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Abstract: The dimorphic fungi of the Paracoccidioides genus are the causative agents of paracoccid-
ioidomycosis (PCM). This disease is endemic in Latin America and primarily affects workers in
rural areas. PCM is considered a neglected disease, despite being a disabling disease that has a
notable impact on the public health system. Paracoccidioides spp. are thermally dimorphic fungi
that present infective mycelia at 25 ◦C and differentiate into pathogenic yeast forms at 37 ◦C. This
transition involves a series of morphological, structural, and metabolic changes which are essential
for their survival inside hosts. As a pathogen, the fungus is subjected to several varieties of stress
conditions, including the host immune response, which involves the production of reactive nitrogen
and oxygen species, thermal stress due to temperature changes during the transition, pH alterations
within phagolysosomes, and hypoxia inside granulomas. Over the years, studies focusing on under-
standing the establishment and development of PCM have been conducted with several limitations
due to the low effectiveness of strategies for the genetic manipulation of Paracoccidioides spp. This
review describes the most relevant biological features of Paracoccidioides spp., including aspects of
the phylogeny, ecology, stress response, infection, and evasion mechanisms of the fungus. We also
discuss the genetic aspects and difficulties of fungal manipulation, and, finally, describe the advances
in molecular biology that may be employed in molecular research on this fungus in the future.
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1. Introduction
1.1. Paracoccidioides and Paracoccidioidomycosis

Paracoccidioides spp. is the aetiologic agent of paracoccidioidomycosis (PCM), a sys-
temic mycosis that mainly affects workers in rural areas and causes some degree of dis-
ability for working-age people. In 1908, Adolpho Lutz described the causative agent of
PCM in the oral lesions and cervical lymph nodes of two patients. By that time, the disease
and its agent received several names, until in 1930 Floriano Almeida finally proposed
the name Paracoccidioides brasiliensis [1]. More recently, genomics analyses have identified
the existence of cryptic species within the Paracoccidioides genus and new species have
been proposed [2,3].

The disease is widely distributed in Latin American countries, such as Brazil [4], Ar-
gentina [5], Uruguay [6], Paraguay [7], Peru [8], Ecuador [9], Colombia [10], Venezuela [11],
and Mexico [12]. However, there are reports of imported cases in such countries as
Japan [13], the Netherlands [14], Germany [15], and Austria [16] (Figure 1). Due to the
reduced lethality and restricted geographic distribution of the etiological agent of PCM,
public health agencies have largely neglected the disease. PCM is geographically limited to
Latin American countries and the highest number of reported cases are concentrated in
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Brazil (80%). Although Brazil reports more cases than any other country (Figure 1), these
numbers are probably underestimated, given that until February 2020 PCM was not a noti-
fiable disease, although there is currently a recommendation for reporting cases as proven
or probable [17]. It is expected that with this change, the data regarding epidemiology will
soon be more accurate.
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1.2. Paracoccidioidomycosis: Disease, Diagnosis and Treatment

PCM is a granulomatous disease that usually presents in two distinct forms: acute
or subacute and chronic forms. The acute or subacute form is responsible for 5–25% of
cases and is characterized by rapid dissemination to the reticuloendothelial system. In
the chronic form (74–96% of cases), the disease progresses slowly and may take months
to years to become apparent, and pulmonary manifestations are present in more than
90% of cases [17,18]. In addition, the chronic form can manifest as unifocal or multifocal.
In the unifocal form (25% of cases), the lungs and, rarely, other sites are the only organs
involved [19]. In the multifocal form, along the lungs, the main sites involved are the oral
mucosa, skin, lymph nodes, and adrenal glands and, to a lesser extent, the central nervous
system, bones, genitals, and blood vessels. The residual form, observed less frequently, is
expressed by sequelae left after treatment [17].

The clinical manifestations of PCM can be related both to characteristics inherent to the
pathogen and to the host’s immune response profile. The analysis of the adaptive immune
response in different clinical spectra of PCM has contributed to a better understanding
of the disease evolution. The presence of the T helper 2 (Th2)/Th9 profile with a high
production of cytokines IL-4, IL-5, IL-9, IL-10, TGF-β, IL-27; the polyclonal activation of B
cells; the production of large amounts of specific IgG4, IgA, and IgE; and a low production
of IFN-γ and TNF-α is related to the acute form of PCM with the fungus spreading to
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different organs and systems [20,21]. On the other hand, the prevalence of Th17 and Th22
with the production of the cytokines IFN-γ, TNF-α, and IL-2; varying amounts of IL-10
and IL-4; and the presence of high levels of specific IgG1 antibodies are immunological
characteristics of the chronic form [20,21]. Asymptomatic and mild chronic forms have a
Th1 profile, while the severe chronic form may have a predominance of Th2 response [21].
Interestingly, mice infected with different P. brasiliensis genotypes showed differences in
their immune response profile, suggesting that factors of the pathogen may also contribute
to the different activation profiles [22]. The review of innate and adaptive host immunity
to Paracoccidioides was not the purpose of this work. These aspects are widely covered in
another review by Calich et al., 2019 [23].

PCM is rarely observed in children and young people and is more common in men
aged 30 years or more. The susceptibility of men and women does not differ notably;
the ratio of men who develop the disease to women is 22:1 [17]. This difference has been
attributed to the presence of high levels of endogenous estrogens in women that act as bind-
ing proteins in the fungal cytosol, inhibiting the transition to the pathogenic phase [24–26].
In fact, pre-adolescent girls, women in menopause, and women suffering from hormonal
disorders may manifest the disease, given their decrease in 17β-estradiol [27]. Although the
relationship between the presence of estrogens and the clinical manifestation of the disease
can be explained by epidemiological data and by experiments inhibiting the mycelium–
yeast transition, the understanding of the complex relationship between steroid hormones
and the immune system is rapidly developing and may help to elucidate the differing
disease responses between women and men [28]. Therefore, the mechanisms underlying
estrogen protection against PCM warrant further clarification.

The clinical diagnosis of PMC remains a challenge, given the ability of the fungus
to mimic the most diverse pathological conditions, such as tuberculosis, leprosy, histo-
plasmosis, coccidioidomycosis, blastomycosis, leishmaniasis, and syphilis, as well as
non-infectious diseases, including bone tissue neoplasia, oral and pharyngeal cancer,
cholangiocarcinoma, hypercalcemia, Crohn’s disease, Hodgkin’s lymphoma, icteric syn-
dromes, sarcoidosis, and others [16,17,29–32]. Such variability of clinical presentations
makes it necessary to include PCM among the differential diagnoses for patients who live
in or have visited endemic areas, even for patients with symptoms that are not suggestive
of PCM. Particular attention should be directed to patients with immunosuppression, such
as patients with HIV, cancer, transplants, and autoimmune diseases. There are at least
nine reported cases of renal transplant patients who developed PCM [33]. Data in this
population remain scarce, and the differential diagnosis becomes even more important for
implementing the correct treatment.

