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When the essential and distinctive cell walls of either pathogenic or nonpathogenic fungi break, cytoplasmic
membranes rupture and fungi die. This fungicidal activity was discovered previously on nonproliferating
Saccharomyces cerevisiae cells treated briefly with the oxidative tool and anticancer drug family of bleomycins.
The present studies investigated effects of bleomycin on growing fungal organisms. These included the med-
ically important Aspergillus fumigatus and Cryptococcus neoformans, as well as the emerging human pathogen
and fungal model, S. cerevisiae. Bleomycin had its highest potency against 4. fumigatus. Scanning electron
microscopy and thin-section transmission electron microscopy were used to study morphological growth
characteristics. Killing and growth inhibition were also measured. Long, thin, and segmented hyphae were
observed when A. fumigatus was grown without bleomycin but were never observed when the mold was grown
with the drug. Bleomycin arrested conidial germination, hyphal development, and the progression and com-
pletion of cell wall septation. Similarly, the drug inhibited the construction of yeast cell wall septa, preventing
cytokinesis and progression in the cell division cycle of S. cerevisiae. Even when cytoplasms of mother and
daughter cells separated, septation and cell division did not necessarily occur. Bizarre cell configurations,
abnormally thickened cell walls at mother-daughter necks, abnormal polarized growth, large undivided cells,
fragmented cells, and empty cell ghosts were also produced. This is the first report of a fungicidal agent that
arrests fungal growth and development, septum formation, and cytokinesis and that also preferentially

localizes to cell walls and alters isolated cell walls as well as intact cell walls on nongrowing cells.

The unique cell wall that surrounds fungal cells is absolutely
essential for their survival. The cell wall of pathogenic fungi
has evolved for survival from environmental factors and host
defenses (7, 16, 18, 21, 60). The ability of cell walls to evade
such factors contributes to the power of pathogenic fungi to
cause a wide spectrum of clinical disease (45). Moreover, the
unique arrangement of the molecular species forming the
structure of the fungal cell wall makes it an excellent target for
drug intervention (3, 6, 24, 44, 46, 54). Thus, the elucidation of
the mechanisms of action of agents that interact with the mol-
ecules forming the cell walls will yield new insights into fungal
cell wall structure, formation of cell walls between dividing
cells, and cell division. For fungal pathogens, an understanding
of the mechanisms of action of cell wall-specific agents should
assist in the design of wall-specific antifungal drugs.

Saccharomyces cerevisiae has long been a unicellular fungal
model for studies of basic mechanisms. Since this budding yeast is
also an emerging opportunistic human pathogen (15, 38, 42)
with properties frequently observed in pathogenic fungi (4, 29,
30), the yeast is also developing as a model fungal pathogen
(12). The discovery that the fungal cell wall is a target of a fam-
ily of oxidative agents widely used for anticancer chemotherapy
was made in S. cerevisiae (35). The mechanism of action of the
low-molecular-weight bleomycins (M, approximately 1,500 to
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1,600 [57, 58]), structurally related metalloglycopeptidic anti-
biotics (5), involves an initial localization (35) and subsequent
injury to cell walls (23, 32, 35), altered anchorage of manno-
proteins to the cell wall matrix (2), and the release of specific
species of surface mannoproteins from intact as well as isolated
cell walls (2).

For the present studies, we investigated the effects of the
metalloglycopeptides on fungal cell walls, cell growth, cell wall
septation, and cell division. We reasoned that these basic cel-
lular processes could be at risk, since a specific target of the
bleomycin drug family is the fungal cell wall (35). The common
opportunistic fungal pathogen Aspergillus fumigatus was chosen
to study the effects of the drug family on conidial germination,
hyphal development, and growth. Aspergillus infections cause a
high proportion of opportunistic fungal infections in immuno-
compromised patients and, worldwide, aspergillosis is the most
common mold infection (20). S. cerevisiae was selected to in-
vestigate potential blocks in the growth of yeast cells, develop-
ment of the yeast cell wall, formation of septa, and cytokinesis.
The growth inhibitory effects of bleomycin on A. fumigatus,
S. cerevisiae, and the opportunistic fungal pathogen Cryptococ-
cus neoformans were also compared. Cryptococcal disease is a
prevalent life-threatening infection, particularly in immuno-
compromised patients such as patients with AIDS or cancer (1,
14, 62). The studies identified targets of the class of com-
pounds represented by the bleomycin drug family.

