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Abstract  Mycoses are infectious diseases caused by fungi, which incidence has 
increased in recent decades due to the increasing number of immunocompromised 
patients and improved diagnostic tests. As eukaryotes, fungi share many simi-
larities with human cells, making it difficult to design drugs without side effects. 
Commercially available drugs act on a limited number of targets, and has been 
reported fungal resistance to commonly used antifungal drugs. Therefore, eluci-
dating the pathogenesis of fungal infections, the fungal strategies to overcome the 
hostile environment of the host, and the action of antifungal drugs is essential for 
developing new therapeutic approaches and diagnostic tests. Large-scale transcrip-
tional analyses using microarrays and RNA sequencing (RNA-seq), combined with 
improvements in molecular biology techniques, have improved the study of fungal 
pathogenicity. Such techniques have provided insights into the infective process by 
identifying molecular strategies used by the host and pathogen during the course 
of human mycoses. In this chapter, the latest discoveries about the transcriptome 
of major human fungal pathogens will be discussed. Genes that are essential for 
host-pathogen interactions, immune response, invasion, infection, antifungal drug 
response and resistance will be highlighted. Finally, their importance to the discov-
ery of new molecular targets for antifungal drugs will be discussed.

13.1 � Introduction

Fungi are eukaryotic microorganisms widely distributed in nature, existing as 
yeasts, molds, and mushrooms. Fungi are important decomposers of biomass and 
are useful in baking and wine fermentation. However, fungi can also cause severe, 
life-threatening infections in humans, animals, and vegetables, which can result in 
enormous economic losses. Humans are constantly in contact with fungi by inhal-
ing spores in the air and ingesting them as nutritional sources. Worldwide, human 
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mycoses have increased in incidence due to the high prevalence of immunocom-
promised patients, becoming a major public-health concern. Although fungal infec-
tions are widespread, they are often overlooked, and in general, public-health agen-
cies perform little surveillance of fungal infections (Brown et al. 2012). Fungi cause 
a wide spectrum of disease, ranging from asymptomatic infection to disseminated 
and fatal diseases. Nevertheless, fungal infections are not frequently diagnosed, 
which impairs the proper epidemiological surveillance of these diseases. Therefore, 
more data about the life cycle of pathogenic fungi and the pathogenesis of their 
infections will aid the development of therapeutic approaches and diagnostic tests. 
Although research funding for human mycoses remains lower than that for other 
areas of medical microbiology, the number of publications in the field of medical 
mycology has increased over the past several decades.

Fungi can infect several anatomical sites, resulting in different clinical symp-
toms. The most prevalent are cutaneous, mucosal, and pulmonary diseases. These 
infections can be acquired from trauma to the skin and mucosa, direct or indirect 
contact with infected humans and animals, contact with contaminated fomites, or 
inhalation. Airborne fungal infections typically result in pulmonary diseases. Skin 
and nail infections affect both healthy and immunocompromised individuals, de-
creasing quality of life by causing discomfort and pruritus. Cutaneous infections are 
most commonly caused by dermatophytes, a closely related group of keratinophilic 
molds that infect humans and animals. They are directly or indirectly transmitted 
between infected organisms and contaminated objects, such as towels and manicure 
appliances (Peres et al. 2010a). Candida species can also cause skin and nail in-
fections, but they more commonly cause oropharyngeal (thrush) and vulvovaginal 
candidiasis. Many Candida species are harmless and are commensal microorgan-
isms. However, immune-system impairment favors their pathogenicity, and they 
can cause opportunistic infections. C. albicans is part of the normal microbiota of 
mucous membranes of the respiratory, gastrointestinal, and female genital tracts. 
Changes in the host’s immunological status enable its invasive behavior, leading to 
tissue damage and dissemination through the bloodstream to other organs (Mayer 
et al. 2013).

Deep fungal infections are mainly caused by Aspergillus fumigatus, Cryptococ-
cus neoformans, Coccidioides immitis, Paracoccidioides brasiliensis, Histoplasma 
capsulatum, and Blastomyces dermatitidis. Some fungal diseases are endemic, such 
as blastomycosis ( B. dermatitidis) and histoplasmosis ( H. capsulatum), which are 
mainly found in the United States, and paracoccidioidomycosis ( P. brasiliensis), 
which is primarily found in Latin America. Others are cosmopolitan and are en-
countered worldwide (Brown et al. 2012). Fungal spores are present in the environ-
ment and can be inhaled; upon reaching the lungs, they adhere to the parenchyma 
and initiate the infectious process. From the lungs, they can enter the bloodstream 
and disseminate to other organs, mainly the liver and spleen. Table 13.1 summarizes 
the major human fungal pathogens and their associated diseases. Overall, treatment 
of clinical mycoses can be a very long and expensive process that is often associated 
with uncomfortable side effects that lead to treatment interruption (Martinez-Rossi 
et al. 2008).
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Some fungal species are found as filamentous or yeast forms, while others are 
dimorphic (i.e., found in both forms). In dimorphic fungi, the yeast form repre-
sents the parasitic phase, and the hyphae form represents the saprophytic phase. 
The filament (or hyphae) is a tubular multi-cellular structure, and cells are divided 
into compartments by the formation of a septum. Yeasts are round, single cells that 
reproduce by budding and some species can form pseudohyphae, a chain of inter-
connected yeast cells. Fungi can undergo sexual or asexual reproduction, produc-
ing spores that can be inhaled or enter the body at sites of tissue damage. Once the 
spores reach their appropriate niche, they develop into hyphae that invade the tissue 
in search of nutrients.

The genomes of several fungal pathogens have been sequenced, enabling the 
design and analysis of microarrays, representing a large amount of transcriptomic 
data to be explored. Fungal transcriptomics have been used to analyze gene expres-
sion and regulation in response to antifungal exposure, environmental changes, and 

Table 13.1   Main fungal pathogens and their associated diseases in humans
Fungi Main species Disease
Aspergillus A. fumigauts Pulmonary infections 

(invasive aspergilosis and 
aspergilloma)
Allergy

Blastomyces B. dermatitis Skin lesions
Pulmonary infections

Candida C. albicans Cutaneous infections—skin 
and nails

C. glabrata Oropharyngeal candidiasis 
(thrush)

C. parapsilosis Vulvovaginal candidiasis
Coccidioides C. immitis Pulmonary infections
Cryptococcus C. neoformans Meningitis

Pulmonary infections 
(pneumonia)

Dermatophytes Trichophyton rubrum Cutaneous infections—skin, 
nail, and hair (tinea or 
ringworms)

Trichophyton mentagrophytes
Microsporum canis

Histoplasma H. capsulatum Pulmonary infections
Malassezia M. furfur Cutaneous infections—skin 

(pityriasis versicolor)
Paracoccidioides P. brasiliensis Pulmonary and systemic 

infections
Penicillium P. marneffeii Pulmonary infections
Pneumocystis P. carinii Pneumonia
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interaction with the host during infection. The transcriptional profile may help elu-
cidate several aspects of fungal biology, including signaling pathways that enable 
fungal survival, and help predict molecular targets for the development of novel an-
tifungal drugs (Peres et al. 2010b; Cairns et al. 2010). Transcriptional and proteomic 
analyses have been used to identify connections among signaling and metabolic 
pathways that govern fungal development, morphogenesis, and pathogenicity as 
well as the host’s immune response. Recent advances in molecular biology meth-
ods, especially RNA-seq by next-generation sequencing, have enabled the study 
of the whole transcriptome. These analyses provide insights into the functionality 
of the genome, revealing molecular components of cells and tissues involved in 
physiological and pathological processes. Transcriptome allows the analysis of all 
transcript species, including mRNAs, which encode proteins, as well as non-coding 
RNAs (ncRNAs) and small RNAs (sRNAs), which regulate gene expression and 
maintain cellular homeostasis. Furthermore, transcriptional profiling by RNA-seq 
is useful to determine gene structures at transcription initiation sites, 5’- and 3’-
ends, and introns as well as splicing patterns (Wang et al. 2009).

This chapter will discuss recent advances in fungal transcriptomics arising from 
microarray and RNA-seq analyses. The contribution of these findings to the under-
standing of fungal biology and fungal diseases will be highlighted. The intrinsic 
relationship of the outcome of fungal infections and the immunological status of the 
host stresses the need to evaluate the host immune response to fungi. Furthermore, 
knowledge of the genes expressed in response to stressful environmental conditions 
and the gene networks that regulate the transcriptome during a fungal infection will 
help elucidate the pathogenesis of fungal infections and identify possible molecular 
targets for the development of novel therapeutic agents. Such information will aid 
both the treatment and prevention of fungal infections.

13.2 � Host Immune Response to Fungal Infections

The host’s immunological status is the primary determinant of the severity of fungal 
infections, which can range from asymptomatic to severe and disseminated. Im-
munocompromised patients often suffer from severe, disseminated, and fatal fungal 
infections. Host-pathogen interactions are complex and involve several molecules 
on the surface of both host and fungal cells. These surface molecules participate 
in pathogen recognition, fungal adhesion to host cells, downstream intracellular 
signaling, and metabolic pathways that mediate pathogen survival and host immune 
responses. An understanding of the infective process requires molecular knowledge 
of the pathogen strategies for infecting the tissue as well as the host responses aimed 
at eliminating the pathogen and maintaining cellular integrity. The development of 
experimental models has improved the study of infectious diseases, and most of 
these models utilize immunosuppressed mice, because most fungal species cause 
opportunistic infections. However, for some pathogens, such as anthropophilic der-
matophytes, these models are not suitable and ex vivo and in vitro assays have being 
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performed, providing insights into the pathogenic process and immune response 
triggered by the fungus.

