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ABSTRACT. Dimorphic transition of some fungal pathogens is an
important attribute of some pathogenic fungi. The human pathogen
Sporothrix schenckii is a dimorphic fungus, capable of growth ei-
ther as filamentous hyphae or as yeast budding cells in response to
environmental conditions. In the present study we report the phe-
notypic characteristics of the morphological mutant UVM9, ob-
tained from a clinical isolate of Sporothrix schenckii. Mutant strain
could not develop as budding cell, though it switches to hyphae
cells shape at any culture condition. However the polarized growth
and extension of the germ tube could not be sustained and abnor-
mal short and thick hypha with atypical conidia-like cells were ob-
served. Resistance phenotype to drugs, which target cytoskeleton
and cell wall suggest that the integrity of these structures is altered
in the mutant. Pleiotropic phenotype could be explained by an al-
teration in the tubulin cytoskeleton.

Key words: Sporothrix schenckii, dimorphism, pathogenic fungus,
morphological mutant, cytoskeleton.

INTRODUCTION

The dimorphic fungi Sporothrix schenckii is the causal
agent of sporothrichosis, a chronic human disease. The
traumatic inoculation of hyphae and conidia causes a sub-
cutaneous mycosis; the fungus differentiates to yeast form
and may spread to other tissues [Kwon-Chung and Ben-
nett, 1992; Travassos, 1985]. The mechanisms that control
germination and growth as a yeast or hyphae in S.
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RESUMEN. La transicién dimdrfica es una caracteristica importan-
te de algunos hongos patégenos que tienen la capacidad de crecer
como células filamentosas (hifas) o como células gemantes (levadu-
ras) en respuesta a cambios del medio. Sporothrix schenckii es el
hongo causante de la esporotricosis, micosis subcutanea frecuente
en climas templados. Este microorganismo es dimérfico y crece
como hifas y conidios en su forma saprobia y se diferencia a leva-
dura dentro del huésped. In vitro los cambios morfolégicos son in-
ducidos a diferentes pHs del medio: a pH 5.5 crece como hifas y
produce conidios piriformes y a pH 7.2 crece como levaduras ge-
mantes. Durante el proceso de dimorfismo se llevan a cabo cambios
importantes en la polaridad del crecimiento celular que involucran
cambios en el citoesqueleto y en la pared celular. En este estudio
nosotros reportamos las caracteristicas fenotipicas de una mutante
morfolégica de S. schenckii (UVM9). La mutante no es capaz de
responder a los cambios de pH del medio de cultivo y en cualquier
condicién crece como hifas cortas y gruesas que producen conidios
atipicos. El fenotipo de resistencia a diferentes firmacos que tienen
como blanco al citoesqueleto mostrd que estas estructuras estan al-
teradas en la mutante. Este efecto pleiotrépico puede ser explicado
como resultado de una alteracion en el citoesqueleto de tubulina.

Palabras clave: Sporothrix schenckii, dimorfismo, hongo patége-
no, mutante morfoldgica, citoesqueleto.

schenckii are not known. Though it has been reported for
different fungi, that alterations in regulatory genes as well
as in structural components of cell wall, and the cytoskel-
eton, will alter the cells shape and colony morphology
[Alison et al., 1984; Madhani and Fink, 1998; Xiang et
al., 2003].

Fungal cell morphogenesis (as yeast or filament) de-
pends on polarization of the cytoskeleton and other com-
ponents of the morphogenetic machinery needed for the
assemblage of secretory vesicles intimately linked to cell
growth [Akashi et al., 1994; Seiler et al., 1997; Wu et al.,
1998; Schuchardt et al., 2005]. Filamentous fungi have a
brief period of isotropic expansion and switch to a germ
tube with apical extension. New material is added exclu-
sively to the apex with branches that emerge from the
main hyphae. Yeast starts with a period of isotropic expan-
sion that later switches to polar growth to allow bud emer-
gence [Harris and Momany, 2004].