MATERIALS AND METHODS

Fungal strains and culturing conditions. A. fumigatus (isolate H11941),
C. neoformans (a clinical isolate cultured in the Memorial Hospital Microbiology
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Laboratory from a patient at The Memorial Sloan-Kettering Center Infectious
Disease Service), and S. cerevisiae (ATCC 36375) were inoculated at 2 X 10*
CFU per ml in RPMI medium (American Bioorganics, Inc., Niagara Falls, N.Y.)
according to our published procedures (39). S. cerevisiae strain CM1069-40 (37)
was inoculated at 5 X 10° or 5 X 10° cells per ml into nonsynthetic complete
growth medium (YPAD [31]).

The liquid broth microdilution assays we used were previously described (39)
and were a modification of the method proposed by the National Committee for
Clinical Laboratory Standards (9). The lowest drug concentration that prevented
visible growth was considered the MIC. The A. fumigatus, C. neoformans, and S.
cerevisiae ATCC 36375 strains are used routinely in our antifungal susceptibility
testing to compare responses of different fungal strains. The responses of ATCC
36375 to the lethal effects of bleomycin and in microdilution assays are identical
to those of CM1069-40 and many other S. cerevisiae strains we have tested.

An anticancer formulation, a mixture of 11 bleomycins differing in their ter-
minal amines (approximately 55 to 70% [usually 68 to 69%] bleomycin A, and
approximately 25 to 32% bleomycin B, [5; W. T. Bradner, Bristol Myers Squibb
Laboratories, personal communication]), was used in these studies. Bleomycins
were dissolved and diluted in deionized water just prior to use. The final pH was
5. The absorbance of bleomycin, whose extinction coefficient is 1.45 X 10%, was
monitored at 292 nm. Detailed reaction conditions were described previously
(33).

Quantitative measurements of viability. Quantitative measurements were car-
ried out according to published protocols (31, 33, 36). S. cerevisiae cell (strain
CM1069-40) was inoculated at 5 X 103 cells/ml (experiment 1) or 5 X 10° cells/ml
(experiments 2 and 3) in YPAD medium and incubated with aeration for 18 h at
30°C. At the end of 18 h, the numbers of cells were determined by counting the
cells using a light microscope and hemacytometer. This direct microscopic count
included both viable and inviable cells. To determine the number of viable cells,
appropriate dilutions of the cell populations were plated on YPAD medium and
incubated at 30°C for 3 to 7 days. The viability of each cell population was
calculated from the ratio of cells that formed colonies to the total number of cells
determined by direct microscopic count. The results in Table 1 are the means and
standard errors of the three independent experiments.

SEM. Fungal cells were prepared for scanning electron microscopy (SEM)
according to the initial fixation and dehydration steps previously published (35)
followed by critical point drying, where the alcohol was exchanged for liquid
CO,. The CO, was removed at the critical temperature and pressure, mounted
on an aluminum stub, and coated with a light coat of gold palladium. Specimens
were then viewed with an S-530 Hitachi scanning electron microscope.

TEM. Fungal cells were prepared for transmission electron microscopy (TEM)
as previously published (35). KMnO, was omitted during cell fixation to preserve
the integrity of the cell walls and membranes and permit good visualization of
these organelles (35). The stage of the electron microscope was tilted at multiple
angles to optimize visualization perpendicular to the plane of the electron beam
of hyphal branching, bud neck regions, cell walls, and the development of septa.
Multiple sections through the specimens were also made to analyze the fre-
quency and consistency of alterations.