Fungal diseases can result from poor immune response or from exacerbated acti-
vation of the immune system, such as the inflammatory response. Therefore, the in-
terplay of the innate and adaptive immune systems and their appropriate activation 
are crucial for successful pathogen clearance and cellular homeostasis. Recent stud-
ies have characterized different mechanisms underlying the host’s immune response 
to fungi. The innate immune response is comprised of the epithelial barrier, mucosa, 
and phagocytes (i.e., neutrophils, macrophages, and dendritic cells [DCs]), which 
play essential roles in preventing the entry of pathogenic microorganisms and rapid-
ly killing these pathogens, as well as activating the adaptive immune response. Com-
plement and other molecules, such as antimicrobial peptides and mannose-binding 
lectin, are also important host defense mechanisms. Pattern-recognition receptors 
(PRRs) on the surface of host cells interact with pathogen-associated molecular 
patterns (PAMPs) on the surface of pathogens, such as mannoproteins and β-glucan 
in fungi. The molecular interaction between PRRs and PAMPs triggers intracellular 
signaling pathways that initiate early inflammatory and non-specific responses in 
the host and upregulates virulence factors in the pathogen that enhance survival. 
PRRs include the toll-like receptors (TLRs) TLR2, TLR4, and TLR9, complement 
receptor 3, mannose receptor, Fcγ receptor, and Dectin-1 (Romani 2011).

In general, a Th1 response is correlated with protective immunity against fungi. 
The Th1 response is characterized by the production of interferon gamma (IFN-γ) 
and leads to cell-mediated immunity. Antigen-presenting cells (APCs), such as mac-
rophages and DCs, initiate the Th1 response once their PRRs engage with fungal 
PAMPS, which leads to cellular activation and elicits effector properties. Th1 cells 
are essential for optimal activation of phagocytes at the site of infection through 
producing signature cytokines, such as like IFN-γ. Moreover, Th17 cells support 
Th1 cellular responses in experimental mucosal candidiasis, indicating an important 
role for Th17 cells in promoting neutrophil recruitment and Th1 immune responses 
(Conti et al. 2009; Romani 2011; Bedoya et al. 2013). Whole-genome transcrip-
tional analyses have identified specific transcriptional profiles of host cells in re-
sponse to various fungal species. Different cell types respond to fungal stimuli by 
activating distinct intracellular signaling pathways downstream of different PRRs. 
This mechanism confers plasticity to immune cells, such as DCs and macrophages, 
which shapes T-cell responses during fungal infections. The distinct signaling path-
ways in phagocytes influence the balance between innate and adaptive immune 
responses and the balance between CD4+ T cells and regulatory T cells. Together, 
the balance between these processes establishes the outcome of the infection (Ro-
mani 2011).

H. capsulatum is a dimorphic fungus that causes respiratory infections and 
disseminated disease in immunocompromised hosts. The H. capsulatum hyphae 
produce spores (conidia) in the environment, which can be inhaled by humans. 
Inside the host, the conidia undergo morphological changes to form yeast cells. 
Once inhaled, the conidia are captured by phagocytic cells, such as macrophages, 
and trigger the host immune response. On the other hand, yeast cells use alveolar 
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macrophages as vehicles to spread to different organs, such as the liver, spleen, 
lymph nodes, and bone marrow (Deepe 2000). Transcriptomic analysis by microar-
rays has revealed that conidia and yeast cells induce different transcriptional re-
sponses in macrophages. In response to infection with H. capsulatum conidia, mac-
rophages specifically upregulated type I IFN-induced genes, including IFN-β and 
a classic type 1 IFN secondary response signature, in addition to general inflam-
matory genes. This effect was dependent on interferon regulatory factor 3 (IRF3) 
and independent of the TLR signaling pathway. This expression profile suggested 
that type 1 IFN contributes to the outcome of infection with H. capsulatum. Indeed, 
although ELISA failed to detect IFN-β protein, macrophages lacking the type 1 
IFN receptor IFNAR1 did not express IFN-β in response to conidia exposure. Fur-
thermore, IFNAR1 knockout mice showed a decreased fungal burden in the lungs 
and spleen after intranasal infection with conidia and yeast cells as compared to 
wild type mice. Therefore, IFNAR1 signaling might contribute to the virulence and 
disease burden of H. capsulatum infection rather than conferring protection. The 
authors suggested that type 1 IFNs might modulate cytokine production, apoptosis 
of infected macrophages, or specific aspects of the adaptive immune response to H. 
capsulatum (Inglis et al. 2010).

However, in the pathogenic yeast C. neoformans, which causes severe menin-
goencephalitis in immunocompromised patients, type 1 IFN signaling directs cy-
tokine responses toward a protective type 1 pattern during murine cryptococcosis. 
IFNAR1 and IFN-β knockout infected mice displayed higher fungal burdens in the 
lungs and brain as well as decreased survival as compared to wild type mice (Bi-
ondo et al. 2008). Likewise, C. albicans induced the expression of type 1 IFN genes 
and proteins in DCs but not in macrophages. This pathway relied on Myd88 signal-
ing, which is a TLR adaptor molecule. IFNAR1 and IFN-β knockout mice also dis-
played a lower survival rate and increased fungal burden in the kidneys. Therefore, 
the type 1 IFN response was protective against C. albicans by stimulating the host’s 
innate immune defense mechanisms (Biondo et al. 2011). These studies highlight 
the complexity of the immune response to fungal pathogens and demonstrate the 
various roles that type 1 IFN plays.

The major virulence factor of C. neoformans is its polysaccharide capsule, which 
interferes with recognition by immune cells. Microarray analysis showed profound 
differences in gene expression profiles of DCs during phagocytosis of encapsulated 
versus non-encapsulated isogenic strains of C. neoformans opsonized with mouse 
serum. In general, the non-encapsulated strain induced the expression of genes in-
volved in DC maturation, chemokines, and cytokines, characterizing an immuno-
stimulatory response. In contrast, the encapsulated strain caused a downregulation 
or no change in the expression of these genes, indicating that the capsule prevented 
the activation of immune response-related genes. Among the proteins encoded by 
the genes upregulated in response to the non-encapsulated C. neoformans strain 
were CD86, CD83, the transcription factor Relb, ICAM1, major histocompatibility 
complex class II (MHC-II)-related genes (H2-D1, H2-Q7, and H2-Q8), and the 
pro-inflammatory cytokines IL-12, TNF-α, and IL-1. These proteins are involved 
in DC activation, maturation, and migration through the endothelium as well as 
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induction of an inflammatory response. Several chemokines were also upregulated 
in DCs stimulated with the non-encapsulated strain, including CCL3, CCL4, CCL7, 
CCL12, CXCL10, CCL22, and the chemokine receptor CCR7, which contributes to 
the accumulation of inflammatory cells at the site of infection. Among the proteins 
encoded by the genes downregulated by the encapsulated strain were E74-like fac-
tor 1 (Elf1) and sequestosome 1 (Sqstm1), which regulate the expression of cyto-
kines genes and the induction of NF-κB signaling, respectively (Lupo et al. 2008).

P. brasiliensis causes pulmonary and systemic infections. Once in the lungs, 
the yeast cells interact with resident phagocytic cells, such as macrophages and 
DCs. Microarray analyses of murine macrophages and DCs after phagocytosis of 
P. brasiliensis identified differential expression of genes encoding inflammatory 
cytokines, chemokines, signal-transduction proteins, and apoptosis-related proteins 
(Silva et al. 2008). Among the genes upregulated in macrophages were the pro-in-
flammatory chemokines CCL21, CCL22, and CXCL1. CXCL1 and CCL22 recruit 
neutrophils and monocytes, respectively, while CCL21 mediates the homing of lym-
phocytes to secondary lymphoid organs. Upregulation of the gene encoding NF-κB 
might account for the upregulation of pro-inflammatory chemokines and cytokines 
(e.g., TNF-α) that increase the cytotoxic activity of macrophages (Silva et al. 2008). 
Expression of the TNF-α gene and protein increased upon macrophage infection 
with P. brasiliensis. This was consistent with previous findings that p55KO mice, 
which are deficient in TNF-α, were unable to control P. brasiliensis infection, given 
the increased fungal burden and the absence of a well-formed granuloma (Silva 
et al. 2008; Souto et al. 2000). After exposure to P. brasiliensis, macrophages highly 
expressed apoptotic genes, including caspases 2, 3, and 8, which may represent a 
mechanism of eliminating the fungus without damaging host tissues. On the other 
hand, the fungus induced the expression of matrix metalloproteases genes, which 
may have facilitated fungal invasion, given their role in tissue remodeling (Silva 
et al. 2008).
Expression of the gene encoding IL−12 was downregulated in macrophages in-

teracting with P. brasiliensis, which might represent a strategy of the fungi to evade 
the immune system. However, this gene was upregulated in DCs interacting with 
P. brasiliensis (Tavares et al. 2012) and C. neoformans (Lupo et al. 2008). IL-12 is 
associated with resistance to paracoccidioidomycosis and cryptococcosis by induc-
ing IFN-γ production and Th1 protective responses. IL-12p140 knockout infected 
mice displayed decreased survival, higher fungal burden, and decreased production 
of IFN-γ (Decken et al. 1998; Livonesi et al. 2008). In addition to IL-12, DCs ex-
posed to P. brasiliensis expressed genes encoding other pro-inflammatory cytokine 
and chemokine genes, such as TNF-α, CCL22, CCL27, CXCL10, and NF-κB, con-
comitantly with the downregulation of the NF-κB inhibitor Nκ-RF encoding gene. 
Both macrophages and DCs expressed CCL22 in response to P. brasiliensis, which 
might have increased the microbicidal activity of macrophages by stimulating a 
respiratory burst and the release of lysosomal enzymes. The chemokines expressed 
by macrophages and DCs in response to P. brasiliensis mediate the accumulation 
of leukocytes at the site of infection in order to control fungal invasion (Silva et al. 
2008; Tavares et al. 2012).