In vitro, S. schenckii cells are able to respond to a large
variety of environmental signals (e.g. temperature, pH, and
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culture medium) that promote the development of yeast
cells, or as long branching filaments where conidia grow
laterally on the hyphae or in clusters in the conidiophores
[Kwon-Chung and Bennett, 1992; Travassos, 1985].
Conidia have a brief period of isotropic expansion, further
can switch to a germ tube with apical extension for hyphae
development or it can continue the isotropic expansion
during yeast development and switch to polar growth to
allow bud emergence [Travassos, 1985; Resto and Ro-
driguez del Valle, 1983]. The study of S. schenckii mor-
phological processes has been hampered since genetics,
molecular transformation, and targeting of specific genes
have failed to fulfill this objective. To start our studies in
S. schenckii morphogenesis we took advantage of the high
frequency and variable phenotypes of morphological mu-
tants obtained after UV light exposure. From the different
phenotypes described, the UVM9 mutant was selected
with the following criteria: 1) it has pleiotropic traits as al-
tered shape and size, ii) is a stable mutant with a reversion
frequency of 1 x 107 [Torres-Guerrero et al., 1998] sug-
gesting that the phenotype is the result of the mutation is
in one gene and is not the result of multiple events and iii)
it is avirulent in a murine model. Mice infected with the
mutant exhibited 95% survival compared to 10% survival
with wild-type.

In this work, we analyzed the behavior of the mutant
during dimorphic transition induced by the pH of the me-
dium. The results show that the conidia could not develop
into budding cells at pH 7.2 but it could grow at pH 5.5 as
germ tube and hyphae. The morphology and polarized
growth of the hyphae were severely altered and short and
thick hyphae with limited growth were produced. The
conidia developed from these hyphae were round com-
pared with the pyriform morphology of the wild-type.

The phenotypic characterization of resistance to
benomyl, griseofulvin, and calcofluor entail that the struc-
ture of cytoskeleton and cell wall of the mutant are al-
tered. Our results suggest that apical extension is not
maintained probably due to alterations in cytoskeleton.

METHODS
Strains and growth conditions

Wild-type strain FM217 was isolated from a patient
with sporotrichosis and was kindly provided by Jorge
Mayorga, Instituto Dermatolégico, Jalisco, México.
UVM9 is a morphological mutant, isogenic to FM217
[Torres-Guerrero et al., 1998]. Conidial suspension was
prepared by adding sterile water to YEPD slants (0.1% w/v
glucose, 0.3% w/v peptone, and 0.2% w/v yeast extract)
that were incubated for 7 days at 28 °C. This suspension
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was filtered (sterile Whatman paper No 1) to selectively
eliminate short hyphae. To obtain yeast and hyphae
shapes, 1 x 107 conidia ml! were inoculated in basal me-
dium with glucose and vitamins (RV) as previously de-
scribed [Rodriguez del Valle ef al., 1983; Torres-Guerrero
et al., 1998]. In RV pH 7.2 conidia developed as yeast
cells while mycelium was observed at pH 5.5. Conidia
were also grown in liquid or solid YEPD at 28 °C to induce
mycelium. At 12, 18, and 24 h of incubation, samples were
taken and fixed with 2% formaldehyde. Cells were ob-
served by Differential Interference Contrast DIC (Olympus
Provis).

Inhibitory drug concentrations (ICs,)

Conida from YEPD slants cultured for 7 days were
washed with water, and the suspension was adjusted to 1 x
10° cells ml-!. Appropriate dilutions of cells were spread
on YEPD containing the different drug concentrations: cy-
tochalasin B (3-5 ug ml''), benomyl (0.2-1 pug ml-! (methyl
1-butylcarbamoyl)-2-benzimidazolecarbamate), griseoful-
vin (0.5-1 mg ml™"), and calcofluor (2.5-12.5 pug m1!) (fluo-
rescent brightener 28) were purchased from Sigma (Sigma
Chemical Co., St Louis, Mo). Colonies were counted after
7 days of incubation at 28 °C. Percent of survival was de-
termined by comparing the number of colonies on plates
with the drugs to those on plates without drugs. The exper-
iments were repeated independently 5 times with both
strains.

Lyticase sensitivity assays

Conidia and yeast cells from the wild-type and conidia
from the UVMO strain were suspended in spheroplasting
buffer (1.2M sorbitol, 10 mM potassium phosphate, pH
7.2) at a final concentration of 1 x 107 ml'!. After addition
of 100 pg of Zymolyase 20T (from Seikagaku Kogyo Co.
Tokyo, Japan) per ml the cell suspension was incubated at
30 °C [Kitamura and Yamamoto, 1972]. Aliquots were tak-
en after 15 and 30 min of incubation with the enzyme and
the spheroplasts were diluted in water to induce hypoton-
ic lyses, later were plated on YEPD. Colonies resistant to
the treatment were counted after 7 days of incubation at
28 °C. For each assay a control reaction omitting the en-
zyme was performed.

