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Preferential transcription of Paracoccidioides brasiliensis genes: 
host niche and time-dependent expression
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Paracoccidioides brasiliensis causes infection through inhalation by the host of airborne propagules from the my-
celium phase of the fungus. This fungus reaches the lungs, differentiates into the yeast form and is then disseminated 
to virtually all parts of the body. Here we review the identification of differentially-expressed genes in host-interac-
tion conditions. These genes were identified by analyzing expressed sequence tags (ESTs) from P. brasiliensis cDNA 
libraries.  The P. brasiliensis was recovered from infected mouse liver as well as from fungal yeast cells incubated in 
human blood and plasma, mimicking fungal dissemination to organs and tissues and sites of infection with inflam-
mation, respectively. In addition, ESTs from a cDNA library of P. brasiliensis mycelium undergoing the transition to 
yeast were previously analyzed. Together, these studies reveal significant changes in the expression of a number of 
genes of potential importance in the host-fungus interaction. In addition, the unique and divergent representation 
of transcripts when the cDNA libraries are compared suggests differential gene expression in response to specific 
niches in the host. This analysis of gene expression patterns provides details about host-pathogen interactions and 
peculiarities of sites within the host.
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Paracoccidioides brasiliensis is an ascomycete hu-
man pathogen that causes paracoccidioidomycosis 
(PCM), the most prevalent systemic mycosis in Latin 
America. P. brasiliensis is primarily a respiratory 
pathogen, infecting the host through the inhalation of 
airborne propagules from the mycelium phase. In the 
pulmonary alveolar epithelium, conidia differentiate 
into the parasitic yeast form. P. brasiliensis is a notably 
versatile pathogen, able to infect numerous sites within 
the human body. The infection occurs primarily in the 
lungs, from where the fungus can disseminate via the 
bloodstream and/or lymphatic system to all parts of the 
body, rendering the disseminated form of PCM (Franco 
1987). A taxon formerly considered to be a single clonal 
species, P. brasiliensis has recently been reported to be 
at least three different phylogenetic species (Matute et 
al. 2006, Carrero et al. 2008). The isolate Pb01, object 
of the analysis in this review, separates from the three 
previously-isolated P. brasiliensis phylogenetic species.  
This suggests that it is a new species in the genus Para-
coccidioides (Carrero et al. 2008). 

 In this review, we summarize our studies of infec-
tion-related gene expression in P. brasiliensis and high-
light the main findings of those studies (Bailão et al. 
2006, 2007, Bastos et al. 2007, Costa et al. 2007). 
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Approaches to the study of P. brasiliensis gene ex-
pression in host-like conditions

One approach used to analyzing P. brasiliensis gene 
expression in host-like conditions involves using cDNA 
Representational Difference Analysis (cDNA-RDA) Hu-
bank & Schatz 1994) to identify P. brasiliensis genes in-
duced during the infective process in a mouse model of 
infection and under conditions that mimicked the hemato-
genic route of fungal dissemination (Bailão et al. 2006), 
as well as infection sites with inflammation (Bailão et 
al. 2007). Subtracted cDNA libraries were made using 
driver cDNAs from seven-day-old yeast cell cultures and 
tester cDNAs were synthesized from fungal cell RNAs 
recovered from the liver of infected animals and from 
yeast cells after artificial infection with human blood or 
plasma. The subtracted cDNA libraries and the number 
of transcripts generated are summarized in Fig. 1. A total 
of 45, 86 and 99 over-expressed sequences were obtained 
from the subtracted cDNA libraries of yeast cells recov-
ered from infected liver (Bailão et al. 2006) and from 
yeast cells incubated with human blood or plasma (Bailão 
et al. 2006, 2007), respectively, as shown in Fig. 1.

