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Paracoccidioidomycosis (PCM) is an endemic sys-
temic granulomatous mycosis in Latin America that is 
caused by the thermoregulated dimorphic fungus Para-
coccidioides brasiliensis. Infection most likely occurs 
due to inhalation of airborne propagules derived from 
the mycelial saprophytic form of the fungus. Once in the 
lungs, P. brasiliensis cells undergo a dimorphic transi-
tion to the yeast form, an essential step for the establish-
ment of the infection, and these cells can be contained in 
a granuloma or can disseminate to the rest of the body. 
Occasionally, the yeast cells are eradicated by the im-
mune system (Brummer et al. 1993).

A number of potential virulence factors and events 
are important for the establishment of a successful infec-
tion by invasive fungi, including dimorphism, adherence 
to host cells, cell wall composition and enzyme produc-
tion, e.g., proteases, lipases and phospholipases (PLs) 
(San-Blas et al. 2000, Mendes-Giannini et al. 2004). In 
general, PLs, which include PLA, PLB, PLC and PLD, 
are considered virulence factors for pathogenic fungi, 
including Candida albicans (Mukherjee et al. 2001) and 
Cryptococcus neoformans (Cox et al. 2001, Santangelo 
et al. 2004, Ganendren et al. 2006). We previously re-
ported the differential expression of PLB genes during 
in vitro P. brasiliensis mycelium-to-yeast (M-Y) transi-
tion (Tavares et al. 2007) and the importance of PLB in 
binding and internalising yeast to macrophage surfaces 
(Soares et al. 2010). In addition, a PLC capable of se-
lectively hydrolysing glycosylphosphatidylinositol (GPI) 
membrane anchors has been detected in P. brasiliensis 

(Heise et al. 1995). Two open reading frames with high 
sequence homology to phosphatidylinositol-specific 
PLC (plc) and PLD (pld) of Aspergillus nidulans and 
Aspergillus oryzae, respectively, have been identified 
in the P. brasiliensis transcriptome (Felipe et al. 2005). 
Although PLs (A, B1, C and D) have been identified in 
P. brasiliensis (Felipe et al. 2005), their potential role in 
virulence has not been fully defined.

To advance our understanding of the molecular role 
and mechanism of action of PLs in the initial steps of in-
fection and fungal adaptation to the host, we analysed the 
expression of the P. brasiliensis genes plb1, plc and pld 
during infection of alveolar macrophages, during acute 
and chronic stages of lung infection in BALB/c mice and 
during the P. brasiliensis M-Y transition, which is an 
initial and fundamental step in the infectious process.

P. brasiliensis isolate 18 (ATCC 32069) was used in 
all experiments. The yeast phase was maintained in vit-
ro by sub-culturing and growing at 36ºC on Fava-Netto 
medium for seven days before replating. The viability of 
fungal cells was determined using Janus Green B vital 
dye (Merck, Darmstadt, Germany). Only cells with vi-
ability greater than 90% were used. Differentiation was 
performed in liquid medium (Fava-Netto) by changing 
the culture temperature from 25-36ºC for the M-Y transi-
tion (Silva et al. 1994). Samples were collected at 0 h, 2 h, 
6 h, 12 h, 24 h and 48 h. All experiments were performed 
in triplicate. RNA was extracted from cells pooled from 
three independent experiments using the TriZOL® meth-
od (Invitrogen Corp, Carlsbad, CA, USA).

