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Abstract

The present work focuses on the analysis of cell cycle progression of Paracoccidioides brasiliensis yeast cells under diVerent environ-
mental conditions. We optimized a Xow cytometric technique for cell cycle proWle analysis based on high resolution measurements of
nuclear DNA. Exponentially growing cells in poor-deWned or rich-complex nutritional environments showed an increased percentage of
daughter cells in accordance with the fungus’ multiple budding and high growth rate. During the stationary growth-phase cell cycle pro-
gression in rich-complex medium was characterized by an accumulation of cells with higher DNA content or pseudohyphae-like struc-
tures, whereas in poor-deWned medium arrested cells mainly displayed two DNA contents. Furthermore, the fungicide benomyl induced
an arrest of the cell cycle with accumulation of cells presenting high and varying DNA contents, consistent with this fungus’ unique pat-
tern of cellular division. Altogether, our Wndings seem to indicate that P. brasiliensis may possess alternative control mechanisms during
cell growth to manage multiple budding and its multinucleate nature.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The dimorphic pathogenic fungus Paracoccidioides bra-
siliensis, the etiologic agent of paracoccidioidomycosis
(PCM), undergoes a complex transformation in vivo and
also in vitro at 36–37 °C, consisting in the switch from a
mycelial non-pathogenic form that grows at environmental
temperatures to a yeast pathogenic form occurring at the
temperature of the mammalian host (Queiroz-Telles, 1994).
PCM is one of the most prevalent invasive fungal infections
in Latin America essentially aVecting immunocompetent
individuals. As in other fungi, thermodimorphism is an
important virulence trait of P. brasiliensis representing a
crucial step in its pathogenicity (San Blas et al., 2002). How-
ever, the bases underlying the cellular and molecular pro-
cesses involved in the morphological transition of this
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human pathogen are still unknown (Restrepo-Moreno,
2003).

P. brasiliensis yeast cells are generally characterized by
the pilot’s wheel appearance, i.e., a multiple budding
mother cell surrounded peripherally by daughter cells,
though short chains of blastoconidia or cells with single
buds may also be observed (Queiroz-Telles, 1994; Rest-
repo-Moreno, 2003). Both mycelia and yeast cells feature
multiple nuclei, whereas conidia—supposedly the natural
infectious propagules—present only a single nucleus (San
Blas, 1986). Even though knowledge concerning several
aspects of the biology of P. brasiliensis has increased, lit-
tle attention has been given so far to issues such as the
regulation of the cell cycle and the interaction between
DNA replication, nuclei segregation and budding. The
control mechanisms that underlie cell growth and
nuclear/cellular division of the eukaryote model system
Saccharomyces cerevisiae have been extensively studied.
During normal growth conditions, this single budding
yeast progresses to a speciWc “start” point in the G1 phase
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of the cell cycle which precedes the triggering of three cell
cycle milestones, namely initiation of budding, initiation
of DNA synthesis and spindle-body duplication as a
primary step of nuclear division (Hartwell, 1974; Hart-
well et al., 1974). Interestingly, cell cycle control mecha-
nisms diVerent than those of S. cerevisiae have been
described in other microorganisms, such as bacteria
from the archaeal genus Sulfolobus or the opportunistic
fungus Cryptococcus neoformans (Bernander, 1998; Hjort
and Bernander, 2001; Ohkusu et al., 2001; Takeo et al.,
2004). These organisms seem to possess alternative
checkpoints for the regulation of cell cycle progression,
speciWcally in what concerns DNA synthesis and cell
division.

The main goal of this work was to analyze the cell
cycle proWle of P. brasiliensis yeast cells under diVerent
environmental conditions. We have evaluated cell cycle
progression along diVerent phases of growth in batch cul-
tures, namely in deWned and complex media. Further-
more, the eVect of benomyl on such proWle was also
analyzed. Methyl benzimidazole-2-yl-carbamate, the
active component of this drug, has been shown to disturb
microtubule assembly in S. cerevisiae, inducing mitotic
chromosome loss (Rodrigues et al., 2003) and cause meta-
phase arrest with blocking of the cells in the G2/M phases
of the cell cycle (Wood, 1982a,b). In order to achieve the
proposed objectives, we optimized a Xow cytometry
(FCM) technique for the evaluation of the cell cycle pro-
Wle of P. brasiliensis yeast cells based on nuclear DNA
content, using SYBR Green I, a probe with high aYnity
for double stranded DNA (dsDNA) (Fortuna et al.,
2000).