RESULTS

A. fumigatus. We first set out to determine if conidial ger-
mination or hyphal development was in some way affected by
the oxidative drug bleomycin. SEM was used to examine the
morphologies of A. fumigatus cells after conidia were treated
with bleomycin (Fig. 1). Conidia that were inoculated and
grown without the drug germinated normally. They developed
typically elongated and elaborately branched masses of hyphae
forming mycelia (Fig. 1A). In contrast, conidial germination
and development of hyphae were severely inhibited in a dose-
dependent manner by low concentrations of bleomycin. The
profound inhibition of germination and hyphal development in
10 pg of drug/ml is illustrated in Fig. 1B. A. fumigatus cells
exhibited virtually no normal hyphal growth compared to their
matched untreated controls. Not only was germination rare,
but any hyphae that began to develop were aberrant and abort-
ed. The few hyphae that were observed were short, curved, and
bulbous at the tips. Conidial germination was completely ar-
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rested, and all of the A. fumigatus cells were ungerminated in
100 pg of bleomycin/ml (SEM results not shown).

To further investigate the blocks in conidial germination and
hyphal development, thin-section TEM was employed (35).
Observations of multiple planes and angles of each specimen
made from the pellets of untreated populations revealed mix-
tures of segmented hyphae in all directions. Long, thin hyphae
were found distributed throughout sequential slices through
the pellets, although it was difficult from the planes that were
cut to identify segmentation and branching in all hyphae since
hyphae were longitudinal, oblique, and traverse in the thin
sections (e.g., Fig. 2A and B). The micrographs in Fig. 2A
through C illustrate the normal hyphae and septa formed after
cell division when A. fumigatus grew without bleomycin. The
septa and typical acute angle branching shown in the field in
Fig. 2B are enlarged in Fig. 2C. Cell walls also appeared intact,
with no evidence of the loss of contents of hyphae or conidia.
Intracellular structures and organelles also appeared normal.

In contrast, A. fumigatus structures were rounded, and long,
thin, or segmented hyphae were never observed in pellets of
treated populations. The TEM of cultures grown in the pres-
ence of 10 pg of bleomycin/ml revealed the ultrastructure of
nongerminated conidia and aborted hyphae (Fig. 2D through
G) and that some conidia became quite irregularly shaped. The
rare hyphae observed in thin sections (Fig. 2F and G) had
started to grow and somewhat resembled pseudohyphae except
that they were highly irregular and aborted. They did not
continue to grow, linearize, or branch normally, and septa were
not created. The outer layers of the walls were highly irregular
and focally thickened, a feature that was a hallmark of yeast
forms exposed to bleomycin in 30-min treatments (35). In 100
pg of drug/ml, none of the conidia germinated (e.g., Fig. 2H
and I), and many lysed cells were observed by light microscopy
of the cultures and by TEM (data not shown). The TEM
micrographs presented in Fig. 1 and 2 together with the find-
ings from the direct observations in tilted and multiple planes
of sections from untreated and treated populations confirm
that the distinctions between the untreated and treated popu-
lations were due to the bleomycin treatments.

A. fumigatus, C. neoformans, and S. cerevisiae: comparisons
of growth inhibition. Like A. fumigatus, C. neoformans, and
S. cerevisiae were grown in the presence of a wide range of
bleomycin concentrations and compared to control popula-
tions grown without the drug (50). Low drug concentrations
inhibited the growth of all three fungal organisms. After 24 h,
A. fumigatus and S. cerevisiae were equally sensitive (MIC =
3.2 pg/ml) and C. neoformans was slightly less sensitive (MIC
= 6.4 pg/ml) to the growth inhibitory effects of the drug. In
fact, A. fumigatus was the most sensitive of all the opportunistic
fungal pathogens we tested, and it was more sensitive than
most of the S. cerevisiae strains we studied (data not shown).