RESULTS
Colony morphology

When wild—type and UVMO cells were plated on YEPD
for 7 days, important differences in morphology and size
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were observed. Wild-type strain developed into fuzzy col-
onies distinguished by dense hyphae formation on the col-
ony surface (Fig. 1A) with abundant pyriform conidia (2.7
x 5 um) (Fig. 1C). The diameter of the colony was of 7.5 +
0.1 mm (n = 100). In contrast, UVMO9 generated small colo-
nies with scarce fuzzy sectors and a radial growth of 2.8 +
0.1 mm (n = 100) of diameter (Fig. 1B); clusters of conidia
with a diameter of 7 mm instead of typical pyriform conid-
ia were produced (Fig. 1D).

Morphological development of wild-type and UVM9
strains

To investigate whether the mutant is affected in its the
ability to develop as hyphae or yeast in response to the pH
of the culture medium, the wild-type and UVM9 conidia
were grown in YEPD, RV pH 5.5 and 7.2. Aliquots were an-
alyzed microscopically after different times of incubation
(12, 18 and 24 h). Consistent with previous reports [Wu et
al., [Rodriguez del Valle et al ., 1983] when wild-type
conidia are transferred to RV pH 5.5 and YEPD they become
polarized generating a new hyphal tip. After 12 hrs of incu-
bation in RV pH 5.5, 98% of conidia were germinated while
in YEPD medium at 8 hrs, 100% were germinated. A contin-
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uous polarized growth resulted in the extension of the hy-
phae (fig. 2 A and 2B); formation of branches were observed
at 24 hrs of incubation in YEPD (2B) while longer incuba-
tion time is need to obtain branches in RV pH 5.5 medium.
In RV pH 7.2 conidia started the yeast pattern development,
bud growth was polarized to the tip (Fig. 3A) leading to
tube-like growth followed by budding of the cells. After 12
hrs of incubation 24% of conidia were transformed into
yeast and at 18 hrs 84% were observed as budding cells.
The yeast form of S. schenckii is potentially a multiple-bud-
ding cell, though in the conditions that we studied the prev-
alent form of budding was with one or two buds (Fig. 3A).
When the mutant was grown in the same conditions as the
wild-type, it developed by polarized extension in RV pH
5.5 and YEPD (2C and D), however was unable to grow as
budding yeast-cell in RV pH7.2. Instead, 80% of conidia
formed germ tubes in the first 18 hrs followed by an enrich-
ment of hyphae at 24 hrs (Fig. 3B). Longer times of incuba-
tion produced a mix population of hyphae and round cells.
In the three culture conditions, the steps in development of
the mutant were morphologically similar among them. After
24 hrs of growth the wild-type and mutant conidia germi-
nated and produced hyphae. The UVM9 had a limited api-
cal extension, the hyphae were short and thick with period-

Figure 1. Colonies had grown 7 days on
YEPD at 28 °C. (A) wild-type and (B)
UVM9 mutant. The bar corresponds to
2.5 mm. Condia obtained from cultures.
(C) wild-type, (D) UVM9 conidia. The bar
corresponds to 5 um.
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ic slender regions (2C and 2D), whereas in the wild-type
generally gave rise to long and straight filaments with
branches (Fig. 2B).

From these results we conclude that the UVMO is able
to establish the filamentous morphology however the
phenotype suggests a defect in the ability of the UVM9
cells to sustain or conduct a polarized growth. This mu-
tant is also impaired in its capacity to develop yeast-bud-
ding cells.

Phenotypic analysis of UVM9 mutant
Cell extension is a regular process in the develop-

ment of yeast and hyphae [Harris and Momany, 2004],
the enzymes required for cell growth are translocated
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to the cell surface via microfilaments [Yokoyama et
al., 1990] or microtubules [Steinberg et al., 2001]. In
order to understand if the impaired growth as budding
cell and the reduced hyphae growth is due to alter-
ations in any of the major filament systems, the phe-
notype of the UVMY and the wild-type strain were
compared by testing sensitivity to drugs that target
microfilaments, microtubules and cell wall. Serial dilu-
tions from a suspension of 1 x 10° cells ml*! were plat-
ed on YEPD containing different drugs concentrations.
Colonies were counted after 7 days of incubation at 28
°C to determine viability.

The primary effect of cytochalasins is the inhibition of
actin polimerization [Cooper, 1987]. By growing the wild-
type and UVMO strains on solid media containing various

RV pH 5.5

YEPD

RV pH 5.5

YEPD

Figure 2. Induction of mycelium development of S. schenckii. Wild type (A, B) and UVM9 (C, D) conidia were culture in RV pH5.5 and in YEPD at 28 °C.