The diagnosis of PCM is based on clinical and laboratory findings. In the acute
form of the disease, skin lesions are frequently observed. On the other hand, in the
chronic form the lungs are more often affected. In these cases, in endemic areas chest
radiography may present bilateral and symmetrical opacities in the midline of the lungs, a
finding known as butterfly wings [34]. The laboratory diagnosis of PCM must be based
on the direct mycological examination of biological materials, such as sputum, bronchial
lavage, lesion scraping, lymph node aspiration, or biopsy samples, in which the typical
morphology of the fungus can be visualized. Under a light microscope, small chains
of blastoconidia or single budding cells can be observed. Histopathologically stained
preparations can demonstrate multiple budding yeasts, preferably within granulomas.
Although the isolation of the agent is not always possible, the biological material can be
cultured at 25–30 ◦C to finalize the diagnosis [19]. Serological tests are utilized to facilitate
the diagnosis, to monitor the evolution of the disease, and to measure the response of the
patient to the treatment of this mycosis [35]. Radial immunodiffusion using yeast phase
culture filtrate is the most frequently utilized method, presenting a high sensitivity and
specificity [35]. Other serological methods, such as immunoblotting and ELISA [35], have
been developed for patient monitoring. Molecular methods using PCR have also been
proposed to facilitate the definitive diagnosis of the fungus but have not been adopted



J. Fungi 2021, 7, 116 4 of 28

for use in routine laboratory tests [35]. The standardization of diagnostic techniques
among clinical laboratories is still a challenge. The identification of new antigens and the
development of better diagnostic methodologies can contribute to the correct identification
and better monitoring of PCM patients.

Regarding the therapy of PCM, the first-line treatment is itraconazole, a drug of choice
for the treatment of mild and moderate forms of PCM within a time period of 9–18 months.
However, given the interactions between itraconazole and a wide range of drugs often
used by patients with comorbidities, cotrimoxazole (18–24 months) can be used as a second-
choice line of treatment. Sulfamethoxazole is indicated when associated with trimethoprim
(an association known as cotrimoxazole). Among the advantages of this association are the
low cost, good tolerance, safety for prolonged use [19], and good penetration in the central
nervous system [36]. Cotrimoxazole is used in patients with mild to moderate forms of
PCM and neuroparacoccidioidomycosis [36]. Although the side effects of itraconazole and
cotrimoxazole (e.g., nausea, vomiting, and diarrhea) can make treatment difficult, overall
both drugs are well tolerated by patients with PCM.

In severe and disseminated forms, the drug of choice is amphotericin B, and the
patient needs to maintain the treatment with itraconazole or cotrimoxazole for an extended
period [17]. Despite the effectiveness of amphotericin B, it produces several toxic effects
in the host, including acute symptoms, such as nausea, vomiting, fever, hyper- and hy-
potension, and hypoxia, in addition to chronic nephrotoxicity. New formulations, such as
amphotericin B lipid complex, liposomal amphotericin B, and amphotericin B colloidal
dispersion, have yielded better tissue distribution and less toxicity [36].

1.3. Paracoccidioides Phylogeny and Ecology

PCM was initially recognized as being caused only by the fungus P. brasiliensis [37].
After 75 years, phylogenetic studies demonstrated the need to separate the etiological
agent in at least three distinct phylogenetic species (PSs)—namely, S1 (38 isolates), PS2
(6 isolates), and PS3 (21 isolates) [2]. This was because the Paracoccidioides genus seems to
contain several cryptic species. Cryptic species are those that cannot be easily distinguished
based on morphology but which form distinct phylogenetic lineages based on molecular
markers. Although researchers recognized the need for separating identified PSs, for years,
the isolates continued to receive names related to P. brasiliensis, such as Pb01, Pb03, Pb18,
and Pb339, among others. However, there remained a set of isolates, including Pb01, that
differed from the proposed PSs. Soon, isolate Pb01 and others (an additional 16 isolates)
were recognized as a new species, P. lutzii [3].

This set of changes in the classification of Paracoccidioides isolates occurs frequently
among organisms recognized as cryptic species [38]. At present, it is believed that PCM is
caused by fungi of the genus Paracoccidioides [39], which is composed of at least five species
(P. brasiliensis, P. lutzii, P. americana, P. restrepiensis, and P. venezuelensis) [40]. Despite the
great genetic variability among these species, there do not seem to be important differences
in the clinical findings when comparing P. brasiliensis with P. americana [41] or P. lutzii [42],
for instance. Currently, the genus Paracoccidioides is taxonomically classified as Eukaryota
of the kingdom Fungi, phylum Ascomycota, subphylum Pezizomycotina, and family
Ajellomycetaceae. Additionally, part of this family includes the fungi Histoplasma capsulatum,
Blastomyces dermatitidis, and Coccidioides immitis [1].

Although overlooking the fact that fungi of the genus Paracoccidioides are organized in
cryptic species, the recognition of the existence of isolates with different degrees of viru-
lence, as in the comparisons between Pb18 (considered virulent) and Pb265 (considered of
lower virulence), enabled the establishment of an animal model to study the disease [43,44].
Today, however, it is known that even isolated Pb18, considered virulent, can become
attenuated after successive culture passages [45]. This model of attenuation and virulence
recovery through inoculation in animals enables the study of virulent and attenuated fungi
of the same genetic background.
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The Paracoccidioides fungi are found in soil, which may be the primary source of
infection for both humans and wildlife, given the lack of evidence of transmission between
hosts or reservoirs and hosts [4]. Natural infections have been described in some wild
and domestic animals [46], and a Paracoccidioides fungus was isolated from two armadillo
species, Dasypus novemcinctus L. and Cabassous centralis [47]. These findings suggest that the
armadillo is an important natural reservoir of Paracoccidioides [48], and that the same animal
can carry multiple species of the fungus [49]. Close contact with soil and animal digging
habits enable the dissemination of fungal propagules [47]. Furthermore, the armadillo
appears to be highly susceptible to infections [50]. Paracoccidioides fungi have been isolated
from infected animals in various states, such as Pará, São Paulo, and Minas Gerais [39].
Approximately 75% to 100% of all animals caught in endemic areas are favorable for
PCM [47]. The permissiveness of infectivity in several mammalian hosts can help to
explain the spread of the Paracoccidioides fungi over extensive areas. In addition, the great
variability observed among the various isolates may be due to environmental pressure
and/or to immune responses from different animal species infected by fungi. More in-
depth research on these topics may help to elucidate the genetic variability and ecology
of Paracoccidioides.

In this review, we aimed to summarize the major findings in the field of Paracocc-
cidioides biology as well as its genetic aspects. Next, we describe and detail the findings
related to dimorphism, stress response, infection, and evasion mechanisms and point out
the difficulty and advances in the genetic manipulation of this fungus. Understanding
these aspects is necessary to advance in identifying virulence factors, diagnostic markers,
new pharmacological targets, and therapeutic strategies.