234 N. T. A. Peres et al.

Innate immune cells represent the first line of defense against pathogenic mi-
croorganisms (Mullick et al. 2004; Kim et al. 2005; Fradin et al. 2007) and include 
polymorphonuclear cells (PMNs, neutrophils), eosinophils, basophils, and mono-
cytes. Monocytes release various cytokines in response to infection in order to am-
plify and coordinate the immune response. The dynamics of the molecular response 
triggered by C. albicans was measured in human monocytes using a time-course as-
say. This analysis identified a pattern of gene expression that might account for the 
recruitment, activation, and viability of phagocytes as well as the enhancement of 
chemotaxis and inflammation (Kim et al. 2005). Increased expression of genes en-
coding the pro-inflammatory cytokines TNF-α, IL-6, and IL-1α was correlated with 
neutrophil infiltration at the site of infection. In addition, there was an upregulation 
of genes encoding the chemokines CCL3, CCL4, CCL20, CCL18, CXCL1, CXCL-
3, and IL-8, which are involved in the activation and recruitment of phagocytes and 
lymphocytes, as well as genes encoding the chemokine receptors CCR1, CCR5, 
CCR7, and CXCR5. This expression pattern likely favored the recruitment of in-
flammatory cells during the yeast phase of C. albicans life cycle. Moreover, TNF-α 
is essential for mounting a Th1 immune response and successfully controlling the 
infection. On the other hand, the expression of T cell-related genes was unchanged 
during the time-course analysis, suggesting that T cell regulatory molecules were 
not important in the early response of monocytes to C. albicans. It was proposed 
that in the early stages of infection, monocytes overexpress genes encoding vari-
ous pro-inflammatory cytokines, chemokines, and chemokine receptors as well 
as COX2, IL-23, which are important for inflammation, and heat-shock proteins, 
which are implicated in the induction of inflammatory cytokines and chemokines. 
Thus, these changes in gene expression allow cellular recruitment and activation. 
Along with the pro-inflammatory response, increased expression of genes encoding 
anti-apoptotic molecules (XIAP and BCL2A1) may have protected the monocytes 
from cellular damage and death. The gene encoding the transferrin receptor (CD71) 
was upregulated, suggesting that iron deprivation might be a defense mechanism 
against infection. Indeed, iron is essential to the virulence of several pathogens 
(Kim et al. 2005).

Neutrophils display a potent set of hydrolytic enzymes, antimicrobial peptides, 
and oxidative species within their intracellular granules. These cells have an imme-
diate and pronounced effect on C. albicans (Fradin et al. 2005). Granulocyte-like 
cells phagocytose and kill C. albicans and prevent hyphal growth, and undergo 
apoptosis after pathogen exposure. During this process, granulocytes upregulate 
inflammatory genes and downregulate anti-Candida-response genes, depending on 
the size of the inoculum. Among the upregulated genes were inflammatory media-
tors, including IL-1β, TNF-α, COX2, and the chemokine CCL3. On the other hand, 
genes encoding myeloperoxidase, which causes hyphal damage, and defensins, 
such as human neutrophil protein 1 (HPN1), were downregulated. These changes 
may represent mechanisms by which C. albicans survives the early stages of infec-
tion (Mullick et al. 2004).

In another study, a microarray of immune-related genes was used to evaluate the 
early response of PMN cells to C. albicans hyphal cells, UV-killed and live yeasts. 
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In PMNs, the transcriptional profiles induced by live yeasts and hyphae were more 
similar to one another than to that induced by dead yeasts. This suggested that fun-
gal viability had a more significant effect on PMN gene expression than cellular 
morphotype. The presence of C. albicans did not affect the expression of genes en-
coding granule proteins. Nevertheless, C. albicans induced the upregulation of pro-
inflammatory genes and cell-to-cell signaling (leukemia inhibitory factor [LIF]), 
signal transduction proteins, cell stimulatory factors, vascular endothelial growth 
factor, and PMN-recruitment chemokines (CCL3 and CXCL2). Importantly, these 
gene expression changes were irrespective of fungal cell type or viability. Further-
more, the few genes that were downregulated in response to C. albicans were in-
volved in the regulation of cell signaling and growth (Fradin et al. 2007). In addi-
tion, exposure to viable Candida cells upregulated genes encoding stress-response 
proteins, including heat shock proteins (HSPA8, HSPCA, HSPCB, and HSPH1). 
This demonstrated a direct effect of live cells on PMN cells and monocytes (Kim 
et al. 2005). Interestingly, these genes also regulate CXC-type chemokines, indi-
cating that this antimicrobial response amplifies the overall immune response by 
recruiting additional cells to the infection site. Overall, this transcriptional profile 
suggested that PMNs contribute to the immunological response to C. albicans by 
expressing genes involved in cellular communication, which may recruit more 
PMNs or other immune cells.

Systemic candidiasis is characterized by C. albicans entering the bloodstream, 
disseminating throughout the body, and causing microabscesses. In the blood ves-
sels, the fungus must adhere to and invade endothelial cells (ECs); thus, the ECs 
have the potential to influence the host response to vascular invasion. Microarray 
transcriptional analysis of ECs in response to C. albicans identified the upregu-
lation of genes with several functions, especially chemotaxis, angiogenesis, cell 
death, proliferation, intra- and intercellular signaling, immune response, and in-
flammation (Muller et al. 2007; Barker et al. 2008; Lim et al. 2011). These results 
support an important role for ECs in innate immunity. C. albicans induces several 
genes that are targets of the pro-inflammatory transcription factor NF-κB, which 
plays a central role in EC transcriptional regulation during C. albicans infection. In 
addition, the expression of chemokines, including IL-8, CXCL1, CXCL2, CXCL3, 
CXCL5, and CXCL6, indicates that ECs help recruit neutrophils and monocytes 
to the infection site (Muller et al. 2007). The overexpression of genes involved in 
stress and wound healing, coding for pro-inflammatory mediators such as IL-1, 
calgranulin C, E-selectin, and prostaglandin-endoperoxide synthase 2, correlated 
with the endothelial damage caused by C. albicans. The ECs also upregulated anti-
apoptotic genes, suggesting that ECs respond to C. albicans by undergoing cellular 
proliferation (Barker et al. 2008). However, another transcriptional profile revealed 
that apoptotic genes were upregulated in ECs infected with a high density of C. al-
bicans; the difference in the number of fungal cells may have been responsible for 
this difference in expression profile. In general, human umbilical vein ECs infected 
with high densities of C. albicans displayed a stronger and broader transcriptional 
responses than cells infected with low densities. Again, this effect may have been 
related to the number of cells or even to secreted molecules involved in quorum 
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sensing. The authors hypothesized that in microenvironments with a high density 
of yeast cells, such as microabscesses, the fungus triggers apoptosis, which disrupts 
the endothelial barrier and permits fungal dissemination to different organs and tis-
sues (Lim et al. 2011).

Given the complex and dynamic nature of host-pathogen interactions, tech-
niques that measure both the host and pathogen responses are crucial for character-
izing their interaction. Recent advances in molecular techniques have identified 
the molecular responses of the host and the pathogen during the infection. In dual 
transcriptomics, microarrays and RNA-seq have been used to identify molecular 
patterns of the pathogen and the host. These studies have provided insight into the 
dynamics of the infectious process (Westermann et al. 2012). Dual transcriptomics 
by RNA-seq was performed during DC phagocytosis of C. albicans, and gene in-
teractions were predicted using a systems biology approach. Specifically, RNA-seq 
identified 545 C. albicans and 240 DCs genes that were differentially expressed. 
The genes were clustered by their expression kinetics over the duration of the inter-
action, and selected genes were used to infer gene interactions. After experimentally 
validating one of these gene interactions, the authors proposed a model in which 
PTX3, an opsonin secreted by DCs that facilitates phagocytosis through dectin-1, 
binds to the C. albicans cell wall, leading to its remodeling, which is mediated by 
the transcription factor Hap3 during invasion of innate immune cells. Remodeling 
of the fungal cell wall compromises the ability of immune cells to recognize fungi, 
thus attenuating the immune response (Tierney et al. 2012).

Microarray-based dual transcriptomics was performed on A. fumigatus interact-
ing with bronchial epithelial cells. The resulting expression patterns indicated acti-
vation of the host’s innate immune response (Oosthuizen et al. 2011). A. fumigatus 
is a major cause of pulmonary fungal infections, including invasive aspergillosis, 
aspergilloma, and allergy. During infection, environmental conidia enter the air-
ways through inhalation. There, they germinate into hyphae and penetrate the lung 
parenchyma. Upon invasion, the fungus can disseminate to other organs and tissues. 
In response to A. fumigatus conidia, bronchial cells upregulated genes involved in 
innate immunity, chemokine activity, and inflammation. Among the overexpressed 
genes were those encoding the chemokines CCL3 and CCL5, which recruit leu-
kocytes to the site of infection, matrix metalloproteinases (MMP1 and MMP3), 
and glutathione transferase (MGST1), which protects against oxidative damage. By 
comparing the expression profiles of two different cell lines, the authors identified 
only 17 genes in common. This demonstrates the variability in gene expression 
between a cell line and primary cells resulting from exposure to the same fungus 
(Gomez et al. 2011; Oosthuizen et al. 2011). The commonly expressed genes mainly 
encoded chemokines and regulators of the innate immune response. In particular, 
IL−6, a potent pro-inflammatory cytokine, was highly expressed in response to A. 
fumigatus conidia. This was consistent with earlier findings that IL−6-deficient 
mice were susceptible to invasive pulmonary aspergillosis and had impaired protec-
tive Th1 responses (Oosthuizen et al. 2011; Cenci et al. 2001). In addition, genes 
involved in nucleosome organization and chromatin assembly were overexpressed. 
Genes involved in mitosis and cell cycle progression were downregulated, suggest-
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ing decreased proliferation and cell cycle arrest during infection with A. fumigatus 
(Gomez et al. 2011).

Moreover, in response to A. fumigatus human monocytes presented a coordinat-
ed expression of genes involved in fungal death and invasion (Cortez et al. 2006). 
Among the highly expressed genes were pro-inflammatory genes, such as IL-1β, 
CCL3, CCL4, IL-8, PTX3, and SOD2, and regulators of inflammation, such as 
IL-10, COX2, and HSP40. Moreover, several anti-inflammatory genes were down-
regulated, such as CD14, which is involved in phagocytosis, and CCL5, which is 
a Th1 chemokine. This differential regulation of pro- and anti-inflammatory genes 
likely balanced the innate immune response. Furthermore, the coordinated expres-
sion of genes involved in oxidative response may have both eliminated the fungus 
and protected the cell. This was supported by the high expression of superoxide 
dismutase (SOD2) and dual phosphatase (DUSP1) and downregulation of catalase 
(CAT), glutathione peroxidase 3 (GPX3), and peroxiredoxin 5 (PRDX5) (Cortez 
et al. 2006).