Loss of viability of cells cultured with bleomycin. Quantita-
tive measurements of the killing and numbers of cell genera-
tions (doublings) were made among S. cerevisiae populations
grown in the presence and absence of bleomycin. As illustrated
in Table 1, cell populations on the average never completed
more than one doubling in the presence of the drug, consistent
with the blocks before cytokinesis recorded in the SEM im-
ages. Approximately 33% of the cells appeared arrested with a
daughter cell nearly the same size as the mother cell while
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FIG. 1. Scanning electron micrographs of the fungal pathogen A. fumigatus growing in the absence or presence of bleomycin antibiotics.
Conidia from isolate H11941 were inoculated at 2 X 10* conidia per ml according to our published procedures (39) and incubated with aeration
for 24 h at 30°C. (A) The four panels (at left) show results of incubation without drug. (B) The four panels (at right) show results of incubation
with 10 pg of bleomycin/ml. Magnifications are highest in the micrographs in the first two rows, intermediate in the third row, and lowest in the

bottom row.
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FIG. 2. Transmission electron micrographs of A. fumigatus cells grown with or without drug. Conidia were inoculated and grown as described
in the legend for Fig. 1. Specimens were not treated with potassium permanganate (KMnO,). (A to C) 0 pg/ml; (D to G) 10 pg/ml; (H and I) 100
wg/ml. Magnifications for the panels were as follows: A, X2.3K; B, X1.7K; C, X6.1K; D, X2.8K; E, X8.5K; F, X2.2K; G, X3.9K; H, X1.7K; I,
X8.5K.
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TABLE 1. Growth and viability of yeast cells after 18 h*

Expt 1 Expt 2 Expt 3
Drug
(ng/ml) No. of cell Viable No. of cell Viable No. of cell  Viable
doublings  cells (%) doublings cells (%) doublings cells (%)
0 13106 96 93+x03 95 113+04 95

25 073008 072 1.3*+0.07 013 1.09=*0.08 0.34

“ Experiments are listed individually to show the numbers of generations that
cells grew from the inocula in each experiment and the reproducibility of growth
inhibition and killing among the treated cultures. These potential variables
would not be factored into a single statistical mean value and its associated
standard error.

attempting to divide. However, more than 99% of the cells in
each population died (Table 1), and killing was even higher
when cells were incubated longer than 18 h or incubated with
higher concentrations of bleomycin (data not shown). Under
the same growth conditions, cells grew 9 to 13 generations

8005 10KV  Sum
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without the drug and were viable (Table 1). Less than 1% of
these cells had a bud of substantial size.

Budding yeast: SEM and TEM. S. cerevisiae was studied in
more detail by using SEM and TEM. In the absence of drug,
the sizes and shapes of the yeast cells were normal, as illus-
trated in the SEM micrographs in Fig. 3A and B. Typical of
cells in the stationary phase of growth, cells were also predom-
inantly singlet and contained multiple bud scars, indicating
they had divided multiple times. In contrast to the normal cell
division in these healthy cell populations, high frequencies of
the cells grown with bleomycin had not divided (Fig. 3C
through F). Cell shapes were highly irregular, and cell sizes
varied a great deal. In addition, bizarre cell configurations
were frequent, cells were mostly budded, and very few bud
scars were seen. These observations indicated that cell cycle
progression was blocked in these cells and the cells were un-
able to complete division.

18KY 10um

0016 18KV Sum

FIG. 3. Representative scanning electron micrographs illustrating aberrant cell division and inhibition of cytokinesis in the model yeast, S.
cerevisiae. Similar to the conidia of A. fumigatus, the yeast cells (strain CM1069-40) were inoculated at 5 X 10° cells/ml into YPAD growth medium
and incubated with aeration in replicate cultures without drug (A and B) or with 25 g of bleomycin/ml (C to F) for 18 h at 30°C.
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FIG. 4. Transmission electron micrographs illustrating normal sep-
tum formation in S. cerevisiae (strain CM1069-40) during cell division.
Yeast were inoculated and grown without drug as described in the
legend for Fig. 3. After the progression from a mother cell with a small
bud to a mother cell with a bud of the same size, a constriction forms
at the mother-bud neck prior to septum formation and cell division.
Magnifications were as follows: A, X24.75K; B, X36K.