2. Fungal Biology
2.1. Dimorphic Transition

The fungi of the genus Paracoccidioides present different morphologies when subjected
to different temperatures. This feature is called thermodependent dimorphism, and tem-
perature change is a critical event in the disease of these fungi, since strains that do not
differentiate into yeast cells are avirulent [51]. When these fungi are grown at room tem-
perature (between 19 and 26 ◦C), they present as mycelia, the infective form. On the other
hand, when subjected to temperatures close to those of the mammalian body (36–37 ◦C),
the hyphae differentiate into yeasts, marking the pathogenic phase. The transition from
mycelia to yeast cells can be induced in vitro by changes in the incubation temperature
from 25 to 37 ◦C [18,52] (Figure 2). The mycelial form presents tangles with long filaments
of septate and branched hyphae, which are thin and hyaline. Yeasts are multinucleated
and of varying sizes (4 to 50 µm), and they have a spherical, oval, or elongated shape and
multiple buds. When yeasts are cultured in solid medium, they present elevated colonies
with irregular borders, cerebriform appearance, and cream coloring, becoming darkened
with ageing [53].

Although the dimorphic nature of Paracoccidioides spp. has been well-known for
decades, the molecular regulators and effectors of dimorphism have not been fully elu-
cidated. It is known that in several pathogenic fungi, the cAMP/PKA pathway controls
morphology and pathogenicity and that organisms can respond quickly to environmental
changes through this pathway. A study performed in P. lutzii demonstrated that when
PKA activity is inhibited, the transition from mycelium to yeast is compromised [54].
Additionally, there is an increase in cyclic adenosine 3′,5′ monophosphate (cAMP) in
the process of dimorphic transition in P. brasiliensis [55]. Exogenous cAMP inhibits the
P. brasiliensis yeast-to-mycelium (Y–M) transition, thereby maintaining the pathogenic
yeast form [56]. This situation differs in Candida albicans, in which the Y–M transition is
controlled by cAMP, and exogenous cAMP stimulates pseudo-hyphae that may be able to
invade mammalian cells [57].
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Figure 2. Infographic of Paracoccidioides species life cycle from the environment to the host. The saprophytic form of
Paracoccidioides spp. are found in the soil as mycelium (25 ◦C). Conidia and hyphal fragments inhaled by mammalian
hosts are the primary sources of infection. The propagules are inhaled and established in the lungs, which, at body
temperature (37 ◦C), initiate the dimorphic transition to pathogenic yeast form. The immune cells present within the host,
such as macrophages, neutrophils, and dendritic cells, recognize the pathogen and trigger defence mechanisms such as the
production of reactive nitrogen and oxygen species (RNS/ROS).

A number of initial studies identified genes and proteins involved in the mycelium–
yeast transition and made an interesting connection between yeast morphology and the
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expression of virulence genes [22,58–64]. However, few genes have been identified as
phase-specific in Paracoccidioides spp. yeasts [22]. Among the markers of the pathogenic
phase are α-1,3-glucan synthase (AGS1), which is responsible for the synthesis of cell wall
sugars [51], and dimorphism-regulating histidine kinase (DRK1), which is implicated in the
control of dimorphism [65]. In addition to the search for specific markers for the pathogenic
phase, several studies have attempted to determine a set of proteins that are representative
of each of the phases, as well as the transition [60,63]. In P. lutzii [66], six antigens prefer-
entially synthesized in the yeast phase of the fungus were identified: catalase, fructose
1,6-bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), malate
dehydrogenase, and triosephosphate isomerase. Another study determined the profile of
secreted proteins in the pathogenic and environmental phases [64].

Heat shock proteins (HSPs) are also widely regulated during the phase transition
because dimorphism is conditioned by temperature changes [59]. Although tempera-
ture changes trigger the differentiation process, GTPase Ras seems to be a fundamental
component in the maintenance of cells in the yeast phase. Indeed, the inhibition of Ras far-
nesylation induces filamentation in yeasts of Paracoccidioides in a temperature-independent
manner [67]. On the other hand, the protein paracoccin (PCN) appears to be fundamental
in the process of the reversion of yeasts to mycelium [68].

Some proteins involved in the dimorphic transition of P. brasiliensis were identified in a
study with microRNAs. Genes encoding dcr-1 were predominant in yeast cells, while dcr-2
and aug-2 exhibited increased expression in the mycelial phase. Thioredoxin, glutathione
S-transferase, and chaperone hsp12 protein production is reduced when fungi are in the
form of mycelium or are in the mycelium–yeast transition because they are the targets
of microRNAs [69].

The morphological change in Paracoccidioides is accompanied by changes in the cell
wall composition [69], including the migration and reorganization of membrane lipids,
especially glycosphingolipids (GLSs) [70]. Indeed, yeasts have a greater amount of chitin
than the hyphae of Paracoccidioides [71], which is explained by the increase in the expression
of the enzyme chitinase CTS2 in the hyphae and the reduced expression in yeasts of this
fungus [60]. This change in the chitin amount in the cell wall may be critical to fungal
escape mechanisms [72]. Understanding the steps of morphological transition and the
molecular mechanisms involved in this process, both those related to cell metabolism and
those involved in important changes in the composition and structure of the cell wall, may
help to identify useful molecular targets for treating and preventing PCM development.

2.2. Cell Wall

The morphological switch from the mycelia to the yeast form is an essential event
for disease development and host establishment. This event is associated with major
morphological alterations regarding cell wall architecture. The cell wall is thicker in yeasts
(0.2–0.6 µm) than in hyphae (0.08–0.15 µm), but in both phases there is an outer layer
and an inner layer [73]. The cell walls of Paracoccidioides spp. are composed mainly of
polysaccharides [73] but also of proteins, lipids, and melanin [74]. The main polysac-
charides associated with cell wall structural integrity are β-1,4-linked homopolymers of
N-acetylglucosamine (chitin) and glucan [75]. Yeast cell wall composition presents impor-
tant differences in relation to hyphae. In yeasts, the cell wall is composed of carbohydrates
(81%), mainly glucose (38%) and N-acetylglucosamine (43%), with small proportions of
amino acids (10%) and lipids (11%). On the other hand, in mycelia 51% of the cell wall
contains carbohydrates (38% glucose and 13% N-acetylglucosamine), 33% amino acids,
and 8% lipids [73] (Figure 3).

Chitin is largely responsible for cell wall structural integrity, and in mycelia it is
less abundant than glucan polysaccharides. However, in the yeast form chitin contents
represent almost half of the wall total dry weight [71]. In P. brasiliensis, there are five
characterized genes encoding chitin synthase enzymes—namely, CHS1, CHS2, CHS3, CHS4,
and CHS5 [71,73]. These genes are differentially expressed during fungal dimorphism [71].



J. Fungi 2021, 7, 116 8 of 28
J. Fungi 2021, 7, 116 9 of 28 
 

 

 

Figure 3. Schematic representation of the Paracoccidioides species cell wall. The ability to perform the dimorphic transition 

is an essential event for fungal establishment in the host system. This alteration is involved in major changes in the cell 

wall composition. The thickness of the filamentous form is approximately 0.08 to 0.15 μm, thinner than that of the yeast 

form, which is approximately 0.2 to 0.6 μm. The cell wall of the filamentous form is composed mainly of polysaccharides, 

such as β-glucan (most abundant), chitin, and mannan (less abundant). The yeast from the cell wall is constituted mainly 

of α-glucan and chitin (most abundant) and other polysaccharides, such as mannan. In general, the cell walls of both forms 

contain smaller proportions of amino acids, lipids, and proteins. The predominance of distinct O-glycosidic bond poly-

saccharides is essential for host adaptation, as β-glucans are recognized by the dectin-1 receptors of phagocytic cells. 