Alveolar macrophages were infected as described by 
Tavares et al. (2007). Extracellular and weakly adherent 
fungi were removed 6 h after infection by washing with 
pre-warmed RPMI-1640 tissue culture medium (Sigma 
Chemical, USA). Macrophages were then lysed with a 
guanidine thiocyanate-based solution and intact fungi 
were harvested by centrifugation, followed immediately 
by TriZOL® extraction (Invitrogen Corp, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. 
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Phospholipase is an important virulence factor for pathogenic fungi. In this study, we demonstrate the following: 
(i) the Paracoccidioides brasiliensis pld gene is preferentially expressed in mycelium cells, (ii) the plb1 gene is mostly 
up-regulated by infection after 6 h of co-infection of MH-S cells or during BALB/c mice lung infection, (iii) during 
lung infection, plb1, plc and pld gene expression are significantly increased 6-48 h post-infection compared to 56 
days after infection, strongly suggesting that phospholipases play a role in the early events of infection, but not dur-
ing the chronic stages of pulmonary infection by P. brasiliensis.
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Groups of 10 male BALB/c mice (6-8 weeks old) 
were anaesthetised and infected i.v. with 1 × 106 viable 
yeast cells in 50 µL phosphate buffered saline (Cano et 
al. 1997). The animals were euthanised at different times, 
before infection and during early (6 h, 24 h and 48 h after 
infection) and late periods (56 days after infection) of in-
fection. Total RNA was isolated from lungs pooled from 
five-10 animals from each group at each time point of 
infection using the TriZOL® method (Invitrogen Corp, 
Carlsbad, CA, USA). RNA (1 µg) treated with RNase-
free DNase I (Invitrogen Corp, Carlsbad, CA, USA) in 
the presence of RNase inhibitor was reverse transcribed 
using an oligo(dT)12-18 primer and submitted to real-
time polymerase chain reaction (PCR). Amplification 
assays were performed with a 7900HT Sequence Detec-
tion System ABI PRISM instrument (Applied Biosys-
tems, Carlsbad, CA, USA) in 12-μL reactions containing 
0.4 μM each primer, 6 μL SYBR Green PCR Master mix 
(2 x) and 0.2 μL template cDNA. After initial denatur-
ation at 95ºC for 10 min, amplifications were performed 
for 40 cycles at 95ºC for 15 s and 60ºC for 1 min. The 
following oligonucleotide primers were used (5’-3’): 
PLB (plb1) [plb1F- GCAATGCAAGGGAAGAAAGA; 
plb1R- CGATCCGAGGAACTCTAACG], PLC (plc) 
[plcF- ACCAGATCTGAACCAGCCGTTGAT, plcR- 
TCGTCTTTCAGCTCACGCATCCAT], PLD (pld) 
[pldF- TCAGGGCGTTGGAATAGCGTAAGT and  
pldR- ACTGGTTCATAGTTGGGAGTCGGT]. The 
comparative crossing threshold method (Livak & Schmit-
tgen 2001) employing the constitutive P. brasiliensis 
α-tubulin gene was used to normalise the expression 
value of each gene of interest. Real time reverse transcrip-
tion-PCR experiments were performed in triplicate for all 
analysed genes. Statistical comparisons were performed 
by ANOVA and the Tukey-Kramer test. All values are 
reported as the mean ± standard error of the mean with 
significance assumed at p < 0.01.

Analysis of P. brasiliensis PL gene expression dur-
ing the dimorphic transition - The infection process of 
P. brasiliensis is initiated by aerially dispersed mycelia 
propagules, which differentiate into the yeast parasitic 
phase in human lungs. A temperature shift from 26-37ºC 
is the only condition known to trigger the M-Y transi-
tion in P. brasiliensis. This morphogenic transition has 
been postulated to be important in the pathogenicity of 
this fungus because fungal strains that are unable to dif-
ferentiate into yeast cells are not virulent (San-Blas et al. 
2000, Felipe et al. 2005).

Differences in the PL transcription level during the 
M-Y transition could already be observed 1 h after the 
temperature was shifted from 25-36ºC, when most cells 
were still in the mycelial form (A in Figure). We pre-
viously followed the different steps of the dimorphic 
transition and established parameters to quantify the 
different morphotypes that are produced during the M-Y 
transition, which revealed that 5% of the morphological 
units are already in yeast form 48 h after the tempera-
ture shift (Silva et al. 1994). Up-regulation of the plb1 
(5.67-fold) and plc (17-fold) genes was observed in vitro 
as early as 1 h after the temperature shift from 25-36°C, 

with similar transcript levels observed 24 h after the tem-
perature shift as well as in the yeast stage (A in Figure). 
During the M-Y transition, we also observed a 2.75-fold 
higher yield of pld transcripts in mycelial cells cultured 
at 25ºC compared with yeast cells cultured at 36ºC (A in 
Figure). This finding is consistent with evidence from 
studies in C. albicans indicating enhanced levels of pld1 
transcripts during the yeast to hyphal transition, suggest-
ing that a prominent part of the phosphatidic acid and 
diacylglycerol pools is produced by PLD1 and that the 

level of these components is important for morphologi-
cal transitions under certain conditions in C. albicans 
(Hube et al. 2001).

