
sodium oxalate, was used. Oxidation of 3202 is shown
by the formula: 2KMn0h + thsOh + 55202 = 2KHSOh +
8320 + 50, + 2MnSO),. In the catalase tests, the
average of all blank velues in the experiments reported

(31 determinations) showed that 7.35 ml of O.0O0LM KMnOh

oxidized 3.33 ml of 3202 solution. This value gives
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TABLE 8

Iron-Binding Capacity of Serum

(mean value of Sinniah et al, 1968)

Serum % ml in 4 ml Medium Iron-binding capacity
1 0.0k 0.1316 ug
2 0.08 0.2632
3 0.12 0.3948
L 0.16 0.526L
5 0.2 0.658
10 0.4 1.316
15 0.6 1.97h
20 0.8 2.632

25 1.0 3.29
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the molarity of the 3202 solution used as 0.00353M.
There is a relationship of 1 mole KMnOh per 2.5 moles
of H,0, (from the equation). Thus, T.35 ml of 0.004M
KMnOh have 29.4 umoles oﬁiKMnOh, equivalent to 2.5 x
29.4 = 73.5 moles of H202. Therefore, 1 ml of KMnO)

solution breaks down 10 umoles 3202.
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