Additionally, Costa et al. (2007) analyzed 4,934 ex-
pressed sequence tags (ESTs) from a non-normalized 
cDNA library derived from P. brasiliensis yeast cells 
recovered from infected mouse liver. Comparative anal-
ysis of the unigene sequences at (http://www.lbm.icb.
ufg.br/phorestwww/index.php) and the database con-
structed with fungal sequences of the yeast and myce-
lium transcriptome (isolate Pb01) at (https://dna.biomol.
unb.br/Pb/) (Felipe et al. 2005), as well as of all pub-
lic ESTs available at GenBank (http://www.ncbi.nlm.
nih.gov/BLAST/), gave insights into fungal adaptation 
to this host environment. Cellular differentiation in the 
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yeast phase is a fundamental step in the establishment 
of fungal infection. Therefore, we also analyzed ESTs 
to assess the expression profile during the mycelium-to-
yeast transition. Comparative analysis of P. brasiliensis 
ESTs identified in the transition from mycelium to yeast 
cells (http://192.168.0.5/phorestwww) and the databases 
cited above allowed the identification of differentially-
expressed sequences of P. brasiliensis during the mor-
phological conversion (Bastos et al. 2007). A summary 
of the data from non-normalized cDNA libraries is pre-
sented in Fig. 2. A  total of 1,602 unique sequences were 
obtained from the non-normalized cDNA libraries of 
yeast cells recovered from infected mouse liver and 639 
were obtained from mycelium in transition to yeast cells 
(Costa et al. 2007, Bastos et al. 2007). From the 1,602 
unique sequences in the cDNA library of yeast cells re-
covered from infected mice, 649 (40.51%) represented 

novel transcripts and 344 (21.47%) represented over-
expressed genes. Of the 639 unique sequences obtained 
from sequencing the cDNAs in the non-normalized li-
brary of mycelium in transition to yeast cells, there were 
48 (7.51%) novel genes and 179 (28.01%) over-expressed 
transcripts. These data suggest that the P. brasiliensis 
transcriptional profiles during the infective process and 
differentiation are quite distinct from the transcriptional 
profile observed in cultured cells.

Using the strategies cited above, we identified a set 
of candidate genes that P. brasiliensis may express in 
order to adapt to the host. The comparative analysis sug-
gests that P. brasiliensis can adapt in both temporal and 
niche-specific ways to host conditions. 

Preferential metabolic pathways that are over-in-
duced during liver infection

Generating precursor metabolites and energy, synthe-
sizing proteins and amino acids, transporting chemicals 
and responding to environmental stresses are all com-
mon responses to host-like conditions. However, cer-
tain metabolic processes are presumably more evident 
in certain fungal treatments, suggesting that the fungal 
response is more prominent in a defined condition.

By analyzing the most redundant ESTs obtained 
from cDNAs of yeast cells recovered from the livers of 
infected mice, it was possible to obtain insight into the 
features of fungal metabolism during the infective pro-
cess in tissues (Bailão et al. 2006, Costa et al. 2007). 
Fig. 3 summarizes the most relevant up-regulated pro-
cesses, as determined by transcriptional analysis, in 
yeast cells recovered from liver of infected animals. In 
liver, P. brasiliensis Pb01 cells induced genes associated 
with sugar utilization and alcohol fermentation, such as 
acylphosphatase (E.C.3.6.1.7), quinoprotein alcohol de-
hydrogenase (E.C.1.1.99.8) and glucokinase (E.C.2.7.1.2). 
Of special note, and corroborating our data, the predom-
inance of glycolytic metabolism in Candida albicans 
infecting mouse kidney (Barelle et al. 2006) has been 
described. The over-expression of carbohydrate metab-
olism enzymes and overproduction of ethanol suggest 
that this metabolic pathway could be particularly relevant 
during liver infection because of the abundant glucose in 
the host milieu, as described by Costa et al. (2007). The 
abundance of carbohydrate and energy in this infection 
condition could also pertain to the over-expression of 
transcripts encoding lipid-biosynthesis enzymes.

The glyoxylate cycle, required for growth in carbon 
sources of less than three carbon atoms (such as ethanol or 
acetate) is an important anaplerotic device. Our in silico 
subtractive analysis indicated that the cycle is up-regulat-
ed in yeast cells during liver infection, relative to in vitro 
cultured yeast cells, as demonstrated by the over-expres-
sion of the regulatory enzyme isocitrate lyase (Costa et 
al. 2007). This gene is up-regulated in C. albicans during 
growth inside macrophages (Lorenz & Fink 2001).

Preferential metabolic pathways that are over-induced 
during artificial infection in human blood and plasma

The most prominent adaptations performed by P. 
brasiliensis during treatment with human blood and 

Fig. 1: strategies used to identify Paracoccidioides brasiliensis tran-
scripts involved in fungal-host interaction: subtracted cDNA libraries.