2. Materials and methods

2.1. Strains and media

Paracoccidioides brasiliensis yeast cells, strain ATCC
60855, a Colombian isolate, were maintained at 36 °C
by periodic subculturing in slanted tubes with brain
heart infusion (BHI) solid media (1.5% wt/vol agar) sup-
plemented with 1% glucose. For the assays carried out
in this study, yeast cells were routinely grown in both
BHI and modiWed synthetic McVeigh Morton (MMcM)
(Restrepo and Jimenez, 1980) liquid medium, at 36 °C
with aeration on a mechanical shaker (200 rpm).

2.2. Microscopic count methods and cell viability assays

Direct microscopic counts of yeast cell suspensions
were carried out using bright-Weld microscopy and Neu-
bauer counting chamber procedures (cells were consid-
ered individually for count methods). Cell viability
(colony-forming ability) was measured by plating serial
dilutions of yeast cultures onto BHI plates supplemented
with 1% glucose and colony counting after 15 days of
incubation at 36 °C.
2.3. Cell cycle analysis

P. brasiliensis yeast cells were cultured in BHI liquid
medium supplemented with 1% glucose to an early stage of
the exponential phase of growth. When indicated, cells were
harvested, washed with distilled sterile water, and suspended
in MMcM medium. Samples were collected at deWned cul-
ture times by centrifugation (4000g for 5 min at 4 °C). An
overnight Wxation was carried out with 70% ethanol (vol/
vol) at 4 °C, a procedure that does not perturb the formation
of dsDNA/SYBR Green I complexes. After Wxation, cells
were harvested, washed and suspended at 1£107 cells/ml in
1 ml of sodium citrate buVer (50 mM; pH 7.5), an optimal
staining condition for this Xuorochrome (Fortuna et al.,
2000). The suspensions were then subjected to three consec-
utive ultrasound (Sonics Vibra-cell; Newton, CT, USA)
pulses at 40 W for 1 s, with an interval of 1–2 s between each
pulse. After sonication, cell suspensions were treated for 30,
60, and 75 min at 50 °C with RNase A (0.25, 0.5, and 0.75 mg/
ml) and/or with proteinase K (0.5, 1, 1.5, and 2 mg/ml). To
facilitate formal validation of the optimization process, a cell
concentration of 1£107 cells/ml was stained overnight at
4 °C with SYBR Green I (Molecular Probes, Eugene, OR,
USA) at a Wnal concentration of 25£ throughout all assays.
For titration procedures, cell staining was carried out with
SYBR Green I at Wnal concentrations ranging from 0.01£
to 100£. Before FCM analysis, Triton® X-100 (Sigma–
Aldrich, St. Louis, MO, USA) was added to samples at a
Wnal concentration of 0.25% (vol/vol).

2.4. Flow cytometry measurements

All FCM experiments were performed on an EPICS XL-
MCL (Beckman–Coulter, Hialeah, FL, USA) Xow cytome-
ter equipped with an argon-ion laser emitting a 488 nm
beam at 15 mW. The green Xuorescence was collected
through a 488 nm blocking Wlter, a 550 nm/long-pass
dichroic with a 525 nm/band-pass and a 590 nm/long-pass
with a 620 nm/band-pass, respectively. A minimum of
30,000 cells per sample was acquired at low Xow rate and an
acquisition protocol was deWned to measure forward scat-
ter (FS) and side scatter (SS) on a four-decade logarithmic
scale and green Xuorescence (FL1) on a linear scale. OZine
data were analyzed with the Multigraph software included
in the system II acquisition software for the EPICS XL/XL-
MCL version 1.0 and statistical analysis was carried out
with the Windows Multiple Document Interface for Flow
Cytometry 2.8 (WinMDI 2.8).