Dermatophytes are highly specialized fungi that use keratin as a nutrient source, 
and thus infect keratinized structures, such as skin, hair, and nails. Upon infecting 
the skin, dermatophytes first encounter keratinocytes, which represents an impor-
tant barrier against pathogens and help mediate the immune response (Peres et al. 
2010a). The transcriptional profile of keratinocytes was measured in response to Ar-
throderma benhamiae, a zoophilic dermatophyte, and Trichophyton tonsurans, an 
anthropophilic species. During interaction, these fungi induced different cytokine 
expression profiles in keratinocytes, which were correlated with the inflammatory 
response. Arthroderma benhamiae induced the upregulation of 48 cytokine-related 
genes. In contrast, T. tonsurans induced the differential expression of only 12 cy-
tokine-related genes; 4 were upregulated, and 8 were downregulated. In infected 
keratinocytes, the zoophilic species induced the upregulation of pro-inflammatory 
genes and the concomitant secretion of cytokines IL-1β, IL-6, IL-6R, and IL-17 and 
chemokines IL-8 and CCL2. This may promotes the infiltration of inflammatory 
cells in the skin during infection. Moreover, the upregulation of IL-6, IL-6R, and 
granulocyte-colony stimulating factor (G-CSF) may have promoted tissue remod-
eling and wound healing. On the other hand, the anthropophilic species induced 
limited cytokine expression and release, including exotoxin 2, IL-8, and IL-16. This 
was likely responsible for the poor inflammatory response observed in T. tonsurans 
skin infection (Shiraki et al. 2006). Moreover, mice infected with Arthroderma ben-
hamiae displayed an infiltration of PMNs, macrophages, and DCs in the skin as 
well as increased levels of TGF-β, IL-1β, IL-6, and IL-22 mRNA in skin biopsies. 
Because these cytokines are involved in the establishment of the Th17 response, 
this pathway might regulate immunity against dermatophytes (Cambier et al. 2014).

In summary, fungal pathogens induce several changes in the host’s target cells 
and innate immune cells. Studying the transcriptome of fungal-host interactions has 
elucidated the molecular patterns associated with protection from or progression 
of fungal infections. In general, fungi induce the upregulation of genes encoding 
cytokines, chemokines, and other pro-inflammatory molecules in host cells, which 
recruit inflammatory cells to the site of infection. Host cells exhibit different ex-
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pression profiles in response to different fungal pathogens, which may account for 
the differences in outcomes of these infections. Moreover, some studies have identi-
fied molecular strategies by which fungi evade the host’s immune system as well as 
host defense mechanisms that favor fungal survival. Transcriptomic analyses have 
generated hypotheses that can be further validated by reverse genetic approaches in 
order to better characterize the immune components that contribute to the outcome 
of fungal infections.

13.3 � Metabolic Adaptation of Fungi During Infection

Fungal pathogens adapt to the host’s microenvironment during infection, a process 
that requires dynamic responses to constantly changing conditions. In particular, 
nutrient availability can be limited in host niches, especially inside phagocytes. 
Thus, fungi undergo metabolic adaptations in order to control, for example, gly-
colysis, gluconeogenesis, the glyoxylate cycle, and proteolysis. This allows them 
to utilize diverse substrates as nutrient sources, evade the toxic conditions trig-
gered by the immune response, and maintain their virulence despite changes in 
the physiological ambient (Brock 2009). Phagocytes produce reactive oxygen and 
nitrogen species (ROS and RNS), which induce oxidative and nitrosative stress and 
kill pathogens (Brown et  al. 2009). Reactive species can alter or inactivate pro-
teins, lipid membranes, and DNA. Pathogens can survive this toxic environment by 
producing protective enzymes, such as flavohemoglobin and S-nitrosoglutathione 
(GSNO) reductase, which confer resistance to nitrosative stress (de Jesús-Berríos 
et al. 2003), and superoxide dismutases, catalases, and peroxidases, which coun-
teract oxidative stress. Non-enzymatic defenses include metabolites, such as mela-
nin, mannitol, and trehalose (Missall et al. 2004). The ability of pathogens to sense 
and appropriately respond to environmental pH is essential for their survival in 
different host niches. In pathogenic fungi, the PACC/RIM signaling pathway has 
been implicated in survival, growth, virulence, and dissemination in different host 
niches (Cornet and Gaillardin 2014). The pH affects enzymatic activities, and the 
alkaline pH of human tissues influences nutrient uptake, because the solubility of 
essential elements, such as iron, is pH-dependent (Davis 2009). Iron is an essential 
micronutrient for both the host and pathogen, as it is required for several metabolic 
processes, including respiration and DNA replication. Iron, in the form of heme and 
iron-sulfur compounds, is an essential cofactor in various cellular enzymes, oxygen 
carriers, and electron-transfer systems. Iron homeostasis plays a key role in host-
pathogen interactions. For instance, host tissues can restrict the availability of free 
iron in order to prevent infection. Accordingly, fungal pathogens have adapted strat-
egies for iron uptake, including the production of metalloreductases, ferroxidases, 
and siderophores (Silva et al. 2011), in order to survive in iron-deficient niches.

Several pathways are crucial for fungal pathogens to survive in various host 
microenvironments during infection. In vivo, ex vivo, and in vitro infection mod-
els have identified the transcriptional profiles of fungal pathogens during infection 
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and interaction with host cells. These studies have helped elucidate the pathogen-
esis of superficial, deep, and bloodstream fungal infections. An in vitro study used 
microarray to assess the transcriptional profile of C. albicans during interaction 
with human blood. There was an upregulation of genes involved in stress response, 
such as SSA4 (a member of the HSP70 gene family), and anti-oxidative response, 
such as those encoding Cu/Zn superoxide dismutase ( SOD1), catalase ( CAT1), and 
thioredoxin reductase ( TRR1). There was a simultaneous upregulation of genes 
encoding the glycolytic enzymes phosphofructokinase ( PFK2), phosphoglycerate 
kinase ( PGK1), and enolase ( ENO1) as well as those encoding the glyoxylate cycle 
enzymes isocitrate lyase ( ICL1), malate synthase ( MLS1), and acetyl-coenzyme-A-
synthetase ( ACS1). This suggested that both pathways were important for fungal 
dissemination. Genes involved in fermentation, such as those encoding alcohol de-
hydrogenases ( ADH1 and ADH2), were also upregulated. Importantly, C. albicans 
isolated from infected mice exhibited similar transcription profiles, thus validating 
some of the in vitro results. Moreover, these data suggested that C. albicans uses 
alternative carbon sources during blood infection and dissemination (Fradin et al. 
2003).

A subsequent study investigated the utilization of the glyoxylate cycle and gly-
colysis by C. albicans interacting with different blood fractions, including eryth-
rocytes, PMNs (mainly neutrophils), PMN-depleted blood (consisting of lympho-
cytes and monocytes), and plasma. C. albicans cells were physiologically active 
and displayed rapid hyphal growth while interacting with plasma, erythrocytes, and 
PMN-depleted blood. On the other hand, growth of C. albicans cells was arrested 
when interacting with PMNs, and only 40 % of the cells interacting with whole 
blood produced hyphae. C. albicans upregulated glyoxylate cycle genes when 
interacting with PMNs, but not when interacted with plasma. During interaction 
with plasma and PMN-depleted blood, C. albicans upregulated genes related to 
glycolysis. Global cluster analysis was used to compare the transcriptional profile 
of C. albicans interacting with whole blood and blood fractions. During interaction 
with whole blood, the upregulation of genes related to glycolysis and the glyoxyl-
ate cycle resulted from mixed populations of fungal cells that were internalized 
by phagocytes, which triggers a nutrient limitation response, and not internalized 
(Fradin et al. 2005). Indeed, starvation inside the phagosome activated the glyox-
ylate cycle, which allowed nutrient uptake and survival. Accordingly, C. albicans 
deficient in the gene encoding isocitrate lyase was less virulent than the wild type 
strain in murine infection (Lorenz and Fink 2001).

While interacting with neutrophils, C. albicans also activated nitrogen- and car-
bohydrate-starvation responses, as indicated by the upregulation of genes encoding 
ammonium permeases ( MEP2 and MEP3), vacuolar proteases ( PRB1, PRB2, and 
APR1), carboxypeptidases ( PRC1 and PRC2), glyoxylate cycle enzymes ( MLS1, 
ICL1, and ACS1), aminoacid transporters, and proteins involved in aminoacid me-
tabolism. Similarly, C. albicans activated the oxidative stress response, as indicated 
by the upregulation of genes encoding peroxidases and reductases, including super-
oxide dismutases ( SOD1 and SOD5) and catalase ( CAT1) (Fradin et al. 2005). The 
upregulation of these genes may have contributed to fungal survival. Furthermore, 
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C. albicans internalized by murine macrophages in vitro displayed growth arrest 
and downregulation of genes associated with translation machinery and glycolysis. 
On the other hand, there was an upregulation of genes encoding enzymes involved 
in the gluconeogenesis pathway (phosphoenolpyruvate carboxykinase and fruc-
tose-1,6-bisphosphatase), glyoxylate cycle (isocitrate lyase and malate synthase), 
tricarboxylic acid cycle (aconitase, citrate synthase, and malate dehydrogenase), 
and β-oxidation of fatty acids, as well as several transporters. This suggested a met-
abolic adaptation toward the use of alternative carbon sources. Other upregulated 
genes included those encoding proteins important for detoxification of reactive 
species (flavohemoglobin, cytochrome c peroxidase, peroxidases, and reductases), 
stress response (heat shock protein HSP78), metal homeostasis, and DNA repair 
(Lorenz et al. 2004). Moreover, enzymes such as flavohemoglobins and superoxide 
dismutases, important to counteract ROS and RNS, were also implicated in C. albi-
cans virulence (Missall et al. 2004)