Thin sections of these cells were studied to examine cell
septation and determine how cell walls were affected, why the
cells died, and where in the cell cycle cells were arrested.
Constructing a septum between mother and daughter cells is
part of normal cell growth and division. Figure 4 illustrates the
progression of normal septum formation in untreated cells that
follows bud emergence and nuclear division. As buds enlarge
and become equal in size to parental cells, the nucleus and
cytoplasm distribute equally between mother and daughter,
and normal constriction progresses between the two cells prior
to full septum formation and cell division.

The normal progression of septation (Figs. 4) and cytokine-
sis (Fig. 5A) as well as the intact cell perimeters (Fig. 5A)
observed among cells growing without bleomycin contrast with
the abnormal cell division observed at high frequencies among
cells that tried to divide in the presence of the drug. Repre-
sentative and common configurations are illustrated in Fig. 5B
through J. Many cells were enlarged, elongated, empty ghosts,
or fragmented, consistent with the extremely low viability and
absence of cell divisions revealed in the quantitative analyses
(Table 1). Typically during growth, the mother cell and daugh-
ter cell did not pinch off completely, cell walls were abnormally
thick and irregularly shaped, and polarized growth was abnor-
mal. In Fig. 5B, interruptions and thickening of the cell wall
around both mother and bud, focal thickening of the cell wall
at the bud neck, and a shredded and broken wall on the bud
scar of the mother cell all accompanied the distorted shape of
the mother cell and its large bud. The cell wall in Fig. 5C was
focally thickened in different regions, most severely at the
constriction between mother and bud. Moreover, the cyto-
plasm was distributed asymmetrically between mother and bud
at the constrictions in Fig. 5B and C. In Fig. 5D, the wall is
grossly thickened at the constriction between mother and bud,
in contrast to normal division (Fig. 4 and 5A). In Fig. 5E and
F, the cytoplasms of the mother and daughter cells completely
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divided but without cell division. A bud is shown emerging
abnormally from the daughter cell in Fig. SF.

A cell representative of those that grew abnormally large
and elongated is shown in Fig. 5G, and the thin-section micro-
graph showed that neither its cytoplasm nor cell wall divided.
Focal thickening is observed along the cell wall in several
places, and a part of the cell wall is missing. In addition, cell
division was not completed between this giant cell and an
adjacent cell (Fig. 5G, lower left). Another peculiar yet com-
mon form is illustrated in Fig. SH, where an irregularly shaped
cell elongated without dividing. The cell wall also developed
abnormally, as it focally thickened at the constriction as well as
in other places. In the singlet ovoid cell in the upper left of Fig.
5H, most of the wall is actually missing, indicating severe dam-
age. In Fig. 51, the cytoplasms divided in the triplet cell, but an
abnormal septum formed at the upper construction and the
wall thickened without septation at the bottom constriction.
Cytokinesis failed in both divisions.

Cell wall development and thickening are also grossly ab-
normal throughout the bizarre yeast form in Fig. 5J, where the
cytoplasm but not the cell wall divided. Among some of the
cells that remained somewhat intact, parts of the cell wall,
membrane, and cytoplasm were lost (Fig. 5K and L).

DISCUSSION

This is the first report of a chemical or drug that blocks
fungal septum formation and cytokinesis and that also prefer-
entially localizes to cell walls (35) and alters intact cell walls on
nongrowing cells (2, 23, 32, 35, 40) and isolated cell walls (2).
In this regard, the bleomycin drug family represents a previ-
ously unknown class of cidal antifungal agents. The results
presented in this report indicate that the blocks in the growth
and development of A. fumigatus and S. cerevisiae cells stopped
progression of the cell division cycle, preventing cytokinesis.
From the collective data from quantitative measurements of
cell growth and division, the scanning and transmission micros-
copy studies, and the MICs, the model that emanates is that
cells finish a division if formation of the cell wall septum
progresses sufficiently to permit cytokinesis, but cells are un-
able to undergo another division. Practically all of the S. cer-
evisiae cells died after 18 h (Table 1).