Cell sorting was performed on a MoFlo® high speed cell
sorter (DakoCytomation; Fort Collins, CO, USA) conWg-
ured with two lasers for 488 and 633 nm excitation simulta-
neously. For Xuorescence-activated cell-sorter puriWcation,
P. brasiliensis yeast cell samples, strain ATCC 60855, were
prepared as described above for cell cycle analysis. Both FS
LOG and FL1 measurements were carried out in order to
deWne subpopulations for cell sorting. The purity of cell
preparations was >80%.
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2.5. EpiXuorescence microscopy analysis

EpiXuorescence microscopy was performed on a Zeiss
Axioskop epiXuorescence microscope Wtted with 10£ eye-
pieces and 40£ and 100£ (oil immersion) objectives and
equipped with a Carl Zeiss AxioCam (HR/MR). Due to
lower sensitivity of this technique comparatively to FCM,
SYBR Green I cell staining was carried out with a Wnal
concentration of 80£.

2.6. Benomyl treatment

P. brasiliensis yeast cells were cultured in MMcM liquid
medium to a stationary phase of growth. Cells were then
harvested, washed with distilled sterile water and suspended
in MMcM liquid medium in order to obtain a Wnal cell
number of about 3£106 cells/ml. Benomyl solutions were
prepared in dimethyl sulfoxide (DMSO) in such a manner
that the Wnal concentration of this organic solvent in the
culture medium never exceeded 1% (vol/vol), a concentra-
tion that on our preliminary analysis revealed no eVect on
cell growth or viability. Treatments with diVerent concen-
trations of the antifungal agent were performed at 36 °C
with aeration on a mechanical shaker (200 rpm). Samples
for cell cycle analysis, cell viability assays and direct micro-
scopic counts were collected at the times indicated in Sec-
tion 3.

2.7. Reproducibility of the results and statistical analysis

All experiments were repeated at least three times with
duplicate samples. The data regarding FCM protocol opti-
mization are from one representative experiment, while data
from cell cycle proWle analysis are reported as mean values
(standard deviation 610%). Statistical analysis regarding
treatment of P. brasiliensis yeast cells with benomyl was car-
ried out by Two-way ANOVA using the GraphPad Prism
Software version 4.00. Percentage of individual cell subpop-
ulations were compared between treated and untreated con-
ditions at all intervals indicted in Section 3.

3. Results

The present study focused on the characteristics of the
cell cycle proWle of Paracoccidioides brasiliensis yeast cells
during batch culturing and under the eVects of benomyl, an
antifungal drug known to promote a cell cycle arrest in the
G2/M phases of Saccharomyces cerevisiae (Wood, 1982a,b).
Taking into consideration the proposed objectives and spe-
ciWc traits of this pathogenic fungus, we optimized a previ-
ously described protocol for S. cerevisiae and
Zygosaccharomyces bailii based on SYBR Green I staining
of dsDNA that provides high resolution DNA measure-
ments by single-cell analysis of large samples (Fortuna
et al., 2000). As described below, an array of experiments
was carried out to optimize staining conditions, using
decreases in the half-peak coeYcient of variation (HPCV),
a statistical factor that inversely correlates with a homoge-
nous and selective staining of dsDNA, as an indicator of
protocol improvements for high-resolution DNA measure-
ments (Fortuna et al., 2000).

3.1. Protocol development for cell cycle analysis by FCM of 
P. brasiliensis yeast cells

To characterize the cellular population of P. brasiliensis
batch cultures by FCM, a light scatter analysis of forward
scatter (FS LOG) and side scatter (SS LOG) was per-
formed, parameters that are correlated to cell size and cell
complexity, respectively. Yeast cell samples were collected
at early stages of the exponential and stationary phases of
growth. In line with observations from bright-Weld micros-
copy (Fig. 1, I), the biparametric analysis of P. brasiliensis
stationary phase yeast cells correlating relative size and
Fig. 1. P. brasiliensis stationary phase yeast cells in MMcM liquid medium. (I) Light microscopy analysis (dark Weld) of distinct cellular morphologies
identiWed during batch culture (white arrows indicate small daughter cells). (II) Dot plot of logarithmic forward scatter (FS LOG) vs. logarithmic side
scatter (SS LOG) of a light scatter analysis of unstained P. brasiliensis yeast cells; (A) and (B) represent subpopulations with low and high relative size and
complexity, respectively.
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complexity revealed a vast heterogeneity in both parame-
ters. The physical scattergram (Fig. 1, II) disclosed two
major subpopulations: a subpopulation (A) most likely
consisting of smaller and less complex cells with a more
homogeneous morphology, and a subpopulation (B) with
higher scatter values probably representing multiple bud-
ding cells or cell aggregates. Similar results were obtained
with exponential growing cells (data not shown).

