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Abstract. The adaptation of microorganisms to different

environmental conditions, such as temperature, salinity, Received
extreme pH values, and oscillation in the availability of nutrients May 26,2018
(carbon, nitrogen, and phosphate), has a vital role for their

Accepted

survival. The transduction of the signal generated by the sensing

of the extracellular pH by fungi occurs through a conserved
molecular pathway that involves the activation of PacC
transcription factor. This adaptive response is observed in
various species and impacts the metabolic processes,
pathogenicity, and biotechnological applications in the industry.
Variations in pH can influence nearly all physiological processes
that lead to the secretion of macromolecules and metabolites.
Under the influence of the regulatory circuits of carbon,
nitrogen, sulfur, and pH, the regulation of inorganic phosphate
(Pi) uptake is performed by several regulatory genes, such as
Nuc-1 transcription factor. Nuc-1 is involved with the post-
transcriptional control and regulation of the transcription of
structural genes that act in the homeostasis system and Pi
uptake. Pi is essential for maintaining cell structure and many
metabolic processes, being a growth limiter in nature. Thus, the
genetic and molecular mechanisms that control the adaptation
of microorganisms to the variations of Pi levels are being shown
in many model organisms. In this way, the study of the adaptive
microbial response to Pi oscillations has high importance, since
these investigations may contribute to portray the regulation of
molecular mechanisms involved with the Pi system and pH
regulator circuit. The pH regulation, once established, will
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permit the genetic manipulation of economic and medical

processes.
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metabolism.

Introduction

Microorganisms can adapt to
environmental changes by regulating the
gene expression in response to different
ambient signals (Kato-Maeda et al,
2001). However, the mechanisms
associated with gene expression
regulation and metabolic modulation are
intricate and still not fully understood. In
the past few years, structural and
functional genomic techniques were
developed with the purpose to evaluate
the differential gene expression of an
organism or a cell. These high-
throughput  methods  permit the
detection of altered mRNA expression
and chromosomal copy number
variations in experimental conditions
that mimic metabolic processes (Huang
etal, 2007; Wise et al., 2007).

Fungi are microorganisms that
can be free-living or saprophytic. These
organisms play a fundamental role in
food chains through organic matter
decomposition. Several fungi species are
pathogenic to humans and other animals,
causing dermal and even systemic
mycoses. Moreover, phytopathogens can
negatively impact either the production
and financial aspects of the farming
industry. However, many fungi species
have decisive economic importance
(Murray et al., 2014; Schaechter et al.,,
2002), such as in the production of a high
number of biotechnological products
(Almeida et al., 2017; Orlandelli et al,
2017; Raj et al,, 2015).

Microorganisms  evolved in
adverse environments where the
competition was intense, and the
presence of vital nutrients was scarce. In
this way, the survival of these species
was directly associated with the
adaptation to environmental oscillations,
such as temperature, salinity, pH, and

others. Moreover, the bioavailability of
nutrients in the habitat of such species
(carbon, nitrogen, and phosphate
availability)  also  influences  the
development, biological activities, and
the interaction of fungi and hosts,
especially for pathogens (Santos, 2013).
To explore the economic
potential and control the infections
caused by fungal species, it is
fundamental to elaborate the processes
of environmental sensing, the pathways
of physiological events that occur in
function of this sensing, and the
molecular mechanisms involved with the
adaptive responses. The characterization
of the metabolic reactions that control
the homeostasis, sensing of the
environment pH, and nutrient intake
(e.g., inorganic phosphate, Pi) is vital to
comprehend the developmental
processes and survival of these
microorganisms (Martinez-Rossi et al,
2011). Moreover, the homeostatic pH
controls the growth, differentiation, and
viability of all species, and that cells alter
their metabolic responses in response to
the abiotic factors present (Ferreira-
Nozawa et al., 2006; Nozawa et al., 2003).
The microorganisms can adapt to
the environmental pH by modulating
their gene expression to adjust the
adequate physiological conditions. The
gene expression occurs in a coordinated
manner in the cells in response to
external and internal signals.
Experimental data have confirmed that
specific metabolic and pathogenic
mechanisms rely directly or indirectly on
the genes that monitor the extracellular
pH (Ferreira-Nozawa et al., 2006; Luo et
al, 2017; Nozawa et al., 2003). The
adaptation to environmental changes,
such as extracellular pH and Pi limitation
have been extensively investigated in
fungi as model organisms, in which the
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primary function is to characterize new
biotechnological techniques.

In this review, we describe the
biological role of PaCC and Nuc-1 in the
fungal metabolic engineering, once both
enzymes are extensively described in the
literature as essential mediators of
sensing and regulation of environmental
pH and Pi. In addition, the investigation
of  the fungi adaptability  to
environmental variations have been
relevant to define of the mechanisms of
pathogenicity and resistance to the
inhibition of pathogenic organisms
(Caddick et al., 1986; Dongliang et al,
2004; Nahas et al, 1982; Peleg et al,
1996).

PacC transcription factor and the
environmental pH

The environmental pH is an
essential factor of fungi physiology by
influencing the transcription of many
genes. In filamentous fungi and yeast,
PacC is the transcription factor that
regulates the expression of genes in acid
or alkaline pH (Luo et al,, 2017).