Transcriptional profiling of C. albicans was performed using biopsies of in-
fected oral mucosa from 11 HIV-positive patients. The results were compared to 
those obtained after in vitro interaction with reconstituted human epithelia (RHE). 
Genes related to gluconeogenesis ( PCK1), the glyoxylate cycle ( MLS1 and ICL1), 
β-oxidation of fatty acids, and aminoacid and phosphate transport ( PHO84) were 
upregulated. In the in vitro model, genes involved in nitric-oxide detoxification, 
such as those encoding flavohemoglobin ( YHB5) and a sulfite transporter ( SSU1), 
alkaline pH-responsive genes ( PHR1 and PRA1), and alkaline pH-induced genes of 
the Rim101 pathway were also upregulated. SSU1, YHB1, YHB5, PHR1, and ICL1 
were upregulated during oral mucosa infection. These changes reflected fungal re-
sponses to nitrosative stress, innate defense of epithelial cells against microbes, 
adaptation to the neutral-alkaline pH of the oral mucosa, and the use of alterna-
tive carbon sources at the site of infection. Despite the heterogeneity of the biopsy 
samples, there was a group of genes with similar expression profiles from both 
the patient samples and the in vitro RHE model. Genes related to iron acquisition 
( CFL2 and FRE4) were upregulated in oral candidiasis but not in the in vitro model. 
In another study, Δicl1 was impaired to damage RHE, suggesting the importance of 
the glyoxylate cycle in oral candidiasis (Wachtler et al. 2011). Moreover, epithelial 
escape and dissemination ( EED1), a unique species-specific C. albicans gene, was 
involved in hyphal elongation during infection (Zakikhany et  al. 2007). A time-
course microarray analysis of wild type and Δeed1 strains interacting with RHE 
showed that transcriptional differences between the strains increased over time. 
The mutant did not upregulate any genes across the entire time course, but did 
downregulate seven genes throughout the course of infection, including the hyphae-
associated genes ECE1 and HYR1. Other downregulated genes in the Δeed1 strain 
included those encoding proteins involved in polarized growth, such as CDC42, 
RDI1, MYO2, CDC11, CYB2, MOB1, and MLC1. A comparison of the transcrip-
tional profile of several mutant strains suggested that EED1 was the primary com-
ponent of a regulatory network controlling hyphal extension. EED1 is positively 
regulated at the transcriptional level by EFG1, a member of the APSES family of 
transcription factors, and is repressed by NRG1, a sodium regulator. UME6, another 
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transcriptional regulator involved in hyphal extension, is transcriptionally regulated 
by EED1. Both regulators participate in a pathway that controls the extension of C. 
albicans germ tubes into hyphae and the hyphae-to-yeast transition, which allows 
fungal dissemination within epithelial tissues (Martin et al. 2011).

In order to investigate expression changes in C. albicans during liver infection, 
transcriptional profiling was performed in vivo on mice infected by intraperitoneal 
injection as well as pig livers inoculated ex vivo. The upregulated genes encoded 
enzymes involved in glycolysis, such as phosphofructokinase ( PFK2) and pyruvate 
dehydrogenase subunits ( PDA1 and PDX1), as well as those involved in acetyl-
CoA biosynthesis and the tricarboxylic acid cycle ( KGD1 and KGD2). This gene 
expression modulation reflected the availability of carbohydrates and the utilization 
of glycolysis and respiration for energy production. However, the upregulation of 
PCK1, which encodes phosphoenolpyruvate carboxykinase, a key enzyme in glu-
coneogenesis, suggested that alternative carbon sources were also used. Other up-
regulated genes included SAP2, SAP4, SAP5,and SAP6, which encode the hyphae-
associated aspartic proteases. Indeed, Sap2 is the major protease that enables the 
utilization of proteins as nitrogen sources. The upregulation of alkaline pH respon-
sive gene ( PHR1) suggested adaptation to an alkaline environment. Similarly, up-
regulation of genes encoding stress-response proteins, including heat shock proteins 
and molecular chaperones ( HSP78, HSP90, DDR48, HSP104, HSP12, and SSA4), 
suggested that the heat shock response was triggered during the course of infec-
tion. However, genes related to oxidative, osmotic, and nitrosative stresses were not 
upregulated. On the other hand, genes related to iron, copper, zinc, and phosphate 
transport ( FTR1, CTR1, ZRT1, PHO84, PHO89) were upregulated during liver in-
fection, suggesting limited iron and phosphate in this environment. A comparison 
of the transcriptional profile of an invasive C. albicans strain with that of a non-
invasive strain identified genes associated with liver invasion. One of these genes 
was DFG16, which encodes a membrane sensor in the RIM101 pathway that is cru-
cial for pH-dependent hyphal formation, pH sensing, invasion at physiological pH, 
and systemic infection (Thewes et al. 2007; Martinez-Rossi et al. 2012; Rossi et al. 
2013). In another study of systemic infection, rabbits were infected through the 
marginal ear vein, and infected kidneys were subsequently collected. C. albicans 
exhibited an upregulation of genes related to alternative pathways of carbon assimi-
lation, such as β-oxidation of fatty acids, the glyoxylate cycle ( MLS1 and ACS1), 
and the tricarboxylic acid cycle ( CIT1, ACO1, and SDH12), suggesting limited car-
bohydrate supply in the kidneys (Walker et al. 2009). Although genes involved in 
β-oxidation of fatty acids are upregulated in several models of infection, fatty-acid 
degradation is not essential for virulence of C. albicans. Nevertheless, disruption of 
genes involved in the glyoxylate cycle or gluconeogenesis significantly attenuated 
its virulence in mice (Ramirez and Lorenz 2007; Barelle et al. 2006).

C. albicans colonizes medical devices, such as intravascular catheters, by form-
ing biofilms. Biofilms are comprised of heterogeneous microbial communities and 
form on biotic or abiotic surfaces embedded in an extracellular polymeric matrix. 
Such biofilms are associated with persistent infections and resistance to antifungal 
drugs and mechanical treatments. C. albicans forms a biofilm in four steps. First, 



242 N. T. A. Peres et al.

yeast cells attach to and colonize a surface; second, yeast cells form a basal layer 
that anchors the biofilm; third, hyphae grow and produce pseudohyphae and ex-
tracellular matrix; finally, the yeast cells disperse. In order to characterize biofilm 
formation in C. albicans, the transcriptional regulatory network was analyzed in 
mutants that are unable to form biofilms. A combination of whole-genome chroma-
tin immunoprecipitation microarray (ChIP-chip) and genome-wide transcriptional 
profiling identified six master regulators that control biofilm formation in C. albi-
cans: BCR1, TEC1, EFG1, NDT80, ROB1, and BRG1. Each regulator controlled 
the other five, and most of the target genes were controlled by more than one master 
regulator. Moreover, the biofilm network targeted approximately 15 % of the entire 
genome (Nobile et al. 2012).

Microarray analyses were used to profile C. neoformans transcription in re-
sponse to murine macrophages. C. neoformans exhibited a downregulation of genes 
encoding translational machinery and an upregulation of genes associated with lipid 
degradation and fatty-acid catabolism (lipases and acetyl coenzyme A acetyltrans-
ferase), β-oxidation, transport of glucose and other carbohydrates, response to ni-
trogen starvation, the glyoxylate cycle ( ICL1), and autophagy ( ATG3 and ATG9). 
This suggested nutritional starvation and metabolic adaptation toward the use of al-
ternative carbon sources and nitrogen uptake. Moreover, the upregulation of several 
genes encoding oxidoreductases, peroxidases, and flavohemoglobin denitrosylase 
(FHB1), which are important for nitrosative response and virulence, indicated the 
presence of oxidative and nitrosative stress (de Jesús-Berríos et  al. 2003). Also, 
there was an upregulation of genes related to endocytosis, exocytosis, and synthesis 
of extracellular polysaccharides and cell wall components. Genes located in the 
mating-type (MAT) locus and several genes associated with virulence were also 
upregulated. These included those encoding inositol-phosphorylceramide synthase 
( IPC1), laccases ( LAC1 and LAC2), genes involved in capsule formation ( CAP10, 
CAS31, CAS32, CAS1, and CAS2), and PKA, a gene in the Gpa1-cAMP pathway, 
that is essential for virulence. In particular, the Gpa1-cAMP pathway regulates cap-
sule formation and melanin production. Moreover, calcineurin gene ( CNA1), which 
is critical for virulence, was upregulated (Fan et al. 2005).

Transcriptional analyses of C. neoformans isolated from cryptococcal pulmo-
nary infection in mice revealed the upregulation of genes encoding malate syn-
thase, phosphoenolpyruvate carboxykinase, aconitase and succinate dehydrogenase 
as well as those involved in β-oxidation of fatty acids. These findings suggested 
glucose depletion and the use of alternative carbon sources in the lungs. Genes 
encoding glyoxylate cycle enzymes were strongly upregulated as well as genes 
involved in glycolysis (e.g., fructose 1,6-biphosphate, aldolase, hexokinase, and 
phosphofructokinase). In addition, there was an upregulation of genes encoding 
transporters for monosaccharides, iron, copper, acetate, trehalose, and phosphate, 
enzymes involved in the production of acetyl-CoA (e.g., acetylCoA synthetase 
[ACS1]), pyruvate decarboxylase, and aldehyde dehydrogenase. The upregulation 
of several stress-response genes, including flavohemoglobin denitrosylase, super-
oxide dismutase, HSP12, HSP90, and other virulence factors, might have protected 
against the stressful conditions in the lungs. This profile of upregulated genes sug-
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gested the importance of generating and utilizing acetyl-CoA by C. neoformans 
during infection (Hu et al. 2008). Indeed, deletion of the acs1 gene resulted in at-
tenuated virulence and impaired growth on media containing acetate as a carbon 
source. Moreover, ACS1 is regulated by serine/threonine protein kinase 1 (SNF1), 
which mediates glucose sensing, utilization of alternative carbon sources, and stress 
response. Deletion of the SNF1 gene also reduced growth on acetate medium, de-
creased melanin production and caused loss of virulence in murine model (Hu et al. 
2008). Although C. neoformans upregulated glyoxylate cycle genes during infec-
tion, ICL1 and MLS1 were not essential for establishing infection (Rude et al. 2002; 
Idnurm et al. 2007). On the other hand, deficits in β-oxidation pathways compro-
mised the virulence of C. neoformans (Kretschmer et al. 2012).