Real time reverse transcription-polymerase chain reaction. Analysis 
of phospholipase (PL) gene (plb1, plc, and pld) transcript level during 
Paracoccidioides brasiliensis dimorphic mycelium-to-yeast (M-Y) 
transition. Mycelial cells grown for 48 h at 26ºC were submitted to 
temperature shift to 35ºC to induce their differentiation into yeast 
cells. Samples were collected at 1 h, 2 h, 6 h, 12 h, and 24 h and yeast 
cells grown at 35ºC. Results are expressed as means and standard er-
ror (SEM) of three technical replicates. RNA was isolated from pooled 
three independent experiments. ΔCT values were used for statistical 
analysis (Livak & Schmittgen 2001) using P. brasiliensis α-tubulin 
gene as the internal control [**: p < 0.01 (ANOVA, Tukey-Kramer 
test)] (A). P. brasiliensis yeast cells 6 h after MH-S cell interaction. In 
all experiments, MH-S cells and opsonised yeast cells were incubated 
at a yeast-to-macrophage ratio of 1:5 at 37ºC in an atmosphere of 5% 
CO2, as described. Results are expressed as means and SEM of three 
technical replicates. RNA was isolated from pooled three indepen-
dent experiments. The expression of each target gene is presented as 
fold change normalised to the reference gene α-tubulin and relative to 
the respective yeast PL genes obtain from yeast cells grown on Fava-
Netto medium at 35ºC (B). P. brasiliensis yeast cells during BALB/c 
mice lung infection. Results are expressed as the means and SEM of 
three technical replicates. Five-10 mice per time point were used. The 
expression of each target gene is presented as fold change normalised 
to the reference gene α-tubulin and relative to the respective yeast PL 
genes obtain from yeast cells grown on Fava-Netto medium at 35ºC 
[**: p < 0.01 (ANOVA, Tukey-Kramer test)] (C).
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Phospholipase gene modulation during infection of 
macrophage cells and murine model by P. brasiliensis 
- We used a 6 h period for infection because this period 
represents an early time point of fungal cell internalisa-
tion by macrophages, as demonstrated by Tavares et al. 
(2007). Analysis of the gene expression of internalised 
P. brasiliensis revealed that the plb1, plc and pld genes 
were up-regulated in P. brasiliensis yeast cells after 6 h 
of interaction with MH-S cells compared with yeast cells 
cultured at 36ºC (B in Figure). 

To investigate whether the increase in PL gene ex-
pression in vitro also occurs during infection in vivo, we 
analysed PL gene expression during early and late infec-
tion. In the murine model, plb1 expression is higher 6-24 
h after infection than in yeast cells cultured at 36ºC (C 
in Figure). Furthermore, we observed an increase in plc 
gene expression, while the levels of pld gene expression 
did not change.

Our data strongly suggest that PLB could be an im-
portant virulence factor for P. brasiliensis during the 
early events of pulmonary infection (B, C in Figure). 
Soares et al. (2010) reported similar observations for 
P. brasiliensis, confirming the participation of PLB1 in 
the mechanism of fungal evasion, which interferes with 
the host immune response. This observation is also con-
sistent with other pathogenic fungal studies, including 
those of C. neoformans, in which PLB is necessary for 
the early events of pulmonary infection and for dissemi-
nation from the lung via the lymphatic system and blood 
(Ganendren et al. 2006). A similar role for plb1 may be 
of importance in the acute stage of PCM in mice because 
the infection is also contracted by inhalation.

P. brasiliensis infection also induces secretion of 
the hydrolase PLB1 in several infectious disease mod-
els (Soares et al. 2010). Previous studies have implicated 
secreted PLB1 in the establishment of pulmonary in-
fection and demonstrated that it is essential for the dis-
semination of cryptococci to the brain and other sites 
(Cox et al. 2001, Santangelo et al. 2004, Ganendren et al. 
2006). Cell-associated PLB1 is concentrated in lipid raft 
membranes, where it is attached via a GPI anchor. PLC1 
regulates the release and secretion of PLB1 from its GPI 
anchor in the cell membrane and activates at least one 
signal transduction pathway (PKC/MAPK) (Chayakul-
keeree et al. 2008). This observation, coupled with the 
enhanced levels of plc transcripts during P. brasiliensis 
lung infection, led us to conclude that PLC could have 
the same function in this infection model.

The relevance of PLB production in PCM is related 
to the fact that fungal PLB functions in the regulation 
of the immune response by liberating fatty acid precur-
sors (arachidonic acid, linolenic acid or eicosanopen-
taenoic acid) for host eicosanoid synthesis (Noverr et al. 
2003). Eicosanoids are potent regulators of host immune 
responses and include prostaglandins and leukotrienes 
produced by fungi in the lungs, which may also play a 
role in modulating the T-helper 1-2 balance of the im-
mune response and promote eosinophil recruitment or 
survival of the fungus in the lungs (Noverr et al. 2003, 
Calich et al. 2008).

In conclusion, our findings strongly suggest that the 
PL gene family of P. brasiliensis is important for the 
pathogenesis of PCM and demonstrate that the genes of 
this family are differentially expressed in murine and 
tissue culture models.
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