The Xow cytometric analysis of ethanol-Wxed P. brasili-
ensis yeast cells revealed a low speciWcity for SYBR Green I
staining, with the appearance of poorly discriminated cell
subpopulations with heterogeneous mean Xuorescence
intensities (Fig. 2, I-A). Under these conditions, the cyto-
metric pattern did not present the characteristics of a cell
cycle proWle, in accordance with the observation of cyto-
plasmic diVuse Xuorescence by epiXuorescence microscopy
(Fig. 2, II-A). Therefore, a series of pre-treatments with
RNase A and proteinase K were carried out as described
under Section 2. The pre-treatment of cell suspensions with
0.75 mg/ml RNase A for 60 min at 50 °C led to the discrimi-
nation of two major homogeneous subpopulations of cells
with diVerent DNA content (R1 and R2) and a subpopula-
tion of cells presenting a high and varying mean Xuores-
cence intensity (R3) (Fig. 2, I-B). Along with diminished
HPCV values (Table 1), epiXuorescence microscopy
revealed that RNase A pre-treatment led to a more selective
SYBR Green I staining of dsDNA, although some non-spe-
ciWc cytoplasmic distribution was still visible (Fig. 2, II-B).
An increase in peak resolution was observed when cells
were Wrstly treated with RNase A as above and subse-
quently with proteinase K (1 mg/ml; 60 min at 50 °C)
(Fig. 2, I-C; Table 1), but not with a single proteinase K
pre-treatment (data not shown). In addition, two new sub-
populations were identiWed, R4 and R5, even though they
represented very low percentages of the total population of
cells and were not always discriminated (Fig. 2, I-C). As
shown by Fig. 2 II-C, epiXuorescence microscopy further
corroborated selective nuclear SYBR Green I staining. The
evaluation of individual subpopulations also revealed that
R2, R4 and R5 each present, 2-, 3-, and 4-fold increases in
the mean Xuorescence intensity of R1 (Table 1).

To assess the speciWcity of DNA labeling after RNase A
and proteinase K pre-treatments, P. brasiliensis yeast cells
were treated overnight with DNase before and after stain-
ing. The complete loss of green Xuorescence in both condi-
tions conWrmed the DNA speciWc labeling (data not
shown). In order to achieve a saturating mean Xuorescence
intensity associated with a minimum non-speciWc labeling,
P. brasiliensis yeast cells, treated with RNase A and pro-
teinase K, were stained with SYBR Green I at concentra-
tions ranging from 0.01£ to 100£ (data not shown).
Considering the array of tested SYBR Green I concentra-
tions, 25£ per 1£ 107 cells/ml was chosen as an optimal
dye-to-cell concentration ratio.

3.2. Characterization of cell morphology and nuclei content 
of P. brasiliensis yeast cells

With the aim of characterizing the cellular morphology
and nuclei content of the various subpopulations discrimi-
nated during cell cycle proWle analysis of P. brasiliensis yeast
cells, samples were collected during the exponential phase of
growth in BHI batch culture and submitted to cell cycle
analysis. We then proceeded with physical separation by cell
Fig. 2. P. brasiliensis yeast cells grown in MMcM batch cultures to the stationary phase, subjected to SYBR Green I staining. (A) Without pre-treatment;
(B) treated with 0.75 mg/ml of RNase A for 60 min at 50 °C; (C) treated sequentially with RNase A as in (B) and 1 mg/ml of proteinase K for 60 min at
50 °C. (I) Monoparametic histograms of green Xuorescence (FL1); (II) epiXuorescence microscopy analysis (overlap of bright Weld and green Xuorescence).
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sorting in accordance with speciWc parameters, namely rela-
tive size (FS LOG) and green Xuorescence intensity (FL1
LOG), and selective gates were deWned corresponding to R1,
R2 and R3 subpopulations (due to technical limitations sub-
populations R4 and R5 were not individualized) (Fig. 3, I).
FCM of sorted subpopulations revealed high purity separa-
tions: cells from R1 achieved 97.3%, cells from R2 80.5% and
cells from R3 87.4%. EpiXuorescence microscopy analysis of
sorted cells showed that R1 subpopulation was composed by
cells of reduced size containing only one nucleus (Fig. 3, II-
A). On the other hand, R2 consisted of uninucleated and
binucleated cells slightly larger than those in R1 (Fig. 3, II-
B). Regarding R3, this subpopulation enclosed a heteroge-
neous group of cells concerning cell morphology and nuclei
number (Fig. 3, II-C): both multiple budding cells with a
variable number of nuclei as well as single cells with 3 or
more nuclei were observed.