Cells were visualized by DIC microscopy.
Bar =25 pm.
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concentrations of cytochalasin B (1 to 5 ug ml!) or by the
incubation for 30 min in liquid medium containing 5 ug
ml !, and seeding on YEPD without the drug (not shown).
We observed that both strains are resistant to the higher
concentration of the drug (Fig. 4A), suggesting that the
mutant is not altered in the microfilaments. Benomyl and
griseofulvin are drugs that specifically target microtu-
bules (o and B tubulin); these drugs inhibit mitosis in sen-
sitive fungi by disrupting spindle microtubule [Jordan and
Wilson, 1998]. Benomyl is a member of the benzimida-
zole family of microtubule-destabilizing drugs and is
known to affect the growth of many tubulin mutants in
yeast and inhibits mitosis resembling the actions of colch-
icines. (Horio and Oakley 2005; Fuchs et al., 2005.
Griseofulvin inhibits mitosis in fungal cells, altering the
rate and extent of micotubules shortening but it has a
weak effect in mammalian cells [Panda ef al., 2005).

Incubation of UVM9 on YEPD plates supplemented
with benomyl showed that the mutant was moderately re-
sistant to benomyl (IC;, = 0.35 pg ml!) compared with the
wild- type (ICy, of 0.17 pg ml-") (Fig. 4B). In contrast,
griseofulvin inhibits severely the growth of the mutant
cells (IC5, = 339 g ml!) while the wild-type strain sur-
vived at the higher concentration of 1 mg ml-! (Fig. 4C).
These results suggest that the UVMO strain is affected in
microtubule cytoskeleton but probably not in microfila-
ments.

Cell wall is a dynamic structure and is determinant for
cell morphology, defects in the proportion of cell wall
components result in alterations in the cell shape. Sensi-
tivity to substances that interfere with the synthesis or as-
sembly of cell wall components can be used as a parame-
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ter for changes in cell wall composition in yeast. To test
the existence of such changes, in the UVM9 mutant we
examine the sensitivity of UVMO cells to calcofluor white
and zymolyase lyses. Calcofluor white is a negatively
charged fluorescent dye with antifungal activity; preferen-
tially it binds to chitin on the cell wall and interferes with
normal wall assembly preventing co-crystallization of
chitin microfibrills with glucan chains [Elorza et al.,
1983; Surarit et al., 1988; Hartland et al., 1994; Rowbot-
tom et al., 2004].

By growing S. schenckii strains on YEPD containing
calcofluor we determined that the mutant is resistant to
calcofluor at 20 pug ml-'. In contrast the wild-type was sen-
sitive and showed an IC, of 7.5 pg ml! (Fig. 5A). Resis-
tance to calcofluor suggests a decrease of chitin in the mu-
tant cell wall that may result in the modification of other
structural components. In order to distinguish cell wall
changes in B-1, 3 glucan of the mutant, we evaluated the
zymolyase-induced hypotonic lysis [Herman, 1997]. The
zymolyase is a p-1,3-glucanase that digests the cell wall
and produce spheroplasts (wall-less cells) that lyses when
placed into hypotonic solution [Herman, 1997].

We compared the sensitivity to the lyticase of the uni-
cellular cell shapes of the fungus: conidia and yeast cells
from the wild-type strain and the conidia of the mutant.

Aliquots from the cell suspension were plated on YEPD
medium after zymolyase treatment and hypotonic lyses. Re-
sistant cells were observed after 7 days of incubation on
YEPD at 28 °C. Conidia from the wild-type and UVM9 sub-
jected to the zymolyase-induced hypotonic lysis, exhibited
higher resistance compared with the yeast cells. After 30
min of incubation with the enzyme, 50% of conidia of ei-

12 hrs 18 hrs 24 hrs
4
Ty "\* ':J "’

1 3 \ 4 -

A Y

n*- \‘ .
. AR g~ San o SIS -'*J el
RV pH 7.2
S
B ‘ -’Jt
= ﬂ‘h
" o

. ) e

Figure 3. Induction of yeast development of S. schenckii. Wild (A) type and UVM9 (B) conidia were culture in RV pH 7.2 at 28 °C. Aliquots were fixed with

2% of formaldehyde and visualized by DIC microscopy. Bar = 25 pm.
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ther strain survived to the treatment suggesting that the -1,
3 glucan structure is not importantly altered in the mutant.
Yeast cells were more sensitive to hypotonic lyses after zy-
molyase incubation, 8.5 min of incubation were sufficient
to obtain 50% of survival (Fig. 5B).