In 1965, by using a classical
genetics approach, Dorn started the first
studies on the regulation of gene
expression in Aspergillus nidulans in
response to the environmental pH. These
studies have shown that, in a condition of
limited concentrations of phosphate and
pH 6.5, mutations in the pal genes (4, B,
C, and F) led to high levels of acid
phosphatase and low levels of alkaline
phosphatase. Conversely, mutations in
pacC gene led to high levels of alkaline
phosphatase and reduced acid
phosphatase  concentrations  (Dorn,
1965).

In 1982, Ely Nahas, Héctor
Francisco Terenzi, and Antonio Rossi
described the adaptive response to pH in
Neurospora crassa for the first time. The
authors observed that the secretion, but
not the synthesis of phosphatases, is pH
dependent (Nahas et al, 1982). The
involvement of pal/pacC in the sensing of
environmental pH by A. nidulans was
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described by Caddick, Brownlee and Arst
(1986), which showed that the response
to pH is mediated by a signaling pathway
constituted of at least seven genes: pal
(A, B, C, F H, and I) and pacC (Santos,
2013).

In A. nidulans, the gene pacC
encodes a transcription factor with 678
amino acids (72 KDa) and three zinc-
fingers Cis;His; that recognizes the
consensus region 5-GCCAR(A/G)G-3" in
the promoter region of genes that
respond to pH. Further, it was proposed
an environmental pH regulatory model
in A. nidulans, in which the transcription
factor PacC is responsible by the
activation of the transcription of
alkaline-specific ~ genes and  the
repression of the transcription of acid-
specific. This gene expression regulation
is modulated by a signal generated by the
products of the genes pal (4, B, C, F, H,
and I) in response to the alkaline pH in a
complex media (Freitas et al, 2011;
Tilburn et al., 1995).

Experimental studies revealed
that PacC transcription factor is
maintained inactive in low pH by
intramolecular interactions in its C-
terminal end. In alkaline pH, the products
of pal genes introduce a structural
modification that promotes the break of
the intramolecular interactions and
exposes a region of PacC protein to
proteolysis, which makes this
transcription factor active, functional and
capable of inducing the transcription of
alkaline genes and repressing the
transcription of acid genes (Orejas et al,,
1995). However, evidences show that the
transcription factor PacC is functional in
both acid and alkaline media, and that
the molecular mechanisms involved in
the regulation of gene expression by pH
in A. nidulans rely on the nutritional
conditions that the fungus is exposed to
(Freitas et al, 2007, 2011; Rossi et al,,
2013; Santos, 2013; Silva et al., 2008).

Sclerotinia  sclerotiorum is a
phytopathogen that can cause significant
economic losses in farm cultures. The
success of the infectious processes
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triggered by this filamentous fungus
initially results in the synthesis and
secretion of oxalic acid, which is
dependent on the pH of the environment
through PacC. A neutral or moderately
alkaline host tissue stimulates the
synthesis of oxalate, resulting in an
acidification of the extracellular space.
This process is a critical step for the
differentiation between the saprophytic
and necrotrophic growth. The secreted
oxalate is toxic to the plant tissues and
acts as a chelating agent of calcium ions,
disrupting the biochemical system of the
host by capturing the calcium from the
cell wall, suppressing the oxidative stress
generated by the neutralization of the
reactive oxygen species, and reducing the
affinity = between the union of
polygalacturonases of the fungus and the
inhibitors of polygalacturonases of the
host (Durman et al., 2005; Favaron et al.,
2004; Rollins and Dickman, 2001; Santos,
2013).

To successfully colonize the host,
microorganisms initially adhere to the
target tissue and simultaneously obtain
essential nutrients necessary for its
growth. Fungi developed complex
strategies to acquire micronutrients such
as iron, while for many species the
availability of this element is a signal for
the induction of the expression of
virulence factors. For instance, the excess
of iron aggravates the meningitis
condition in an animal model of a brain
infection caused by the pathogen
Cryptococcus neoformans. Moreover,
recent studies revealed that the
absorption of iron is regulated by a
network of transcription factors,
including PacC which acts in the
regulation of genes involved with the
maintenance of iron homeostasis,
nutrient sensing, and cell wall (Kronstad
etal., 2013).

In the pathogens Candida
albicans e C. neoformans, various genes
that respond to the environmental pH,
including the pacC gene - which codifies
a  homologous protein of the
PacC/Rim101p family of transcription

factors that regulate pH - are directly
associated with the pathogenicity of both
species. In C. albicans, analysis of the
Rim101 transcription factor revealed
that there are significant differences on
how rim101 is processed, the relative
levels of activation or repression of gene
transcription, and the genes regulated by
rim101  when compared to its
homologous Rim101 of Saccharomyces
cerevisiae and PacC of A. nidulans.
However, C. albicans improves its
signaling pathway in response to pH to
adapt to specific infection environments
in human infections. In C. neoformans,
the mutant lineage Cnrim101 is more
sensitive to high pH and iron deprivation,
two conditions present in the host. In
addition, experimental models of
cryptococcosis show that Cnrim101
lineage presents difficulties for capsule
attachment, which is the primary
virulence factor for this pathogenic
fungus (Selvig and Alspaugh, 2011).