3.3. Batch culture growth of P. brasiliensis yeast cells in 
deWned and complex medium show diVerential patterns of cell 
cycle progression

P. brasiliensis cells were cultured in batch system in
deWned (MMcM) and complex (BHI) media to assess speciWc
diVerences of cell cycle proWle during growth in poor and rich
nutritional environment conditions. Samples were collected
during growth and subjected to direct microscopic counts
together with the FCM analysis of the nuclear DNA content
of individual cells. The growth curve of P. brasiliensis in
MMcM medium showed that the exponential phase
occurred between 12 and 60 h (�D0.025§0.004 h¡1) while
the stationary phase was initiated between 60 and 72 h
(Fig. 4A). During the transition of the lag to the exponential
phase the percentage of cells in subpopulation R1 increased
from 50.0 to 69.8% of the total population (Fig. 4B). Whereas
the percentage of cells in subpopulation R1 remained
approximately constant during the exponential phase, it con-
tinuously decreased up to 42.2% through the stationary
phase. In contrast, the percentage of cells in subpopulation
R2 (10%) remained unaltered until the late exponential
phase, followed by an increase to 43.1% during the stationary
phase. Between the end of the lag phase and the early expo-
nential phase (24h) the percentage of cells in subpopulation
R3 diminished from 37.8 to 17.6%. This proportion was
maintained during the exponential phase and partially dur-
ing the stationary phase up to 96h, decreasing to 11.4% at
120h. According to both cytometric physical parameters and
epiXuorescence microscopy observations, a batch culture of
P. brasiliensis yeast cells in the stationary phase of growth in
MMcM medium, is characterized by the predominance of
subpopulations R1 and R2, mostly represented by smaller
uninucleated cells with a lower DNA content (Fig. 4C).

Regarding P. brasiliensis yeast cells cultured in batch
system in BHI medium, the growth rate was only slightly
higher than in MMcM medium (�D 0.040§0.008 h¡1).
However, P. brasiliensis grown in BHI medium displayed a
prolonged exponential phase (between 24 and 84 h) fol-
lowed by a transition to the stationary phase occurring
between 96 and 108 h (Fig. 5A). During the transition from
the lag to exponential phase of growth (until 24 h) an
increase in subpopulation R3 to 29.8% was observed
(Fig. 5B). Throughout the exponential phase of growth, the
percentage of cells in subpopulation R1 increased from 32.8
to 71.2%, whereas at a later stationary phase a decrease to
50.9% was detected. On the other hand, subpopulation R2
was characterized by a decrease—16.1 to 8.5%—from the
beginning of the exponential phase (24 h) to the early sta-
tionary phase (120 h) followed by an augment to 13.4% at
180 h. Subpopulation R3 diminished from 29.8 to 6.5% until
the early stationary phase, then increasing to 27.5% at
180 h. Additionally, microscopy analysis showed that cells
growing in BHI batch cultures presented distinct features
such as pseudohyphae-like structures rather than the “typi-
cal” multiple budding cells present in cultures grown in
MMcM medium (Fig. 5C).