DISCUSSION

To initiate the identification of molecules involved in
the growth of yeast or hyphae shapes in S. schenckii, we
report in this work the phenotypic characterization of the
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Figure 4. Survival of S. schenckii wild-type and UVM9 conidia in the presence of cytoskeleton disrupting drugs. Cells were plated on YEPD with different

concentrations of (A) cytochalasin B, (B) benomyl, and (C) griseofulvin, and incubated for 7 days at 28 °C. Data are means of 5 independent experiments
® wild-type, » UVM9 mutant.
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Figure 5. Survival of S. schenckii wild-type and UVM9 mutant conidia in the presence of different concentrations of (A) calcofluor ( ® wild-type, » UVM9

mutant) and (B) after treatment with zymolyase for 15 and 30 min at 30 °C. ( ® UVM9 yeast-like cells, A wild-type yeast-like cells, and @ wild-type conid-
ia). Data are the mean of 5 independent experiments.
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morphological mutant UVMY, this approach was used be-
cause this fungus is not amenable for genetic or molecular
manipulation.

By analyzing the dimorphic transition and the resis-
tance phenotypes of UVMY to compounds that target cy-
toskeleton and cell wall we can suggest that the altered
colony and cell morphology is due to a mutation that
hampers the maintenance of polarize growth. The UVM9
mutant developed germ tubes at pH 5.5 and 7.2 however
could not maintain the polarized growth giving rise to
thick hyphae with limited growth and development of
atypical conidia. The failure to properly organize the cy-
toskeleton of actin or tubulin may result in inefficient
transport of vesicles involved in the cells polarized
growth, integrity of the cell wall, secretion and endocyto-
sis and during dimorphic transition of pathogenic fungi
[Yokoyama et al., 1990; Akashi et al., 1994, Yokoyama et
al., 1994; Richards et al., 2000; Engqvist-Goldstein,
2003]. The resistance phenotype to drugs that target cy-
toskeleton and cell wall is a common approach used to
study alterations in these structures. The observation that
treatment with cytochalasin B [Cooper, 1987] had no ef-
fect on the growth and survival of the wild-type and the
UVMDO suggest that actin is not altered in the mutant. How-
ever to definitively confirm the integrity of actin in the
mutant, different actin destabilizing or disrupting drugs as
latrunculin A or cytochalasin D should be used. The
benomyl resistance and griseofulvin sensitivity pheno-
type of the mutant suggest that tubulin is responsible of
the growth phenotype in the UVMO hyphae. These drugs
bind to tubulin in different sites of the molecule; griseof-
ulvin obstructs microtubule assembly and benomyl binds
to the colchicine-binding sites of tubulin arresting cell-cy-
cle. The enhanced sensitivity to griseofulvin and resis-
tance to benomyl supports that tubulin structure is altered.
The opposite resistance phenotype observed with these
antimicrotubules drugs is the result of the modified drug
binding characteristics of the altered tubulin, rather than
an increased expression of drug transporters (mdr). Micro-
tubule cytoskeleton provides the structural basis for long
distance transport of secretory vesicles [Steinberg and Sch-
liwa, 1993] in the hyphae, any alteration in this structure
will impaired the dynamic process of cell wall remodeling
during polarized growth of the cell. The main components
of the fungal cell wall are mannan, -1, 6-glucan, B-1, 3-
glucan, and chitin. Chitin and $-1,3-glucan are synthe-
sized by different enzyme complexes that are transported
to the plasma membrane by a secretory pathway. Changes
in cell wall structural integrity of some fungi are expressed
as changes in the sensitivity of cells to various inhibitors
that stress the wall in different ways [Elorza ef al., 1983,
Surarit et al., 1988; Hartland, 1994; Mendoca et al.,
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1976]. Sensitivity to calcofluor has been shown to depend
in chitin content of the cell wall of different fungi as de-
scribed for mutants of C. albicans and S. cereviseae
[Surarit, 1988; DeNobel et al., 1990].

Resistance to calcofluor of the UVM9 mutant suggests
a decrease in cell wall chitin and probable alteration in the
normal wall assembly with glucan chains [Elorza ezt al.,
1983; Surarit et al., 1988; Hartland et al., 1994]. However
the similar resistance phenotype to zymolyase suggests
that the cell wall do not have substantial changes in its
level and structure, which could modify the accessibility
of the enzyme to the 1, 3-f-glucan.

In yeast and filamentous shapes, F- actin and microtu-
bules play an important role in the polarized growth. The
coordinated interaction of these elements is crucial for
many cellular processes including cell locomotion, nucle-
ar migration, cytokinesis, and morphology. The observa-
tions presented in this work suggest that a mutation in any
of the tubulins (o or ) of the S. schenckii UVMD strain is
responsible of the altered morphology of the cell and the
impaired polarized growth. Further studies on the cytosk-
eleton are needed to clarify the genotype of this mutant.
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