C. neoformans var. grubii molecular type VNI and VNII were isolated from the 
cerebrospinal fluid (CSF) of two AIDS patients with cryptococcal meningitis (Chen 
et  al. 2014). RNA was isolated from C. neoformans and used for transcriptome 
analyses by RNA-Seq. The in vivo transcriptomes were compared with the tran-
scriptomes of each strain after incubation in pooled human CSF ex vivo or growth 
in YPD broth in vitro. As compared with growth in YPD, growth in vivo and ex vivo 
in CSF resulted in the upregulation of genes associated with pathogenicity, such as 
CFO1, ENA1, and RIM101. CFO1 encodes a ferroxidase required for the utilization 
of transferrin, an important source of iron during brain infection and subsequent 
dissemination in infected mice (Jung et al. 2009). ENA1 is a sodium transporter 
that is important for CSF infection, intracellular survival in macrophages, and sur-
vival during meningitis in rabbits (Idnurm et al. 2009). RIM101 is a conserved pH-
responsive transcription factor that regulates iron and metal homeostasis, capsule 
production, and cell wall formation in C. neoformans (O’Meara et al. 2010). Other 
genes, such as SIT1 and SRX1, were upregulated only in vivo. SIT1 is a siderophore 
transporter that is important for growth under iron-limiting conditions, suggesting 
a role for iron in CSF infection. SRX1 is a sulfiredoxin that confers resistance to 
oxidative stress, which might improve survival in the presence of phagocytic cells 
in the CSF. Indeed, Rim101 controls the expression of several genes, including 
SIT1 and ENA1 (O’Meara et al. 2010; O’Meara et al. 2013). ICL1 was another 
gene upregulated in C. neoformans infecting human CSF. The ICL1 gene was also 
upregulated in a rabbit model of cryptococcal meningitis, although isocitrate lyase 
was not essential for infection (Rude et al. 2002). However, there was an upregula-
tion of trehalose-6-phosphate synthase (TPS1) encoding gene (Steen et al. 2003), 
which was essential for infection (Petzold et al. 2006). Thus, in human cryptococcal 
meningitis, a set of genes was similarly modulated between C. neoformans strains 
isolated from infected patients. Among the differentially modulated genes, novel 
genes with unknown functions were also identified (Chen et al. 2014).

Recently, another transcriptional profiling study using nanoString demonstrat-
ed high concordance between the downstream targets of PKA and RIM101 in C. 
neoformans. A pairwise transcriptional analysis of the Δpka and Δrim101 mutant 
strains revealed a strong correlation between the majority of RIM101-dependent 
and PKA1-dependent genes. This suggested that PKA1 and RIM101 interact or that 
they are in the same signaling pathway. In a murine model of lung infection, tran-
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scriptional and ChIPseq analyses of wild type and Δrim101 strains revealed genes 
regulated by RIM101, including cda1 and kre6. CDA1 regulates levels of chitosan 
in the cell, and KRE6 participates in β-glucan synthesis, consistent with a role for 
RIM101 in regulating cell wall remodeling (O’Meara et al. 2013).

In a murine model of pulmonary aspergillosis, A. fumigatus exhibited a down-
regulation of genes related to ribosomal biogenesis and protein biosynthesis and 
an upregulation of genes related to siderophore biosynthesis and transport, includ-
ing ferric-chelate reductases, aminoacid permeases, GABA and proline permeases, 
maltose permeases and transporters, and extracellular proteases. Elastinolytic me-
talloprotease, an aorsin-like serine protease, and dipeptidylpeptidases are antigenic 
virulence factors that are important for nitrogen uptake. Several genes encoding an-
tioxidant enzymes were also upregulated, including a Mn-superoxide dismutase and 
the bifunctional catalase-peroxidase CAT2. The initiation of infection was likely 
associated with aminoacid catabolism, as indicated by the induction of the enzyme 
methylcitrate synthase, which detoxifies propionyl-CoA intermediates (McDonagh 
et al. 2008). During invasive aspergillosis, propionyl-CoA is a toxic product gener-
ated from the degradation of valine, methionine, and isoleucine derived from host 
proteins. The gene encoding methylcitrate synthase was upregulated, suggesting 
that aminoacids are used as nutrients during invasive aspergillosis. Moreover, an A. 
fumigatus strain deficient in methylcitrate synthase displayed attenuated virulence 
(Ibrahim-Granet et al. 2008). During invasive aspergillosis, many of the preferen-
tially expressed genes were located in the sub-telomeric regions of chromosomes. 
The coordinated expression of clustered genes included those responsible for the 
biosynthesis of siderophores and the secondary metabolites pseurotin and gliotoxin, 
which are toxins (McDonagh et al. 2008).

While interacting with human neutrophils, A. fumigatus conidia upregulated 
genes encoding proteins involved in peroxisome biogenesis, β-oxidation of fatty 
acids (acyl-CoA dehydrogenase and enoyl-CoA hydratase), acetate metabolism 
(acetyl-coenzyme A synthetase), the tricarboxylic acid cycle (aconitate, succinate 
dehydrogenase, and malate dehydrogenase), and the glyoxylate cycle (isocitrate ly-
ase), suggesting a state of carbohydrate starvation (Sugui et al. 2008). There was a 
strong upregulation of the gene encoding formate dehydrogenase, which detoxifies 
formate, an indirect product of the glyoxylate cycle (Prigneau et al. 2003). Neutro-
phils normally produce cytotoxic ROS; however, neutrophils from patients with 
chronic granulomatous disease (CGD) are unable to damage A. fumigatus hyphae. 
Indeed, hyphae exposed to normal neutrophils expressed higher levels of the genes 
encoding glutathione peroxidase and thioredoxin reductase than those exposed to 
CGD neutrophils (Sugui et  al. 2008). Despite the involvement of ROS released 
by phagocytes in killing A. fumigatus, a triple SOD1/SOD2/SOD3 mutant and the 
parental strain were similarly virulent in experimental murine aspergillosis in im-
munocompromised animals (Lambou et al. 2010).

Upon contact with bronchial epithelial cells, A. fumigatus upregulated approxi-
mately 150 genes, most of which were related to vacuolar acidification, siderophore 
biosynthesis, metallopeptidase activity, and formate dehydrogenase activity (Oost-
huizen et al. 2011; Kane 2007). Formate dehydrogenase ( fdh) was also significantly 
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upregulated upon incubation with neutrophils (Sugui et al. 2008) and biofilm for-
mation (Bruns et al. 2010). Moreover, incubation with A. fumigatus induced cell 
death in monocyte-derived immature dendritic cells (iDC) (Morton et  al. 2011). 
This effect was coincident with growth of the fungal germ tube and fungal upregu-
lation of genes encoding enzymes related to oxidative stress response, ROS detoxi-
fication (e.g., superoxide dismutases), and pyomelanin biosynthesis. Additionally, 
A. fumigatus upregulated ASPF1, which encodes a ribotoxin that inhibits protein 
synthesis and induces apoptosis in iDCs in vitro (Ok et al. 2009).

Transcriptional profiling was performed on the dermatophyte Arthroderma 
benhamiae during an in vivo skin infection in guinea pigs. During acute infection, 
Arthroderma benhamiae upregulated genes encoding key enzymes of the glyox-
ylate cycle (MLS and ICL), formate dehydrogenase, monosaccharide transporter, 
oxidoreductase, opsin-related protein, and several proteases (Staib et al. 2010). The 
most highly upregulated gene was SUB6 that encodes subtilisin 6, a protease pre-
viously characterized as the major allergen in another dermatophyte, T. rubrum. 
Sub6 has been shown to bind human IgE antibodies (Woodfolk and Platts-Mills 
1998). The second most highly upregulated gene was that encoding an opsin-related 
protein with an unknown function. The same gene was previously shown to be up-
regulated during the parasitic phase of Coccidioides immitis, but its function is still 
unknown (Viriyakosol et al. 2013). Genes encoding proteases, such as subtilisins 
SUB1, SUB2, SUB6, and SUB7, the neutral protease NpII-1, and serine carboxy-
peptidase ScpC were also upregulated during infection (Staib et al. 2010). Proteases 
are the most commonly studied virulence factors of dermatophytes, and some pos-
sess keratinolytic activity, which allow them to infect the skin and nails (Monod 
2008). Genes encoding SUB3, SUB5, and metalloprotease 4 (MEP4) were also up-
regulated in T. rubrum grown in keratin as the sole carbon source (Maranhão et al. 
2007). Moreover, a PACC/RIM101-mutant strain of T. rubrum displayed decreased 
keratinolytic activity and impaired growth on the human nail in vitro, suggesting a 
role for RIM101 in the pathogenicity of T. rubrum (Ferreira-Nozawa et al. 2006; 
Silveira et al. 2010; Martinez-Rossi et al. 2012).

While interacting with human keratinocytes, Arthroderma benhamiae upregu-
lated the HYPA gene, which encodes a hydrophobin (Burmester et al. 2011) that in-
fluences the organism’s recognition by the immune system (Heddergott et al. 2012). 
Deletion of HYPA gene increased the susceptibility of Arthroderma benhamiae to 
human neutrophils and DCs. Compared to wild type, the ΔhypA mutant strain acti-
vated cellular immune defenses and increased the release of IL-6, IL-8, IL-10, and 
TNF-α to a higher degree. Moreover, conidia of the mutant strain were more easily 
killed by neutrophils (Heddergott et al. 2012). Indeed, surface expression of hydro-
phobin was shown to prevent immune recognition of A. fumigatus (Aimanianda 
et al. 2009).

Transcriptome data from various human fungal pathogens have identified global 
responses and survival strategies during interaction with host cells and infection of 
host niches. Accordingly, some pathways have been implicated in mycotic diseases, 
and fungi are able to proliferate and survive within the host by employing sophis-
ticated mechanisms to quickly modulate gene expression and adapt to changes in 
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the environment. Genes that are upregulated during the infective process or dur-
ing interaction with host cells are potentially important for virulence (Table 13.2), 
which has been evaluated by the functional characterization of mutant strains. Thus, 
genome-wide transcriptional analyses combined with genetic approaches have pro-
vided important insight into fungal responses, adaptive processes, virulence, and 
pathogenesis.