3.4. The fungicide benomyl triggers an arrest in the cell cycle 
progression of P. brasiliensis yeast cells

With the intention of disturbing cell cycle progression of
P. brasiliensis, we selected the fungicide benomyl since in
other fungi it induces mitotic chromosome loss (Rodrigues
et al., 2003) and cell cycle arrest in the G2/M phases (Jacobs
et al., 1988; Wood, 1982a,b). Yeast cells were grown with a
range of benomyl concentrations (from 5 to 250�g/ml) and
samples were collected at intervals for cell cycle proWle
analysis. Cell viability assays determined by colony forming
ability indicated that a Wnal concentration up to 100 �g/ml
Table 1
Analysis of the cell cycle proWle of P. brasiliensis stationary yeast cells grown in MMcM batch cultures, labeled with SYBR Green I: R1, R2, R3, R4, and R5

are subpopulations with diVerent nuclear DNA contents. Shown are population size (events, %), mean Xuorescence intensity (MFI), and half peak of
coeYcient of variation (HPCV, %) of each subpopulation

nd, non-detected.
a Treatment with 0.75 mg/ml RNase A for 60 min at 50 °C.
b Sequential treatment with 0.75 mg/ml RNase A and 1 mg/ml proteinase K for 60 min at 50 °C.

R1 R2 R3 R4 R5

Events MFI HPCV Events MFI HPCV Events MFI HPCV Events MFI HPCV Events MFI HPCV

Non-treated 48.9 95.0 25.0 38.6 193.2 22.3 10.4 592.8 nd nd nd nd nd nd nd
RNase A a 44.5 101.8 10.7 43.1 198.1 11.5 9.8 575.5 nd nd nd nd nd nd nd
RNase A + proteinase K b 47.1 100.4 4.5 43.5 201.0 5.2 8.4 553.1 nd 2.1 301.6 nd 0.7 402.3 nd
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of benomyl did not result in survival changes (data not
shown). In comparison with untreated controls, no diVer-
ences were observed (P > 0.05) during the Wrst 16 h of treat-
ment in the cell cycle proWle of P. brasiliensis yeast cells
exposed to 100�g/ml benomyl (Fig. 6). However, after 24 h
benomyl-treated cells showed an increase in the percentage
of cells in subpopulation R3 and a decrease in subpopula-
tions R1 and R2 (Fig. 6B). Throughout the remaining
period of treatment (24–88 h), signiWcant diVerences were
detected between all subpopulations of treated and
untreated cells (P < 0.005). At 88 h, the percentage of beno-
myl-treated cells in subpopulations R1, R2, and R3 was 23.4,

Fig. 3. P. brasiliensis yeast cells in the exponential phase of growth in BHI
medium subjected to cell cycle analysis. (I) Representative dot plot of for-
ward scatter (FS LOG) vs. green Xuorescence intensity (FL1 LOG) with
selective gates deWned around subpopulations R1, R2, and R3 prior to cell
sorting (cell percentage is represented in brackets). (II) EpiXuorescence
microscopy analysis of P. brasiliensis yeast cells after cell sorting (overlap
of bright Weld and green Xuorescence): cells sorted from subpopulation R1

(A), R2 (B), and R3 (C) (white arrows indicate SYBR Green I nuclear
staining).
Fig. 4. Batch growing culture of P. brasiliensis yeast cells in MMcM
medium. (A) Representative plot of a growth curve obtained by direct
microscopic counts along time. (B) Cell cycle proWle presented as the per-
centage of cells in each subpopulation (R1, R2, and R3). (C) EpiXuores-
cence microscopy analysis of diVerent cellular morphologies detected at
distinct phases of batch culture growth (0, 36, 72, and 120 h).
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Fig. 5. Batch growing culture of P. brasiliensis yeast cells in BHI medium.
(A) Representative plot of a growth curve obtained by direct microscopic
counts along time. (B) Cell cycle proWle presented as the percentage of
cells in each subpopulation (R1, R2, and R3). (C) EpiXuorescence micros-
copy analysis of diVerent cellular morphologies detected at distinct phases
of batch culture growth (0, 24, 108, and 180 h).
14.1, and 60.6%, respectively, whereas the untreated control
presented 44.5, 42.9, and 12.2% of the same subpopulations
(Fig. 6). We also found a dose-dependent eVect of the
fungicide regarding the arrest of cell cycle progression of P.
brasiliensis yeast cells (data not shown).