2.3. Infection and Evasion Mechanisms 

Host–parasite interactions are complex events in which the host is under pressure to 

develop resistance while the parasite attempts to escape and adapt to the host’s immune 

response and thus survive in the host environment [85]. Infection with Paracoccidioides 

spp. occurs after the inhalation of conidia or fragments of hyphae. To develop the disease, 

the conidia housed in the pulmonary alveoli must differentiate into yeasts. The change 

from infecting to pathogenic phase relies on the increase in temperature [86]. This sudden 

environmental change associated with infection implies the ability to adapt quickly to 

survive and invade the host. This phase transition (from mycelium to yeast) is an essential 

event in fungal biology and results in the expression of the virulence factors necessary to 

establish the infection [87] (Figure 2). 

Virulence factors, in turn, are elements that increase the ability of pathogens to in-

vade, replicate, and persist in the host [88]. The pathogen uses a large repertoire of surface 

molecules, specifically adhesins, that can bind to the extracellular matrix (ECM) of various 

cell types in the host. This interaction with the ECM has been correlated with the processes 

of adhesion and invasion. The ECM is composed mainly of collagen; elastin fibres; glycosa-

minoglycans (GAGS); proteoglycans (PG); fibronectin; laminin; heparan sulphate; nido-

gen/entactin; hyaluronate; chondroitin sulphate; and collagens of subtypes I, III, IV, and V 

[89]. Paracoccidioides spp. recognizes several of the components of the ECM—mainly, fibron-

ectin, laminin, plasminogen, and types I and IV collagen [90]. Gp43 proteins and the glyco-

lytic pathway (such as GAPDH and triosephosphate isomerase enzymes) have been de-

scribed as capable of binding to ECM components, such as laminin and fibronectin [91–94]. 

Enolase, fructose 1,6-bisphosphate aldolase, and 14-3-3 protein also showed adhesion prop-

erties [95,96], binding to fibronectin and plasminogen, thereby leading to the degradation 

– 

– 

Figure 3. Schematic representation of the Paracoccidioides species cell wall. The ability to perform the dimorphic transition
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wall composition. The thickness of the filamentous form is approximately 0.08 to 0.15 µm, thinner than that of the yeast
form, which is approximately 0.2 to 0.6 µm. The cell wall of the filamentous form is composed mainly of polysaccharides,
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polysaccharides is essential for host adaptation, as β-glucans are recognized by the dectin-1 receptors of phagocytic cells.

One of the most important proteins in the synthesis of the fungal cell wall is glucan
synthase [76]. The phenotypic change of fungi entails alterations in the fungal cell wall
composition, with a predominance of β-1,3-glucan and β-1,6-glucan and carbohydrates
being observed in the mycelial form. In contrast, in the yeast form there is a prevalence of
α-1,3-glucan and chitin [77]. Changes may occur in the amount and spatial arrangement
of these polysaccharides [73], which ensure the survival of the fungi in the host. The
α-1,3-glucan correlates with the degree of virulence [78], possibly by the concealment of
β-glucans, which are recognized by the dectin-1 receptors of phagocytic cells [79]. This
mechanism facilitates the evasion of the immune response of the host [80]. Indeed, differ-
ences in the ability of dendritic cells to phagocytose yeasts from different Paracoccidioides
isolates have been reported, and this phenomenon was attributed to variations in the cell
wall glucan composition [81] (Figure 3).

The proteins present in the fungal cell wall constitute 3–20% of the dry weight and play
roles in the structure, organization, and physiology of this component. Surface proteins
perform relevant functions, such as promoting adhesion and protecting against phagocytes
and components that can damage cells [82]. In addition, a number of these proteins display
moonlighting functions, meaning that the proteins have a primary enzymatic function but
also have acquired secondary non-enzymatic roles. In this group, proteins involved in
glycolytic enzymes, such as enolase, glyceraldehyde-3-phosphate dehydrogenase, fructose
1,6-bisphosphate aldolase, triosephosphate isomerase, cellular signalling protein 14-3-3,
and heat shock protein, were detected [68,73]. The PCN protein is another important
component located in the cell wall. The absence of the PCN protein appears to facilitate
yeast phagocytosis [69]; on the other hand, neutrophils stimulated with a recombinant
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form of PCN produce more reactive oxygen species (ROS) and become more efficient in
eliminating the fungus [83]. In proteomic studies, several proteins were identified in the
yeast cell wall, including some antioxidants, such as catalase B, thioredoxin reductase,
and nitroreductase, which might play a role in host–pathogen interactions. Most of the
identified proteins (approximately 80%) have been classified as secreted [84], and some
of them may be involved in the escape of Paracoccidioides from the immune response by
subverting the activation of immune cells and contributing to the pathogenesis of PCM.

2.3. Infection and Evasion Mechanisms

Host–parasite interactions are complex events in which the host is under pressure to
develop resistance while the parasite attempts to escape and adapt to the host’s immune
response and thus survive in the host environment [85]. Infection with Paracoccidioides
spp. occurs after the inhalation of conidia or fragments of hyphae. To develop the disease,
the conidia housed in the pulmonary alveoli must differentiate into yeasts. The change
from infecting to pathogenic phase relies on the increase in temperature [86]. This sudden
environmental change associated with infection implies the ability to adapt quickly to
survive and invade the host. This phase transition (from mycelium to yeast) is an essential
event in fungal biology and results in the expression of the virulence factors necessary to
establish the infection [87] (Figure 2).

Virulence factors, in turn, are elements that increase the ability of pathogens to invade,
replicate, and persist in the host [88]. The pathogen uses a large repertoire of surface
molecules, specifically adhesins, that can bind to the extracellular matrix (ECM) of var-
ious cell types in the host. This interaction with the ECM has been correlated with the
processes of adhesion and invasion. The ECM is composed mainly of collagen; elastin
fibres; glycosaminoglycans (GAGS); proteoglycans (PG); fibronectin; laminin; heparan
sulphate; nidogen/entactin; hyaluronate; chondroitin sulphate; and collagens of subtypes
I, III, IV, and V [89]. Paracoccidioides spp. recognizes several of the components of the
ECM—mainly, fibronectin, laminin, plasminogen, and types I and IV collagen [90]. Gp43
proteins and the glycolytic pathway (such as GAPDH and triosephosphate isomerase
enzymes) have been described as capable of binding to ECM components, such as laminin
and fibronectin [91–94]. Enolase, fructose 1,6-bisphosphate aldolase, and 14-3-3 protein
also showed adhesion properties [95,96], binding to fibronectin and plasminogen, thereby
leading to the degradation of the extracellular matrix and facilitating tissue invasion by
the fungus [97,98]. The 14-3-3 protein demonstrated the ability to adhere to A549 cells
(pulmonary adenocarcinoma cell line) [99].

Some differences concerning the degree of adhesion were observed for Paracoccidioides
spp. regarding how they enter different cell types. These differences may be related to
changes in the composition of the cell wall [77]. Hanna et al. (2000) observed differences in
the adhesion capacity of four P. brasiliensis strains to Vero cells [100]. Oliveira et al. (2015)
observed that P. brasiliensis and P. lutzii present differences in their capacity of adhesion
to pneumocytes [101]. These data support the fact that adhesion and virulence are closely
related in Paracoccidioides spp. and reinforce the importance of adhesion in the infection
process of these fungi.