Bleomycin causes the destruction of cell wall components by
an oxidative mechanism (2, 23, 32, 35, 40). Because bleomycin
destroys both intact and isolated cell walls, we believe that the
drug damages newly formed cell wall polymers as well as pre-
existing polymers. In these respects, the bleomycin action is
different from the action of RO-09-3143, which was shown by
Sudoh and coworkers to be an inhibitor highly specific to one
of the three fungal chitin synthases in Candida albicans,
CaChslp (55). Although our belief that bleomycin affects cell
wall polymers that are already formed is supported by our
group’s bleomycin studies thus far (2, 23, 32, 34, 35, 40; present
report), the findings do not rule out the possibility that the
drug also affects the synthesis of one or more cell wall com-
ponents.

It would be useful to determine efficacies against aspergil-
losis and cryptococcosis in model systems. In many clinical
situations, A. fumigatus is enormously difficult to control by
drugs and is lethal (8, 20). The sequence of infectious events is
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4

FIG. 5. Representative transmission electron micrographs illustrating normal cytokinesis and examples of antifungal effects of bleomycin on S.
cerevisiae (strain CM1069-40). Cells were inoculated and grown as described for Fig. 3 and 4. KMnO, was not added during cell fixation. (A) 0
wg/ml; (B to L) 25 pg/ml. Magnifications were as follows: A, X33K; B, X6.4K; C, X8.2K; D and E, X10.24K; F, X8.2K; G, X5.6K; H, X4.3K; I
and J, X8.2K; K and L, X10K.
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that the asexual spores, the conidia, germinate and produce
multicellular hyphae which elongate and branch into networks
of hyphae (7, 45, 51). Various Aspergillus species are airborne
throughout the world all of the time, and the inhalation of
conidia of A. fumigatus can cause fulminating infections in
immunocompromised organisms as well as acute toxic reac-
tions (8, 20). C. neoformans is now a major opportunistic
pathogen worldwide, and its infections are deadly (14, 15, 41,
52). With the widespread epidemic of AIDS, occurrences of
cryptococcosis of the central nervous system have increased
sharply (10, 26, 61), and C. neoformans has become a leading
cause of morbidity and mortality in these patients (19, 43, 56).
Cryptococcal meningitis is the most common life-threatening
mycosis in individuals with human immunodeficiency virus
type 1 infection, and additional central nervous system disor-
ders caused by Cryptococcus include toxoplasma encephalitis,
primary central nervous system lymphoma, cytomegalovirus
encephalitis, and progressive multifocal leukoencephalopathy
(26). In organ transplant recipients, aspergillosis is the second
and cryptococcosis is the third most common invasive fungal
infection (17, 59).

We further propose that it would be beneficial to determine
the minimal part of the bleomycin molecule responsible for
producing the cell wall injury and developmental blocks. A new
class of fungicidal drugs would be of significant medical value
because of the shortage of effective antifungals (20) and be-
cause of developing fungal resistance to current antifungal
therapies (25, 28, 47-49). The drugs are particularly needed for
use in immunocompromised AIDS and cancer patients. The
potential for lung fibrosis that sometimes develops in geneti-
cally susceptible cancer patients after extensive therapeutic
modalities with bleomycin or bleomycin and radiation (22, 27,
53) may well be abated with taurine (11, 13), a naturally oc-
curring amino acid with antioxidant properties. Bleomycin or a
substructure may also be useful as a tool to study fungal cell
wall architecture, septa, the cell division cycle, and cytokinesis.
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