4. Discussion

The main objective of this study was to evaluate the cell
cycle proWle of the pathogenic yeast form of the dimorphic
fungus Paracoccidioides brasiliensis. In order to achieve this
goal we optimized a Xow cytometry technique for the anal-
ysis of nuclear DNA content, thus allowing the evaluation
of cell cycle progression of P. brasiliensis yeast cells grow-
ing under diVerent environmental conditions.

A major constraint regarding the application of Xow
cytometry for the analysis of P. brasiliensis yeast cells is
the cell population heterogeneity which not only presents
distinct multiple budding yeast cells but also cells with odd
morphologies; additionally, accumulation of debris in its
culture media hampers the potential approach of Xow
cytometric studies (Queiroz-Telles, 1994; Restrepo-
Moreno, 2003). Nonetheless, our results show that the
cytoXuorimetric analysis of this pathogenic fungus is prac-
ticable, indicating that the settings for an optimal cell cycle
proWle analysis of P. brasiliensis yeast cells based on
nuclear DNA content are: (i) overnight cell Wxation with
70% ethanol (vol/vol) at 4 °C; (ii) ultrasonication of 1£ 107

cells/ml (sodium citrate buVer; 50 mM; pH 7.5) with 3
ultrasound pulses at 40 W for 1 s, with an interval of 1–2 s
between each pulse; (iii) a subsequent pre-treatment, at

Fig. 6. Cell cycle proWle of P. brasiliensis yeast cells growing in MMcM
medium, presented as the percentage of cells in each subpopulation (R1,
R2, and R3) in (A) absence (control with 1% DMSO) and (B) presence of
100 �g/ml of benomyl.



408 A.J. Almeida et al. / Fungal Genetics and Biology 43 (2006) 401–409
50 °C, with RNase A (0.75 mg/ml) and proteinase K (1 mg/
ml) for 60 min each; (iv) overnight staining at 4 °C with
SYBR Green I (25£), and (v) addition of Triton (0.25%;
vol/vol) before acquisition by Xow cytometry. Our results
demonstrate that treatment with RNase A and proteinase
K are essential for probe targeting of dsDNA with SYBR
Green I. As other fungi, P. brasiliensis seems to have high
levels of RNA thus hampering selective dsDNA staining
(Futcher, 1993; Winson and Davey, 2000). Moreover,
besides eliminating cell debris, proteinase K facilitates the
access of Xuorochrome to dsDNA and reduces nonspeciWc
binding due to its important proteolytic activity against
histones (Dien et al., 1994). Bearing in mind that P. brasili-
ensis yeast cell populations are extremely heterogeneous,
half-peak coeYcient of variation (HPCV) values ranging
between 4.5 and 5.1% indicate an accurate and reliable
dsDNA staining. Furthermore, the direct application of
this method to P. brasiliensis yeast cells grown in a batch
system discriminated subpopulations with both homoge-
nous and heterogeneous mean Xuorescence intensity. In
fact, up to four diVerent cellular subpopulations with
homogeneous mean Xuorescence intensity were distin-
guished (R1, R2, R4, and R5) indicating one to four fold of
genomic DNA content, characteristic of multiple budding
and/or polynucleated cells. In view of these results, a query
prior to cell cycle proWle analysis under distinct growth
conditions was to describe cell morphology and nuclei
content of each individual subpopulation. In accordance
with epiXuorescence microscopy analysis (Fig. 3, II), cells
within R1 most likely represent small uninucleated daugh-
ter cells. Regarding R2, this subpopulation encloses both
uninucleated and binucleated cells that may correspond to
cells in diVerent phases of the cell cycle. In addition, it is
also possible that some of the cells in R2 presenting two
nuclei correspond not to dividing cells but to cells of multi-
nucleate nature. On the other hand, cells with higher mean
Xuorescence intensity that belong to subpopulation R3
correspond to cells with an elevated number of nuclei per
individual cell, multiple budding cells and/or aggregates.
These Wndings are consistent with the extensively described
multinucleate and multiple budding nature of P. brasilien-
sis yeast cells (Restrepo-Moreno, 2003).