Fungal adhesion is critical for colonization, leading to the invasion and damage of
host tissue. An important component of tissue invasion is the expression and secretion
of proteases, which are virulence factors in fungal infections. P. brasiliensis showed 53
ORFs encoding proteases, including proteasome subunits, aspartyl, cysteine, metallo-,
and serine proteases [102]. However, only a few Paracoccidioides proteases have been
characterized over the last two decades; these proteases include serine protease and aspartyl
proteases (PbSap) [103–106]. PbSap is a secreted protease that has been reported in culture
supernatants [103,104], and its expression increased in the highly virulent isolate Pb18 and
decreased after several generations in culture [104]. In addition, a vaccination strategy
using a recombinant version of PbSap was able to confer some level of protection against
the lung parenchyma lesions inflicted by P. brasiliensis in a PCM experimental model [104].
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Serine protease has also been identified in Paracoccidioides culture supernatants under
nitrogen starvation conditions, thereby indicating the potential function of this protein in
fungal nitrogen acquisition [105]. This serine protease expression is induced in yeast cells
infecting murine macrophages [105] and during the incubation of yeast cells with human
plasma [107], thereby suggesting that the protein plays a putative role in PCM pathogenesis.

In addition to protease secretion, melanin is also produced as a putative factor that
contributes to fungal protection in the host hostile environment. Melanin is a biopoly-
mer produced in several organisms, and, in fungi is commonly associated with protec-
tion against several stress conditions [108]. Synthesis can occur by two distinct path-
ways: through he polysaccharide-synthetase pathway with endogenous substrates, and
through phenoloxidases or laccases pathways using phenolic compounds such as L-3,4-
dihydroxyphenylalanine (L-DOPA) [109]. Paracoccidioides isolates have been shown to
produce melanin in yeast and hyphae [109], this pigment is associated with the patho-
genesis of PCM [109–111]. P. brasiliensis melanized yeast cells are more resistant to attack
by the oxidative/nitrosative stress of murine macrophages, show greater resistance to
phagocytosis, and are less susceptible to antifungal drugs [109–111].

2.4. Extracellular Vesicles (EVs)

EVs are membranous vesicles released by eukaryotic and prokaryotic cells, and they
play important roles in intercellular communication. These vesicles can carry different
molecules, including proteins, lipids, and nucleic acids (Figure 4), between cells within one
organism or between organisms in a cross-kingdom interaction, such as in host–pathogen
cross-talk [112]. In fungi, EVs are also involved in the transport of macromolecules across
the cell wall [113]. Various reports have described the release of EVs by several species
of pathogenic fungi in both yeasts and filamentous fungi [114–120]. Conventional and
unconventional secretory pathways have been proposed for the release of EVs by fungi.
Although the mechanisms by which EVs are released are not fully understood to date,
studies with mutants have demonstrated the importance of some proteins in the production
and release of EVs by fungi [114–116]. Additionally, the passing of EVs through the cell
wall is still under investigation. The presence of channel guides, remodeling enzymes,
or turgor pressure are the main hypotheses to explain the passage of EVs by the fungal
cell wall [121].

Studies to better characterize the content of EVs released by fungi have contributed to
a better understanding of the biogenesis, release, and biological functions of these EVs. In
Paracoccidioides, the presence of immunogenic α-linked galactosyl epitopes in P. brasiliensis
EVs was identified [118]. Subsequently, reports identified the contents of carbohydrates,
proteins, lipids and RNA in Paracoccidioides EVs [122–125]. Analysis of carbohydrate
composition identified small amounts of (1-6)-mano polymer, (1-3)-glucan and (1-6)-glucan
in EVs from Paracoccidioides [124] (Figure 4). The presence of the cell wall α-1,3-glucan
synthase MOK1-like in P. brasiliensis EVs suggests a potential contribution to remodeling
the fungal cell wall [123]. GADPH, enolase, and gp43 are proteins located in the cell wall
that were also observed in P. brasiliensis EVs [122]. These molecules have several biological
functions in fungal metabolism and the fungal–host relationship [86,92,95]. Thus, analysis
of the P. brasiliensis EV proteome helped to elucidate protein content and contributed to
uncovering the biological functions of these EVs.

The heterogeneity and diversity of EVs released by the Paracoccidioides genus were
highlighted by analysis of the content of RNAs in the EVs of P. brasiliensis and P. lutzii
(Figure 4) [125]. The presence of exclusive RNA sequences in each species confirms the
diversity in EV composition and suggests that fungus–host interactions can be affected by
different RNA EV compositions [125].

Notably, a great number of virulence factors are also associated with fungal EVs [111].
However, few functional studies have been performed with Paracoccidioides EVs. It was
demonstrated that EVs released by P. brasiliensis induced murine macrophage polarization
to an M1 profile in vitro [126], and macrophage stimulation with EVs led to an increase in
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the fungicidal activity of these cells [126]. A mammalian lectin microarray assay showed
that carbohydrate residues present on the EV surface were recognized by DC-SIGN (a
dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin), suggesting
that EVs can stimulate the innate host immune response [124]. In addition, after coculturing
with P. brasiliensis in the Transwell system, dendritic cells modulated the gene expression
of several genes related to the immune response [124]. However, functional studies are
needed to better assess the mechanisms of EV interactions with host cells. Although
these findings are highly speculative, the presence of RNAs and other molecules in the
P. brasiliensis EV ligands of expressed receptors may partly explain these effects. Additional
studies to better understand the direct and indirect effects of P. brasiliensis EVs on immune
cells and in the immune response may help to elucidate the mechanisms by which the
fungus interacts with the host. This knowledge can be applied for new perspectives on the
diagnosis, prognosis, and treatment of PCM in the future.
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position and content. The secretory pathway can occur by conventional and unconventional release, however these
mechanisms are not yet fully characterized in Paracoccidioides spp. The content and composition of EVs are distributed
among (1) RNA (mRNAs, non-coding RNAs, small RNAs, and interference-RNAs); (2) carbohydrates (glucose, mannose,
and galactose), including N-Acetylglucosamine (GlcNAc) and mannan residues in EVs surface; (3) lipids (brassicasterol,
ergosterol and lanosterol); and (4) proteins and enzymes involved with a myriad of signaling pathways and host immune
system modulation.

2.5. Stress Response
2.5.1. Oxidative and Nitrosative Stress

Alveolar macrophages (AMs) play important roles in developing appropriate immune
responses to contain and eliminate inhaled pathogens, such as infective propagules of
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Paracoccidioides [127] (Figure 2). AM and other immune cells recognize pathogen-associated
molecular patterns (PAMPs) expressed on fungal cell walls by receptors present on the sur-
face of the cell membrane and in the intracellular compartment [128]. These sensors activate
immune cells and trigger several processes that can lead to phagocytosis, the secretion of
chemokines and cytokines, and microbicidal species production [128]. Reactive oxygen and
nitrogen species (ROS/RNS) released by activated macrophages and/or by other activated
immune cells have antifungal properties (Figure 2). However, the characterization of the
machinery that allows the adaptation of fungal cells to an environment with nitrosative
and oxidative stress may bring new perspectives on host–parasite interactions [129].