Fig. 2: strategies used to identify Paracoccidioides brasiliensis transcripts 
involved in fungal-host interaction: non-normalized cDNA libraries.
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plasma are summarized in Fig. 3. The degradation of 
fatty acids through β-oxidation could be inferred, since 
all gene homologues encoding enzymes in this pathway 
were up-regulated following exposure to blood and plas-
ma (Bailão et al. 2006, 2007). Interestingly, induction of 
methylcitrate genes such as the transcript encoding to 
2-methylcitrate dehydratase (E.C.4.2.1.79) (which con-
verts methylcitrate to methylisocitrate) was observed. 
The assembled data indicate the predominance of lipoly-
tic metabolism in fungal cells exposed to human blood 
and plasma. Gluconeogenesis is probably up-regulated in 
yeast cells incubated in human blood, as inferred by the 
over-expression of the gene encoding phosphoenolpyru-
vate carboxykinase (E.C.4.1.1.32).

The most prominent metabolic pathways induced 
during the dimorphic transition

As inferred from transcriptional data, the most 
prominent events during the initial stages of the fungal 
transition from mycelium to yeast cells would seem to be 
the remodelling of the membrane and cell wall (Bastos 
et al. 2007). The dimorphic transition occurs simulta-
neously with changes in the composition of the fungal 
cell wall (San-Blas et al. 2002). As described by Bastos 
et al. (2007), transcription of 34-cell wall/membrane-
related genes was induced upon temperature shift. The 
main polysaccharide of the yeast cell wall is alpha-1.3 
glucan, while the mycelium contains predominantly be-
ta-glucan (Kanetsuna et al. 1969). Several genes related 
to the synthesis of carbohydrate cell wall components 
(such as alpha-1.3 glucan) were induced in the transition 
library relative to the mycelium transcriptome database 
(http://www.dna.biomol.unb.br/Pb), putatively enabling 
an increase in the synthesis of alpha-1,3 glucan for the 
differentiation process and establishment of yeast cells. 
Remodelling of the cell wall during the fungal transi-
tion is reflected in the transcriptional analysis by the 
over-expression, for example, of the genes encoding chi-
tinase 1 (CTS1) and 3 (CTS3), as well as UDP-N-acetyl 

glucosamine transporter, which putatively provides N-
acetyl glucosamine for the synthesis of chitin. Thus, mi-
croarray hybridization analysis identified the up-regula-
tion of a series of genes encoding enzymes related to the 
changes in fungal surface in P. brasiliensis, isolate Pb18 
(Nunes et al. 2005).

There were also increases in the expression of tran-
scripts encoding enzymes associated with the synthesis 
of phospholipids and polyunsaturated fatty acids. The 
data support the concept that the developmental program 
of P. brasiliensis is characterized by significant remod-
elling of the cell surface, suggesting the relevance of this 
process as a contributor to fungal dimorphism.

Over-expressed metabolic pathways putatively re-
lated to fungal virulence

Some metabolic processes are putatively associated 
with fungal virulence (Fig. 3). The over-expression of 
genes related to iron uptake has been demonstrated in 
the cDNA libraries of yeast cells recovered from liver 
of infected mice (Bailão et al. 2006, Costa et al. 2007) 
and of yeast cells incubated with human blood or plasma 
(Bailão et al. 2006, 2007), suggesting that P. brasilien-
sis experiences iron deprivation under those conditions. 
Iron, which is a metal prominently involved in the trans-
fer of electrons during metabolism, is of great impor-
tance to the virulence of mammalian pathogens. It has 
been demonstrated, for instance, that iron overload exac-
erbates miningioencephalities in a mouse model of cere-
bral infection by Cryptococcus neoformans (Barluzzi et 
al. 2002). The gene CIR1 (Cryptococcus iron regulator), 
which encodes the major regulator of the response to iron 
in C. neoformans, influences the transcription of iron 
transport and homeostasis functions and controls the ex-
pression of virulence functions such as capsule, melanin 
and growth at host temperature (Jung et al. 2008).