13.4 � Transcriptome of Drug Response and Resistance

Microorganisms respond to sub-lethal doses of chemical and physical agents by 
synthesizing a variety of specific proteins and low molecular weight compounds 
that act to promote defenses or tolerance (Fachin et al. 2001). Fungi use numer-
ous signal transduction pathways to sense environmental stress and respond appro-
priately by differentially expressing cell-stress genes (Martinez-Rossi et al. 2008). 
Thus, analyses of transcriptional changes in response to cytotoxic drugs have elu-
cidated the mechanisms by which fungi adapt to physiological stress as well as the 
mechanisms of drug action.

Although there are several commercially available antifungal drugs, the num-
ber of cellular targets is limited. Some antifungal drugs target ergosterol, a sterol 
analogous to cholesterol that is the main component of the fungal cell membrane 
and has diverse functions, including maintaining membrane stability, integrity, and 
permeability. Other antifungal drugs target proteins involved in the biosynthesis 
of ergosterol. The ergosterol biosynthetic pathway has been well described in Sac-
charomyces cerevisiae and involves approximately 20 genes, including those that 
convert mevalonate to squalene (Fig. 13.1), which are the primary targets of anti-
fungal drugs. The polyenes are a class of antifungal drugs that include amphotericin 
B (AMB) and nystatin. They bind to ergosterol and form pores in the membrane, 
which causes the leakage of intracellular contents and fungal cell death. AMB also 
induces oxidative damage to cellular membranes through the generation of ROS.

Azoles are the most commonly used class of antifungal drugs in clinical treat-
ment and include ketoconazole, itraconazole, fluconazole, and voriconazole. They 
inhibit the activity of the enzyme cytochrome P450 lanosterol 14-α demethylase 
(ERG11), which is responsible for the oxidative removal of the 14α-methyl group 
of lanosterol, an essential step in ergosterol biosynthesis. Azoles are first-line agents 
for the treatment of candidiasis, but their frequent use can result in resistance due 
to their fungistatic mechanism of action. Terbinafine (TRB) is another antifungal 
drug that belongs to the allylamine class and is most effective against dermato-
phytes. It inhibits ergosterol biosynthesis by inhibiting the enzyme squalene epoxi-
dase (ERG1), which is responsible for converting squalene to lanosterol. Inhibition 
of ERG1 decreases the production of ergosterol and increases the accumulation of 
squalene to toxic levels.

Other antifungal drugs target DNA/RNA metabolism. Flucytosine is a cytosine 
analogue that was first used as an antitumor agent. It showed poor efficacy in the 
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treatment of tumors but was shown to have antifungal properties. Flucytosine is 
transported to the cytoplasm of fungal cells through cytosine permease; in the cy-
toplasm, cytosine deaminase converts it to 5-fluorouracil, which blocks protein and 
DNA synthesis. When phosphorylated, 5-fluorouracil is incorporated into RNA, 
leading to miscoding and inhibition of protein synthesis. Furthermore, phosphor-
ylated 5-fluorouracil can be converted into the deoxynucleoside form by uridine 
monophosphate pyrophosphorylase; thereafter, it inhibits the enzyme thymidylate 
synthetase and consequently disrupts DNA synthesis (Vermes et al. 2000).

More recently, the fungal cell wall has become a specific target of antifungal 
drugs, since it is absent from mammalian cells. Caspofungin was the first com-
pound to target the fungal cell wall and was approved for clinical use in 2001. It is 
a member of the echinocandin class, which inhibits the enzyme (1,3)-β-D-glucan 
synthase (FKS1 and FKS2), thus preventing the synthesis of (1,3)-β-D-glucan and 
disrupting cell wall biosynthesis. In addition to caspofungin, two other echinocan-
dins, micafungin and anidulafungin, are commercially available. These drugs are 
only available as intravenous infusions and are indicated to treat invasive aspergil-
losis and candidiasis. They have fungicidal activity against most Candida species 
and fungistatic activity against Aspergillus species. Although most fungal species 
encode orthologs of FKS1 and FKS2, echinocandins are not effective against Zygo-
mycetes C. neoformans, or Fusarium spp. (Denning 2003).

Fig. 13.1   Schematic representation of the ergosterol biosynthetic pathway
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Transcriptome analyses have been used to evaluate the responses of pathogenic 
fungi, such as C. albicans, A. fumigatus, and T. rubrum, to several antifungal drugs, 
including azoles, polyenes, terbinafine, and echinocandins (Liu et al. 2005; da Silva 
Ferreira et al. 2006; Cervelatti et al. 2006; Yu et al. 2007b; Paião et al. 2007; Gautam 
et al. 2008; Diao et al. 2009; Zhang et al. 2009; Peres et al. 2010b). These studies 
revealed that the modulation of genes in the ergosterol biosynthetic pathway var-
ies significantly among species and drugs (Table 13.3). For instance, in response 
to itraconazole, C. albicans upregulated the following genes related to ergosterol 
biosynthesis: erg1, erg2, erg3, erg4, erg5, erg6, erg9, erg10, erg11, and erg25 (De 
Backer et al. 2001). In contrast, T. rubrum only upregulated erg11, erg24, and erg25 
(Diao et al. 2009). Similarly, in response to voriconazole A. fumigatus only upregu-
lated erg3, erg24, and erg25 (da Silva Ferreira et al. 2006). Although caspofungin 
and flucytosine do not primarily target the ergosterol biosynthetic pathway, they 
elicited the upregulation of some ergosterol biosynthetic genes in C. albicans (Liu 
et al. 2005) (Table 13.3).

In response to ketoconazole, C. albicans upregulated genes involved in the bio-
synthesis of ergosterol, lipids, and fatty acids. Ketoconazole also induced the ex-
pression of the major transporter genes cdr1 and cdr2 (Liu et al. 2005). Similarly, in 
response to ketoconazole, T. rubrum upregulated genes involved in the metabolism 
of lipids, fatty acids, and sterols, including erg3, erg4, erg6, erg11, erg24, erg25, 
and erg26 as well as the multidrug-resistance gene encoding ABC1, which is a ho-
molog of C. albicans CDR1 (Yu et al. 2007a).

In response to AMB, C. albicans downregulated genes related to ergosterol bio-
synthesis and upregulated genes related to cell stress, including those encoding ni-
tric oxide oxidoreductase (YHB1), catalase 1 (CTA1), aldehyde oxidase 1 (AOX1), 
and superoxide dismutase 2 (SOD2) (Liu et  al. 2005). A. fumigatus exposed to 
AMB upregulated erg11 and downregulated erg6. In addition, it modulated genes 
involved in cell stress, transport, oxidative phosphorylation, nucleotide metabolism, 
cell cycle control, and protein metabolism. Moreover, in response to the oxidative 
damage caused by AMB exposure, A. fumigatus overexpressed several genes en-
coding antioxidant enzymes, such as Mn-SOD, catalase, the thiol-specific antioxi-
dant protein LsfA, glutathione S-transferase (GST), and thioredoxin. A. fumigatus 
downregulated ergosterol biosynthetic genes in response to AMB, possibly in at-
tempt to use alternate sterols or sterol intermediates in the cell membrane (Gautam 
et al. 2008).

C. albicans exposed to caspofungin induced the expression of genes encoding 
cell wall maintenance proteins, including a target of caspofungin (the β-1,3-glucan 
synthase subunit homolog to FKS3), a pH-regulated glucan-remodeling enzyme 
(PHR1), extracellular matrix proteins (ECM21 and ECM33), and a putative fatty 
acid elongation enzyme (FEN12). Interestingly, fen12 was upregulated in response 
to caspofungin and downregulated in response to AMB. In response to flucytosine, 
C. albicans upregulated the cdc21 gene, which encodes thymidylate synthetase. This 
enzyme is the target of flucytosine and is associated with DNA synthesis; therefore, 
its upregulation may prevent fungal death. Other genes that were upreguvwhich is 
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a nucleoside diphosphate kinase, and FUR1 an uracil phosphoribosyltransferase, as 
well as genes associated with protein synthesis (Liu et al. 2005).

Terbinafine is commonly used to treat dermatophytosis. Exposure of T. rubrum 
to TRB decreased the expression of genes related to ergosterol biosynthesis, such 
as erg2, erg4, erg24, and erg25, and increased the expression of genes involved in 
lipid metabolism, such as erg10, erg13, and ino1. Although TRB primary target 
is squalene epoxidase (ERG1), T. rubrum did not differentially express erg1 after 
exposure to TRB. It did, however, upregulate multidrug-resistance (MDR) genes, 
including mdr1 and mdr2 (Zhang et al. 2009). Indeed, MDR2 is associated with 
drug susceptibility. Overexpression of mdr2 likely causes the efflux of TRB, since 
deletion of mdr2 increased T. rubrum susceptibility to TRB (Fachin et al. 2006).

The emergence of resistant strains is an important obstacle to effective antifungal 
therapy. Azoles are the first-line treatment for many fungal infections; however, 
their use may select for azole-resistant mutants. Several mechanisms contribute to 
drug resistance, including alteration of the drug target, increased drug efflux, and 
increased cellular stress responses. Both mutations in and overexpression of the 
ergosterol biosynthesis gene erg11/cyp51 confer resistance to azoles in C. albicans 
and A. fumigatus. For instance, one mutation causes the synthesis of an alternative 
protein that is insensitive to azoles and diminishes drug efficacy. At least 12 differ-
ent point mutations in erg11 have been identified in azole-resistant clinical isolates 
of C. albicans (Shapiro et al. 2011).

Overexpression of efflux pumps are associated with antifungal resistance in C. 
albicans. CDR1 and CDR2 confer resistance to multiple azoles, while MDR1 con-
fers resistance to fluconazole (White et al. 2002). Similarly, azole-resistant clinical 
isolates of C. glabrata have been shown to overexpress genes encoding CDR1 and 
CDR2 as well as SNQ2, another ATP-binding cassette ABC transporter (Sanguinetti 
et al. 2005). In response to azoles and other structurally distinct drugs, T. rubrum 
overexpressed TruMDR1 and TruMDR2, which encode ABC transporters. Thus, 
these genes may participate in drug efflux (Cervelatti et al. 2006; Fachin et al. 2006).