During batch growth cultures in deWned (Fig. 4) or
complex (Fig. 5) nutritional environments, a diVerential
cell cycle progression of P. brasiliensis yeast form was
observed. Contrary to what would be expected, a low per-
centage of cells with higher mean Xuorescence intensity
(subpopulation R3), characteristic of dividing cells, was
observed during the exponential growth-phase in both
media, although to a lesser extent in BHI. At the same
time, an increase of cells in subpopulation R1 was
detected. An explanation for this behaviour might be that,
contrary to “single” budding yeasts in which one mother
cell gives rise to two daughter cells, a P. brasiliensis yeast
mother cell may give rise to numerous progeny due to its
typical multiple budding (Queiroz-Telles, 1994; Restrepo-
Moreno, 2003). It is likely that these variations in the cell
cycle proWle of exponentially growing cells result from a
large increase in small daughter cells accompanying a
higher growth rate. However, during the stationary phase
of growth distinct cell cycle proWles were detected in both
environments. In complex medium, we observed an
increase in the percentage of cells in subpopulation R3
associated with the occurrence of pseudohyphae-like
structures and cells with higher DNA content at later
stages of this growth phase (Fig. 5). These results may
suggest that de-regulation of the normal processes that
coordinate DNA replication, nuclei segregation and cell
division occurs under rich nutrition-environmental condi-
tions. On the other hand, in deWned medium a decline in
R1 and R3 subpopulations was detected in parallel with an
increase in subpopulation R2 in a stationary growth-
phase. Consequently, approximately 90% of the total pop-
ulation consisted of two major subpopulations having 1n
and 2n DNA content (R1and R2, respectively), although
the majority of the cells presented 1 nucleus and a much
more homogenous morphology (Fig. 4). The stationary
phase of growth of a microbial population is generally
characterized by an arrest of the great majority of cells in
G0/G1 phases of the cell cycle with a lower and unique
DNA content (Herman, 2002). However, several reports
indicate the existence of microorganisms that do not fol-
low these same rules that usually coordinate cellular and
nuclear division during cell growth. As demonstrated for
P. brasiliensis yeast cells during this work, Archaeobacte-
ria from the genus Sulfolobus and the pathogenic fungus
Cryptococcus neoformans have also been shown to present
two fully replicated genomes in a stationary-phase cul-
ture, demonstrating some level of independence between
DNA duplication and cell division (Bernander, 1998;
Hjort and Bernander, 2001; Takeo et al., 2004). Inciden-
tally, commitment to budding in C. neoformans cells
revealed not to be directly related to DNA synthesis or
critical cell size requirement as in the yeast model system
Saccharomyces cerevisiae, since large unbudded G2 cells
are produced during the transition to the stationary phase
of growth (Hartwell, 1974; Ohkusu et al., 2001). Addition-
ally, the fungal pathogen Candida albicans was shown to
regulate cell cycle in order to modulate cell shape while
nuclear division was maintained also indicating alterna-
tive control mechanisms (Sudbery et al., 2004).

To further contribute to the elucidation of the diVeren-
tial patterns of cell cycle progression of P. brasiliensis
yeast cells, this work also focused on the action of an anti-
fungal drug during batch culture growth. Our results
show that treatment with benomyl induces an arrest in the
cell cycle proWle (Fig. 6) and accumulation of cells in R3
subpopulation. These results suggest that even though
benomyl progressively blocks nuclear division of P. bra-
siliensis yeast form, treated cells retain their DNA replica-
tion capacity, concurring with the eVect it induces in other
fungi (Rodrigues et al., 2003; Wood, 1982a,b). However,
P. brasiliensis yeast cells accumulate in stages character-
ized by higher DNA content, rather than the G2/M phases
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of the cell cycle, consistent with its particular multinuclear
and cellular division.

The methodology herein developed has allowed us to
evaluate the cell cycle proWle of P. brasiliensis yeast form
growing under diVerent environmental conditions. Even
though this Xow cytometry technique does not ascertain
speciWc cell cycle phases, taken together our Wndings seem
to show that this fungus may possess alternative control
mechanisms during cell growth in order to manage its char-
acteristic multiple budding and multinucleate nature. Nev-
ertheless, future studies are required for the clariWcation of
the biological phenomena that regulate nuclear/cellular
division of P. brasiliensis.
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