Several genes and signaling pathways are regulated by the intracellular redox state [130].
High concentrations of ROS/RNS can lead to molecular damage and deleterious reac-
tions [131]. However, low concentrations of ROS and RNS can benefit P. brasiliensis, induc-
ing a proliferative response in fungi [132]. Even in oxidative and nitrosative stress, the fun-
gus can survive through a broad and efficient repertoire of detoxification enzymes, such as
catalases; superoxide dismutases (SOD); peroxidases and thioredoxins [133,134]; enzymatic
systems, such as glutathione and cytochrome c peroxidase [135]; and classical signaling
pathways, such as MAPK Hog1 and GTPase Ras [136], Hsp90 and calcineurin [22,137].

The ability to survive and proliferate in an unbalanced redox environment is closely
related to fungal virulence. Using a mass spectrometry approach, proteins involved in the
oxidative stress response were identified as differentially expressed in the same isolate of
P. brasiliensis with different virulence levels acquired through successive passages in an
animal model [45]. Gene expression and enzymatic activity showed the distinct responses
of antioxidant enzymes between virulent and attenuated isolates. Notably, the P. brasiliensis
attenuated isolate recovered the virulent phenotype and the antioxidant repertoire after
animal passages [138].

Proteomic studies of oxidative stress-based models have demonstrated that different
levels of ROS induce distinct phosphorylation patterns at different sites, determining the
kinase activities and phosphatase regulation involved in DNA processing and cell cycle
control (low levels of H2O2) or cell survival response (high levels of H2O2) [139]. Higher
levels of ROS lead to the expressive activation of antioxidant enzymes and metabolic
alterations. The NAD(P)H production pathway was activated to minimize the oxidative
effects caused by peroxide treatment, and metabolism shifted the production of glucose by
gluconeogenesis to amino acid synthesis to produce molecules that are important for the
oxidative response [133].

Nitric oxide (NO) is also produced as the immune system attempts to eliminate
pathogens under nitrosative stress. This molecule can react with several external and
intracellular targets [140]. It has been demonstrated that RNS produced by immune cells is
associated with the inhibition of dimorphic transition [141] and induces decreased expres-
sion of proteins related to the mitochondrial electron transport chain, proteins related to
DNA damage and cell survival [142]. Additionally, NO can induce posttranslational modi-
fications, such as nitration and S-nitrosylation [143], thereby influencing protein function.
Recently, a study detected S-nitrosylated proteins after submitting P. brasiliensis to low and
high concentrations of NO. Several proteins involved in the cellular cycle and growth were
identified in P. brasiliensis treated with low NO concentrations [144]. On the other hand, at
high NO levels, S-nitrosylated proteins involved in the cell wall integrity (CWI) pathway
and amino acid and folic acid metabolism were identified, which may represent molecular
targets for fungal disease therapy. In addition, transnitrosylation/denitrosylation redox
signaling is preserved in this fungus [145].

Although the roles played by RNS in stress and cell signaling are becoming increas-
ingly well characterized, there are some important open questions to be answered. In
murine models, NO production is essential for resistance, while overproduction seems
to be associated with susceptibility [146]. However, this stoichiometry needs warrants
further investigation. In mice, activated peritoneal macrophages produce NO, inhibit the
conidia-to-yeast switch [147], and enhance the killing ability of macrophages [148]. In addi-
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tion, iNOS KO mice infected with P. brasiliensis showed a poor formation of granulomas
and allowed fungal dissemination with the subsequent progression of the disease [149].
The role of NO in the murine response to infection is well established, but there is some
concern regarding the extrapolation of these findings to the human host. The immunohisto-
chemistry analysis in biopsies of lesions and lymph nodes of PCM patients showed a small
number of iNOS-positive macrophages around the granulomas and in multinucleated giant
cells with fungi in their cytoplasm [150] However, Bordon-Gracini et al. (2012) reported
that iNOS mRNA expression in human macrophages did not correlate with increases in NO
production [151]. Thus, although murine models have made important contributions to de-
termining NO functions in PCM, studies using human patients and macrophages are scarce,
and it is difficult to extrapolate NO results from animal experiments for human disease.

2.5.2. Thermal Regulation

Microorganisms develop defence mechanisms and altered cellular metabolism to
adapt and survive environmental oscillations [152]. Among several stress defence proteins,
heat shock proteins (HSPs) are fundamental in the response to environmental alterations.
Initially, it was thought that HSPs were only effective in preventing protein unfolding at
high temperatures [152]. Currently, HSPs have been determined to play important roles
in physiological functions, and many are active in normal cells [152]. In pathogenic di-
morphic fungi, such as Paracoccidioides spp., H. capsulatum, B. dermatitidis, Coccidioides spp.,
Sporothrix spp. and Ustilago maydis, morphological transitions are mainly associated with
temperature changes [153]. Environmental modifications, such as exposure to the mam-
malian host immune system, also trigger the expression and activation of HSPs. This
finding suggests that the role of individual HSPs is not restricted to thermal stress but is
part of an overall adaptation process of survival [154].

Several HSPs have been characterized in P. brasiliensis. In addition to molecular
studies, the immunogenic properties and biological functions of HSPs have been identi-
fied [155–158]. A transcriptomic study of P. brasiliensis listed 48 genes that encode molec-
ular chaperones and their co-chaperones [159]. These genes have been classified into
families corresponding to three small chaperones, nine Hsp40s, ten Hsp60s, seven Hsp70s,
five Hsp90s, four Hsp100s, and ten other chaperones [159]. Heat shock proteins HSP60,
MDJ1 (mitochondrial HSP40), HSP70, HSP82, HSP90 and HSP104 show increased expres-
sion during the mycelium to yeast transition in P. brasiliensis and after thermal stress at
42 ◦C [58,155–157,160,161].

Studies investigating Hsp60 have shown its potential therapeutic use for PCM. A
recent study showed that mice infected for 21 days with P. brasiliensis and treated with three
doses of the PbHSP60 gene cloned in a plasmid (pVAX1-PB_HSP60) exhibited decreased
fungal burden and inflammatory lung injury. The increase in inflammatory cytokines
(INF-g, TNF, IL-6 and IL-17) and the decrease in IL-10 levels in treated mice corroborated
the data observed for fungal load and histopathology [162]. In addition, mice immunized
with P. brasiliensis Hsp60 recombinant protein showed a protective immune response and a
significant reduction in fungal burden after infection with P. brasiliensis [163]. Although the
presence of antibodies against Hsp60 appears to be insufficient to induce protection, since
recombinant Hsp was recognized by sera from PCM patients [164,165], mice previously
treated with monoclonal antibodies (mAbs) generated against Hsp60 from Histoplasma
capsulatum showed a decrease in pulmonary fungal load after challenge with P. lutzii. The
protective effects induced by mAbs were partially due to an increase in phagocytosis
exhibited by P. lutzii yeast cells opsonized with these mAbs [166].