In order to identify genes associated with fluconazole resistance, a laboratory 
strain of C. albicans susceptible to fluconazole was subjected to successive pas-
sages in media containing fluconazole to induce resistance, and the transcriptional 
profile was subsequently analyzed. Some genes were modulated in coordination 
with the upregulation of CDR1 and CDR2. For instance, there was an upregulation 
of genes coding the glutathione peroxidase 1 (GPX1) and RTA3, a protein involved 
in 7-aminocholesterol resistance, and a downregulation of NADPH oxidoreduc-
tase (EBP1). Genes that were modulated in coordination with the overexpression 
of MDR1 included the upregulation of genes encoding aldo-keto reductase family 
proteins (IFD1, IFD4, IFD5, and IFD7), methylglyoxal reductase (GRP2), pyro-
phosphate phosphatase (DPP1), and inositol-1-phosphate synthase (INO1) and the 
downregulation of multi-copper ferroxidase (FET34), phosphatidylethanolamine 
N-methyltransferase (OPI3), and Cu and Zn-containing superoxide dismutase 
(IPF1222) (Rogers and Barker 2002, 2003).
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Genes encoding the ABC transporters CDR1 and CDR2 in azole-resistant C. 
albicans strains are regulated by the zinc cluster transcription factor TAC1. This 
transcription factor was initially identified in C. albicans in a search for genes con-
taining the cis-acting drug-responsive element (DRE) Zn(2)-Cys(6) finger, which is 
present in the promoter region of the cdr1 and cdr2 genes. Further characterization 
showed that deletion of tac1 gene prevented the upregulation of cdr genes. More-
over, introduction of a tac1 allele recovered from an azole-resistant strain into an 
azole-susceptible strain induced overexpression of CDR1 and CDR2 (Coste et al. 
2004). In addition, the TAC1 regulon contains 31 upregulated and 12 downregu-
lated genes, including those encoding IFU5, HSP12, phospholipid flippase (RTA3), 
glutathione peroxidase (GPX1), histidine kinase (CHK1), sphingosine kinase 
(LCB4), NADH dehydrogenase (NDH2), and sorbose dehydrogenase (SOU1) as 
well as TAC1, CDR1, and CDR2. Among the downregulated genes in the TAC1 
regulon are an iron transporter (FTR1), a putative glycosyl phosphatidyl inositol-
anchored protein (IHD1), and an oligopeptide transporter (OPT6), all of them en-
coding integral membrane proteins, and the superoxide dismutase SOD5, which is a 
cell wall protein. Furthermore, ChIP-chip experiments demonstrated that TAC1 di-
rectly binds to the promoter region of eight of these genes, including CDR1, CDR2, 
GPX1, LCB4, RTA3, a putative lipase, and two genes with unknown functions (Liu 
et al. 2007).

A genome-wide expression analysis of resistant clinical isolates of C. albicans 
identified a transcription factor that was upregulated in coordination with MDR1. 
This gene encodes the multidrug resistance regulator MRR1, which is a zinc cluster 
transcription factor and the main regulator of MDR1 expression. Gain-of-function 
mutations in MRR1 are responsible for overexpression of MDR1 and are associated 
with fluconazole resistance in C. albicans (Morschhauser et al. 2007). In addition to 
regulating MDR1 expression, MRR1 regulated at least 14 other genes that may also 
contribute to fluconazole resistance. These genes encoded mainly oxidoredutases. 
Notably, MRR1 does not target CDR1 or CDR2. Overall, large-scale transcriptional 
analyses have identified several genes associated with drug response and resistance 
in pathogenic fungi (Table 13.4).

Transcriptional analyses have been performed in order to identify additional 
genes associated with azole resistance. Recently, RNA-seq analyses were performed 
on two isogenic C. albicans strains that differed only in fluconazole resistance. 
These studies identified novel genes associated with azole resistance, including the 
transcription factor CZF1, which is involved in the hyphal transition and the white/
opaque switch. Inactivation of CZF1 increased the susceptibility to fluconazole as 
well as unrelated antifungal drugs, such as TRB and anisomycin. Furthermore, the 
CZF1 mutant strain displayed increased resistance to the cell-wall-disrupting agent 
Congo red. The mutant also overexpressed the gene encoding β 1,3-glucan synthase 
(GLS1), suggesting that CZF1 represses β-glucan synthesis and regulates cell wall 
integrity (Dhamgaye et al. 2012).
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In pathogenic fungi, mitochondrial dysfunction has been associated with altered 
susceptibility to antifungal drugs. In C. albicans, inhibition or mutation of the mi-
tochondrial complex I (CI) increased susceptibly to fluconazole even in resistant 
clinical isolates. Transcriptional analysis was performed on the ∆goa1 and ∆ndh51 
mutant strains, which are associated with CI-induced susceptibility to fluconazole. 
GOA1 is required for function of the electron transport chain, and the ∆goa1 mutant 
accumulates ROS, undergoes apoptosis, and is avirulent. Ndh51 encodes a 51-kDa 
subunit of the NADH dehydrogenase of the electron transport chain, and the ∆ndh51 
mutant exhibits defects in morphogenesis. RNA-seq analyses of these strains dem-
onstrated downregulation of transporters, including the CDR1/CDR2 efflux pumps 
but not MDR1. Genes related to ergosterol biosynthesis were downregulated in the 
∆ndh51 mutant. In contrast, genes associated with peroxisomes, gluconeogenesis, 
β-oxidation, and mitochondria were downregulated in the ∆goa1 mutant (Sun et al. 
2013). NDH51 is conserved among eukaryotes, including mammals; nevertheless, 
GOA1 is only conserved in some Candida species. Therefore, fungi-specific mito-
chondrial genes may be targets for the development of novel antifungal drugs. In-
deed, acriflavine, an acridine derivative that has antibacterial, antifungal, antiviral, 
and antiparasitic properties, induces the overexpression of genes involved in the 
mitochondrial electron transport chain of T. rubrum (Segato et al. 2008).

Interestingly, chemical inhibition of fungal HSP90 improved the activity of 
azoles and echinocandins against C. albicans and echinocandins against A. fumiga-
tus (Cowen 2009). Inhibition of HPS90 prevents the stress-response cascade medi-
ated by calcineurin, which is normally activated in response to antifungal drugs. 
Blunting of the stress-response cascade enhances the fungicidal effects of drugs, 
leading to cell death (Singh et al. 2009). It will be a challenge to develop an inhibi-
tor selective for fungal HSP90 and inactive against human HSP90. Nevertheless, 
HSP90 may be a promising target for treatment of resistant fungal diseases and may 
combat the emergence of drug resistance (Cowen 2009).

In addition to the emergence of drug-resistant strains, another major clini-
cal problem is the formation of microbial biofilms. Biofilms possess specific 
traits as compared to planktonic cells, such as intrinsic resistance to drugs. In 
immunocompromised individuals, both C. albicans and A. fumigatus can form 
biofilms on implanted medical devices, such as catheters, and cause persistent 
infections. In particular, biofilms have decreased susceptibility to antifungal 
drugs, such as polyenes and azoles. In order to understand their mechanisms 
of resistance, mature biofilms cells were exposed to fluconazole, AMB, and 
caspofungin. Fluconazole exposure did not significantly alter gene expression, 
and AMB exposure resulted in only minor alterations in gene expression. On 
the other hand, biofilms exposed to caspofungin underwent more pronounced 
alteration in gene expression, including the upregulation of several genes asso-
ciated with biofilm formation, such as ALS3, a cell-wall adhesin, the transcrip-
tion factor TEC1, and genes associated with cell-wall remodeling (Vediyappan 
et al. 2010). Furthermore, AMB and fluconazole bind to the extracellular matrix 
of the biofilm, which is comprised of β-glucans; such binding inhibits effective 
drug action (Vediyappan et  al. 2010; Nett et  al. 2007). An RNA-seq analysis 
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compared the transcriptional profile of an A. fumigatus biofilm to that of plank-
tonic cells. Thousands of genes were differentially expressed between the bio-
film and planktonic cells. Specifically, the biofilm exhibited an upregulation of 
secondary metabolism genes, cell-wall-related genes, sterol biosynthetic genes 
(e.g., erg11), transporters associated with antifungal resistance (MDR1, MDR2, 
and MDR4), and hydrophobins, which are associated with structural organiza-
tion of biofilms (Gibbons et al. 2012). The complex gene network involved in 
biofilm formation (Nobile et al. 2008) is consistent with the fact that C. albicans 
can form biofilms in different niches, such as the bloodstream and oral cavity. 
This highlights the challenge inherent to treating these infections as well as the 
importance of searching for new antifungal targets.

In conclusion, analyses of the transcriptional changes that occur in response to 
cytotoxic drugs have identified genes with known mechanisms of action. More-
over, these studies have suggested novel effects of antifungal drugs. In addition, 
responses shared across multiple classes of antifungal agents were identified in C. 
albicans (Liu et al. 2005) and T. rubrum (Fachin et al. 2006; Paião et al. 2007; Peres 
et al. 2010b). Therefore, there may be non-specific responses to a drug challenge 
that allow fungi to adapt to stress.

13.5 � Concluding Remarks

The pathogenesis of fungal infections involves changes in gene expression and 
metabolic pathways, which enable fungal invasion and survival. At the same 
time, fungi elicit host responses aimed at eliminating the pathogen. Genome-
wide transcriptional profiling has identified the molecular responses of both 
host and pathogen during interaction and has provided insight into the adaptive 
responses that occur during the establishment of infection. The combination of 
large-scale transcriptomic analysis and systems biology approaches has enabled 
the development of regulatory molecular models that can assess the dynamic 
behavior of host-pathogen interactions and elucidate the pathogenesis of human 
mycoses. These regulatory models have been validated through reverse-genetic 
approaches by evaluating the physiological behavior of knockout strains in vi-
tro, ex vivo, and in vivo. Furthermore, transcriptomics is a valuable source of 
data on gene expression regulation, gene structure and function, also providing 
information regarding the mechanisms of fungal responses and resistance to 
drugs. These insights will further support the development of novel therapeutic 
approaches to prevent and control fungal infections.
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