Interconnections between copper and iron homeosta-
sis are well established in fungi. The high-affinity system 
of iron uptake, which envolves a member of the copper 

Fig. 3: the most prominent metabolic processes upregulated in conditions mimicking host conditions. Descriptions are summarized from the 
detailed data presented in Bailão et al. (2006, 2007), Bastos et al. (2007) and Costa et al. (2007).
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oxidase family, is present in fungi (Stearman et al. 1996) 
and requires efficient copper uptake, since maturation of 
the copper protein in the secretory apparatus requires the 
acquisition of copper and the absence of genes related 
to this activity results in a decrease in high affinity iron 
transport (Dancis et al. 1994). Transcripts for iron and 
copper transporters were elevated in C. neoformans dur-
ing early murine pulmonary infection, indicating a nutri-
ent-limited host environment (Hu et al. 2008). The trans-
port of copper seems to be exacerbated in P. brasiliensis 
yeast cells recovered from liver of infected mice. The re-
sults suggest that there is an iron-regulated, high-affinity 
iron uptake system in P. brasiliensis and that those genes 
are regulated in response to iron starvation during host 
infection. In addition, a system of low-affinity iron up-
take seems to occur in P. brasiliensis, as inferred from 
the expression of ferric reductase and low-affinity iron 
transport permease (Bailão et al. 2007). In C. albicans 
there are two genes encoding iron permease and the high 
affinity transporter is required for virulence in a mouse 
model of infection (Ramanan & Wang 2000). 

Transcripts encoding enzymes for the synthesis of 
melanin were induced in the following experimental 
conditions. The transcript encoding aromatic L-amino 
acid decarboxylase (E.C.4.1.1.28) was over-expressed in 
yeast cells recovered from murine infection (Bailão et al. 
2006) and in yeast cells incubated with human blood and 
plasma (Bailão et al. 2006, 2007). This reinforces the 
relevance of DOPA-melanin in infection, as evidenced 
in previous studies (Silva et al. 2006). Of special note 
is the detection of the transcript encoding polyketide 
synthase (E.C.1.3.1.10) during liver infection. This 
suggests that P. brasiliensis could also synthesize di-
hydroxynaphtalene (DHN)-melanin, as described in 
some fungi (Paolo Jr et al. 2006).

Time-dependent gene expression in P. brasiliensis in 
host-like conditions

Fig. 4 summarizes differential expression data over 
the time course of fungal incubation with human blood by 

listing processes that are important at each stage. Genes 
encoding β-oxidation, protein synthesis, transcription, 
response to osmotic stress and transport facilitation 
were induced at both 10 and 60 min time points. As the 
incubation continued, the expression of genes encoding 
proteins involved in the methylcitrate cycle, gluconeo-
genesis, membrane remodelling, heat shock response, 
melanin synthesis and adhesion were up-regulated. Of 
86 genes induced in yeast cells upon exposure to human 
blood, 85 were differentially expressed as a function of 
time (Bailão et al. 2006). Incubation with human plasma 
stimulated expression of 94 genes out of a total of 99 
differentially induced as a function of time (Bailão et al. 
2007). It is plausible that this time-dependent gene expres-
sion could reflect the progressive adaptation of fungus to 
the new environment. The differential expression of genes 
as a function of time has been described in C. albicans 
during planktonic culture growth (Yeater et al. 2008).

Niche-regulation of genes related to cell rescue 
and virulence

Some transcripts seem to be specifically induced in 
particular host conditions and are good candidates for 
host niche-specific responses (Fig. 5). We observed an 
over-expression of iron uptake systems in the cDNA li-
braries obtained from Pb01 yeast cells recovered from in-
fected liver and from human blood and plasma. However, 
a striking feature of this over-expression is that, in the 
last two conditions, the process seems to involve a fer-
ric reductase that may belong to a low-affinity elemental 
iron transport system, as described in other fungi (Geor-
gatsou & Alexandraki 1994), possibly reflecting differ-
ential iron availability in the analyzed conditions. 

Fig. 4: summary of some cellular processes that are associated with 
genes upregulated at different time points of yeast cells treatment 
with human blood. Descriptions are summarized from the detailed 
data presented in Bailão et al. (2006).