Hsp70 showed a high identity (89.2%) with the homologous sequence identified in
H. capsulatum. Immunoblotting with serum from infected patients and the monoclonal
antibody against H. capsulatum Hsp80 identified a band of 87 kDa. In addition to the
aberrant molecular weight, direct amino acid sequencing demonstrated that the protein
was an Hsp70 [167]. Hsp60 and Hsp70 proteins are immunogenic and may be potential
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candidates for immunotherapy, as they are major targets of the host immune response
during infections [152].

Hsp90 protein also regulates the proliferation and adaptation of Paracoccidioides spp.
during environmental alterations, including interaction with the host and oxidative dam-
age [137,168,169]. The inhibition of Hsp90 by geldanamycin (GDA) impairs yeast prolifera-
tion but has no effect on mycelial development. Additionally, GDA prevented mycelial-to-
yeast differentiation through a mechanism partially dependent on calcineurin. Notably,
ROS levels did not change in GDA-treated yeast or mycelia incubated at 37 ◦C, suggesting
that Hsp90 plays different roles under normal and thermal stress conditions [170]. Fur-
thermore, monoclonal antibodies (mAbs) against Hsp90 protein successfully opsonized
P. brasiliensis yeast cells in co-incubations with J774.16 murine macrophage cells, implying
that this mAb could act as the basis for potential immunotherapy for PCM, since no cross-
reactivity with mammalian chaperones was detected [171]. Although this class of proteins
is highly conserved, several studies have demonstrated its importance to fungal signaling
pathways to survive, in addition to altering the host immune response, consequently alter-
ing fungal fate [171–173]. Thus, selective inhibitors for fungal hsp90 have been developed
with acceptable therapeutic indices for the treatment of invasive fungal infections [174].

2.5.3. Hypoxia

During the infectious process, oxygen is not always available to Paracoccidioides cells.
Although there is growing understanding of the microenvironmental conditions fungal
pathogens encounter as they colonize their host, little is known about how Paracoccidioides
respond to oxygen limitation, particularly in hypoxic conditions found in host tissues. The
persistence of P. brasiliensis in tissues leads to granuloma formation in the presence of acti-
vated cells (mainly macrophages and T helper 1-Th1 cells) [175]. Granuloma inhibits fungal
growth and replication by several mechanisms, including restricting access to oxygen
and nutrients and exposing the fungi to acidic pH and other immune effectors [176,177].
On the other hand, the fungus within the granuloma may also benefit from this isolated
microenvironment. Granuloma can provide shelter against destruction by the host and
be a source of surviving pathogens that emerge in latent infection reactivation [178], as
in PCM [148].

In recent years, accumulating evidence has indicated that pathogenic fungi must adapt
quickly to changes in oxygen levels during infection [178–182]. Human pathogenic fungi
respond to hypoxia by activating sterol responsive element binding proteins (SREBPs)
or Upc2 and Em22 [183]. SREBP was characterized in P. lutzii (PlSrbA) in response to
hypoxia [182]. Metabolic and respiratory changes are essential to re-establishing oxygen
homeostasis under hypoxic conditions. A study investigating P. lutzii demonstrated an
increase in proteins involved in glycolysis/gluconeogenesis and GABA shunting in 24 h
under hypoxia. However, proteins associated with the TCA cycle were reduced [182].
Recently, a haem protein (fungoglobin-FglA) responsive to hypoxia has been characterized
in P. brasiliensis. The knockdown of FglA in Paracoccidioides causes growth deficiency under
hypoxic conditions, demonstrating the importance of this gene for fungal adaptation to
low oxygen concentrations [184].

Although few studies have investigated the behavior of the Paracoccidioides genus
under conditions of hypoxia, tolerance to low oxygen concentrations has been studied in
several other pathogenic fungi, including Aspergillus fumigatus, Cryptococcus neoformans,
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Candida albicans, Blastocladiella emersonii,
and in the bacteria Mycobacterium tuberculosis [178–181,185]. In C. albicans, hypoxia appears
to induce short- and long-term transcriptional responses. Recently, it was shown that the
response to hypoxia involves the positive regulation of several pathways: glycolysis from
Tye7 [186], the metabolism of unsaturated fatty acids from Efg1 [187], sterol biosynthe-
sis from Upc2 [188], and the expression of cell wall genes and proteins [187]. Pradhan
et al. (2018) showed that the cAMP-protein kinase A (PKA) signaling pathway mediates
hypoxia-induced β-glucan masking, thereby attenuating phagocytic recognition, uptake,
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and cytokine responses in C. albicans [189]. This phenotype is probably important in the
context of immune detection of the fungus and elimination during infection.

There are still no data available on the level and conditions of tissue hypoxia in
granulomas formed in PCM, but based on comparisons with other related fungi, we can
conjecture how the fungus persists in the host. Paracoccidioides typically cause chronic
disease, and most patients develop the disease several years after contact with the fungus.
The mechanisms that enable fungi to remain latent and viable inside the host for extended
periods have not been elucidated to date. Naturally, such mechanisms merit further
clarification. There are numerous questions to answer in this field.

3. Genetic Aspects of the Genus Paracoccidioides

Interest in genetic studies on fungi of the genus Paracoccidioides is increasing. Evidence
of recombination in Paracoccidioides by potential sexual reproduction was presented by
Matute et al. (2006); however, the teleomorphic or sexual form of the fungus has not been
determined to date [2]. Indeed, there is evidence for gene exchange between P. brasiliensis
and P. americana [190]. The presence of two MAT1 (mating type locus) genes was identified
in 71 isolates of P. brasiliensis, confirming the sexual capacity of the fungus. Two heterothallic
groups were identified, one possessing the α-box gene (MAT1-1) and another possessing
the HMG gene (MAT 1-2). The distribution of these genes was 1:1 among the isolates
studied. Although the MAT 1-2 form was identified in the isolates Pb18 (P. brasiliensis) and
Pb03 (P. americana) and the form MAT1-1 was observed in P. lutzii Pb01 [191], another study
with isolates Pb01, Pb73, Pb2, EE, Pb03, and 3171 showed evidence that these isolates are
heterothallic, while the isolates Pb18, 7455, and 133 are homothallic [192].

Interest in sexual reproduction in pathogenic fungi extends beyond basic biology.
This research may obtain important insight into virulence. Indeed, there are several links
between sexual reproduction mode and virulence in fungi. For instance, C. neoformans
produces spores and titan cells after sexual reproduction. Another well-documented phe-
nomenon is the change in ploidy from a haploid to octoploid profile in this fungus [193].
Though research has been inconclusive, there is some evidence suggesting that sexuality
plays a role in Mucorales virulence [194], while in Ustilago, maydis, the ability to pro-
duce disease in plants relies on mating [195]. In clinical samples from patients with HIV,
Damasceno et al. (2019) found different ratios of mating types for H. capsulatum and that
coinfection with different genotypes led to recombination and could affect the course of
the disease, ultimately increasing the risk of disseminated histoplasmosis [196]. Regarding
the role played by mating in Paracoccidioides virulence, there are gaps in the research that
still require answers.