Fig. 5: summary of some candidate genes related to cell rescue and 
virulence upregulated in different host-like conditions. Descriptions 
are summarized from the detailed data presented in Bailão et al. 
(2006, 2007), Bastos et al. (2007) and Costa et al. (2007).
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Although the response to oxidative stress seems 
to be a general feature in all the experimental condi-
tions reviewed here, the specific molecules that are up-
regulated seem to vary in the analyzed conditions. As 
examples, in yeast cells recovered from liver infection 
we detected induced transcripts encoding homologues 
of thioredoxin, an oxidation resistance protein; in yeast 
cells in the presence of plasma, the expression of the ho-
mologue to catalase A was detected; and NADPH-qui-
none reductase was detected during yeast cell incubation 
with blood and plasma. During the 22-h transition from 
mycelium to yeast the fungus preferentially expressed 
transcripts encoding catalase P and Cu/Zn superoxide 
dismutase. It has been suggested that superoxide dis-
mutases, which promote the rapid degradation of super-
oxide into hydrogen peroxide and O2, augment adapta-
tion of C. neoformans to human host body temperature 
(Giles et al. 2005). These observations suggest a niche-
specific activation of the oxidative stress response by P. 
brasiliensis, as described for C. albicans (Enjalbert et 
al. 2007). Corroborating these observations, we recently 
demonstrated that P. brasiliensis responds to oxidative, 
osmotic and heat stresses by differentially up-regulating 
the catalases A, C and P (Chagas et al. 2008).

Virulence attributes such as adhesins and secreted 
hydrolases are regulated during infection. Glyceralde-
hyde-3-phosphate-dehydrogenase (GAPDH) is induced 
in Pb01 obtained from infected mouse liver and in 
yeast cells incubated in blood (Bailão et al. 2006). The 
GAPDH of P. brasiliensis reacts with the serum of PCM 
patients (Fonseca et al. 2001, Barbosa et al. 2004) and 
is located at the fungal cell wall. This protein is a P. 
brasiliensis adhesin that binds components of the ex-
tracellular matrix and is able to mediate the adherence 
and internalization of P. brasiliensis to in vitro-cultured 
cells, suggesting its involvement in the pathogenesis of 
the fungus (Barbosa et al. 2006).

Interestingly, some genes related to cell rescue and 
virulence were over-induced in all conditions analyzed 
(Bailão et al. 2006, 2007, Bastos et al. 2007, Costa et 
al. 2007). One such example is the transcript encoding 
a serine proteinase (E.C.3.4.21.4). Several lines of evi-
dence suggest that serine proteinases are required for 
the successful invasion of host cells by pathogens. An 
extracellular SH-dependent serine proteinase has been 
characterized in the yeast phase of P. brasiliensis. It 
cleaves the main components of the basal membrane in 
vitro and is thus potentially relevant to fungal dissemi-
nation (Puccia et al. 1999). Serine proteinases could play 
an important role in the cleavage of host proteins either 
during the invasion of a host cell or during dissemina-
tion through organs.

Perspectives

The data obtained from these transcriptional analy-
ses have broadened our knowledge of the mechanisms 
used by this fungus to differentiate and adapt to the host 
environment. In a complementary approach, we will 
analyze the proteome of P. brasiliensis, as well as the 
protein-protein interactions of molecules potentially as-
sociated with the process of infection.

For an initial characterization of P. brasiliensis pro-
tein-protein interactions, we conducted yeast two hybrid 
(Y2H) assays using selected proteins previously char-
acterized in our laboratory (manuscript in preparation). 
These proteins are probably involved in the fungus’ infec-
tive process, as suggested in previous studies (Bailão et 
al. 2006, 2007, Costa et al. 2007) and they were classified 
into different functional categories such as cell adhesion, 
micronutrient uptake, transport, protein degradation and 
cell wall metabolism. The selected proteins were used as 
bait against a cDNA library constructed with mRNAs 
obtained from P. brasiliensis yeast cells recovered from 
liver of infected mice. Several relevant interactions were 
detected, reinforcing the role of the analyzed proteins 
in their functional categories and also pointing to their 
function in the infective process of P. brasiliensis.

In a second and more enlightening approach, high-
throughput Y2H studies are being performed. These 
studies of P. brasiliensis’ interactome should help to 
decipher the enzymatic complexes, signalling and meta-
bolic pathways, and binding event cascades that contrib-
ute to P. brasiliensis’ adaptation and survival during the 
infective process.

In summary, using a comparative analysis approach, 
we identified sequences potentially relevant to the abil-
ity of P. brasilensis to cause infection and to adapt to 
host niches. Taken together, the results reveal specific 
metabolic adaptations of this fungus during infection. 
Gene cataloguing and profiling of P. brasiliensis yeast 
cells recovered from infected animal tissues and other 
conditions mimicking sites of infection is an essential 
prerequisite for elucidating mechanisms of fungal viru-
lence and pathogenesis. These results provide important 
information for future research on the infective process 
of this fungal pathogen.
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