The first study to evaluate genetic aspects of the genus Paracoccidioides demonstrated
that the conidia are uninucleate, becoming multinucleated as soon as differentiation for
yeasts is initiated [197]. Another approach using pulsed-field gel electrophoresis (PFGE)
to separate chromosomes and labelling with 4′,6′-diamino-2-phenyl-indole (DAPI) to
quantify nucleotide fluorescence suggested that the genome of Paracoccidioides (isolates
B-339 and 113) would have four chromosomes and would probably be diploid [198]. A
subsequent karyotype study, using similar methods, evaluated 12 isolates of Paracoccidioides
and suggested that there should be four or five chromosomes and a general diploid status.
However, four of the isolates were considered haploid [199]. Another study on ploidy
using flow cytometry with synchronous Paracoccidioides yeasts (ATCC 60855) suggested
that the fungus should be haploid [200].

More recently, the whole genomic sequencing of P. brasiliensis (Pb18 and Pb03 isolates)
and P. lutzii (Pb01 isolate) using the Sanger method confirmed that these fungi have
five chromosomes [201]. The genome of the P. brasiliensis isolate Pb18 has 30 Mb with
8390 genes, while the genome of P. lutzii has 32.93 Mb containing 8826 genes [202]. The
first mitochondrial genome assemblies of P. brasiliensis have 71,334 bp [203], while that of
P. americana (Pb03) has 75 kb [201]. A more recent assembly constructed using MinION
sequencing indicated substantial differences in the genome sizes of P. brasiliensis (117,664 bp)
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and P. americana (112,887 bp) regarding the first assemblies [204]. All these genetic studies
have contributed to a better understanding of the biology of the fungus, but advances still
need to be accomplished in the basic genetics of the Paracoccidioides genus. The progress in
this field will allow us to set experiments in order to respond to important questions such
as whether a specific protein is a bona fide virulence factor.

4. State of the Art in Research on Microorganisms that Are Difficult to
Genetically Manipulate

In recent years, research attempting to characterize the process of establishment and
progression of the disease has been conducted with severe limitations due to the lack of
effective biotechnological tools or strategies for the genetic manipulation of fungi of the
genus Paracoccidioides [87,168,205]. For specific deletion, insertion, or gene replacement
strategies to succeed, the target cell must use the homologous recombination (HR) system
to repair damage inflicted on DNA. However, many eukaryotic cells do not make preferen-
tial use of this system to repair DNA double-strand breaks, with such cells preferentially
employing nonhomologous end-joining repair (NHEJ) [206]. This preference has forced re-
searchers to utilize alternative methods, such as the insertion of a T-DNA via Agrobacterium
tumefaciens-mediated transformation [207].

In 2004, Leal et al. described, for the first time, the procedure for transformation
mediated by A. tumefaciens in P. brasiliensis [208]. The technique proved to be efficient
for fungi transformation when using plasmids driven by the Neurospora crassa promoter;
however the study was unable to determine the T-DNA insertion site. The following
year, the team of Soares et al. reported the possibility of the transformation of yeasts of
P. lutzii using electroporation [209]. This technique proved to be of low efficiency, since
it generated few transformants and a high mitotic instability, a phenomenon that was
attributed to the presence of multiple nuclei in the fungus. Both studies have concluded
that promoters of Aspergillus nidulans are not effective in controlling the expression in fungi
of the genus Paracoccidioides.

Although interest in gene silencing has grown in the field of medical mycology [210],
few researchers have used anti-sense RNA technology to silence genes in Paracoccidioides
(Table 1).

Table 1. Genetic studies of Paracoccidioides published up to 2020.

Strain or Isolate A. tumefaciens Vector Gene Ref.

ATCC 6085 GV3101 pAD1625 HPH+ [208]
ATCC 6085 LBA1100 pUR5750 GFP+ [211]
ATCC 6085 LBA1100 pUR5750 CDC42− [212]
ATCC 6085 LBA1100 pUR5750 HAD32− [213]
ATCC 6085 LBA1100 pUR5750 AOX− [214]

Pb339 LBA1100 pUR5750 GP43− [92]
ATCC 6085 LBA1100 pUR5750 HSP90− [137]

Pb339 LBA1100 pUR5750 P27− [215]
Pb339 LBA1100 pUR5750 RBT5− [216]
Pb18 EHA105 pCAMBIA-0380 ShBLE+ [217]
Pb01 LBA1100 pUR5750 CCP− [135]
Pb18 LBA1100 pUR5750 14-3-3− [96]

ATCC 6085 LBA1100 pUR5750 SOD1−/SOD3− [218]
Pb18 LBA1100 pUR5750 PCN− [68]
Pb18 LBA1100 pUR5750 TUFM- [219]
Pb18 LBA1100 pUR5750 fglA− [184]
Pb18 LBA1100 pUR5750 SidA− [220]

In other fungi, which are also difficult to genetically manipulate, these problems
were circumvented by the generation of a mutant ∆KU70 strain resembling the wild-type
(quasi-wild type) fungus that could therefore be used as the background for subsequent
rounds of gene knockout [221–224]. For the genetic manipulation of four fungi of the genus
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Aspergillus, including the pathogen A. fumigatus, the non-homologous end-joining (NHEJ)
pathway, which is controlled by the Ku70, Ku80, and DNA ligase IV proteins, was blocked.
This strategy significantly increased the rate of homologous recombination events [225,226].
Ultimately, a deficiency linked to one of these three proteins leads to the inability to use
the NHEJ pathway and increases the resection of damaged DNA ends, thereby inducing
increased homologous recombination [227]. In S. cerevisiae, the integration of T-DNA by
A. tumefaciens is attributed to NHEJ, which appears to be the preferred pathway in many
fungi [228], including H. capsulatum [229].

After a successful effort to construct a ∆KU70 strain in the pathway of NHEJ repair
in fungi of the genus Aspergillus, several other microorganisms were the target of the
technique, revealing the strategic potential for molecular studies in N. crassa, Coprinopsis
cinerea, Pichia pastoris, Candida guilliermondii, S. pombe, Metarhizium robertsii, and Toxoplasma
gondii [222–224,230–234].

More recently, researchers have successfully produced mutants with loss-of-function
for genes related to zinc metabolism in the B. dermatitidis using CRISPR/Cas9 technology
associated with gene transfer via Agrobacterium. The efficiency of this procedure was
variable but notably high [235]. The CRISPR/Cas9 system was also successfully employed
in the absence of Agrobacterium to modify the fungi Cryptococcus neoformans [236] and
A. fumigatus [237]. Notably, the CRISPR/Cas9 system functions by inducing double-
stranded DNA breaks to activate one of the two cellular DNA repair pathways—that is,
NHEJ and HR [238,239].

5. Conclusions

PCM is a neglected disease for which cases are still underreported. The disease causes
substantial morbidity and the early diagnosis of PCM remains a challenge. The main clinical
features of this disease include mucocutaneous ulcers, lymphoid tissue commitment, and
renal complications. The fate of PCM depends on the host’s immunological mechanisms
and the response characteristics of the pathogen to the hostile environment. There are
many open questions regarding fungal biology, some of which we discussed in this review.
Once the main strategy to investigate potential virulence factors relies on the ability to test
the performance of the microorganism in causing disease with and without the gene under
investigation, the major limitation to research on virulence factors becomes the difficulty of
genetically manipulating the fungus.
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