The dermatophyte Trichophyton
rubrum presents a PacC homologous
protein whose genetic inactivation
showed that the development of keratin
and consequent degradation of this
molecule are likely associated with the
regulation of pacC. This function
interferes in the secretion and activity of
proteases that present the optimum
activity in alkaline pH (Ferreira-Nozawa
et al.,, 2006; Martinez-Rossi et al,, 2017;
Peres et al, 2010). The transcription
factor PacC is presumably linked to the
virulence of the dermatophyte T. rubrum
since this species mobilizes enzymatic
machinery in  function of the
environment pH to establish an infection.
Moreover, the recruited enzymes are
proteases that are active in a wide range
of pH.

In 2004, a model of the regulation
of proteolytic enzymes by environmental
pH during the infection by
dermatophytes was proposed. At the
initial stages of the infection, the
pathogen, when exposed to the low pH of
the skin, starts synthesizing unspecific
keratinases and proteases that have a
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high performance at low pH. These
enzymes act in keratin and non-keratin
substrates to generate peptides, which
are hydrolyzed in amino acids that will
be used as carbon, nitrogen, and sulfur
source. The metabolization of some
amino acids, such as glycine, result in the
release of ammonia, which increases the
pH of the environment and adjusts it for
the action of the Kkeratinases with
optimal activity in alkaline pH. The
increase of pH then maintains the
infection. This metabolic machinery
permits that the dermatophytes use the
proteins as uptake of nutrients in a wide
range of pH, enabling the complete
installation, development, and survival of
the dermatophyte in the host’s tissue
(Martinez-Rossi et al., 2004, 2011, 2017).
Recently, functional genomic
investigations using the mutant lineage
pacC-1 have shown that PacC
transcriptional factor acts directly or
indirectly in the regulation of the
expression of many genes that are
related to the survival, pathogenicity and
adaptative response to pH by T. rubrum.
The identified genes have essential
biological functions, from basic cell
demand to protein glycosylation, which
is a process that maintains the cell wall
integrity and influences the virulence of
some fungi species, since these enzymes
also impact the adhesion of the organism
in the host’'s cells (Cazzaniga, 2011;
Mendes et al,, 2012; Santos, 2013).

Nuc-1 transcription factor and
phosphate homeostasis

Pi is an essential nutrient for all
organisms, being necessary for the
structure and growth of cells, metabolic
responses, nucleic acid synthesis,
membrane  phospholipids, and a
component of several cell metabolites
(Paytan and McLaughlin, 2007). In this
way, the phosphate uptake from the
environment in both prokaryotic and
primitive eukaryotic organisms is one of
the most critical processes for nutrient
acquisition (Furukama et al., 1987). The
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fungi N. crassa and S. cerevisiae are used
as biological models for experimental
studies that aim to comprehend the
molecular mechanisms that are initiated
by variations of the environmental Pi
concentration. In these species, the cell
acquisition, supply, liberation, and
metabolic integration of Pi rely on the
function of various enzymes, such as
nucleases, acid and alkaline
phosphatases, permeases, and others,
whose expression is dependent on the
intracellular Pi levels (Ogawa et al., 2000;
Peleg et al,, 1996; Persson et al., 2003;
Santos, 2013).

When the filamentous fungus
N.crassa is cultivated in a media
containing limited quantities of Pi or
with nucleic acids as unique Pi source,
many enzymes are synthesized to
provide more phosphate to the cell. In
response to this limitation, N. crassa and
all other living organisms synthesize
phosphatases, nucleases, and phosphate
permeases to meet the intracellular
demand of this nutrient (Metzenberg and
Chia, 1979; Nahas et al,, 1982). When Pi
is deficient, the phosphatases are
synthesized and secreted in the
environment. Some studies have shown
that the extracellular pH is determinant
for the secretion of Pi-repressible
phosphatases, such as alkaline
phosphatase codified by the gene pho-2
(Grotelueschen et al, 1994), which is
preferably secreted when the
environment pH is 8.0 (Nahas et al,
1982; Nozawa et al., 2002). However, in
S. cerevisiae, the induction of several
genes in alkaline pH occurs through
independent mechanisms of the signaling
pathway mediated by PacC (Lamb et al,,
2001). In N. crassa, even though pho-2
gene is also induced in acid and alkaline
pH, the stable and active form of the
enzyme is predominantly secreted in
alkaline pH, in a process that is
glycosylation-dependent (Han et al,
1987; Palma et al.,1989; Thedei Junior et
al,, 1997).

The molecular mechanisms
involved in the sensing of phosphate and
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the cellular signaling to the biosynthesis
of enzymes and permeases engaged in
the Pi homeostasis were well established
in N. crassa by genetic and biochemical
approaches. These studies revealed that
the mechanism that occurs in response
to Pi is mediated by at least four
regulatory genes: nuc-1, nuc-2, preg and
pgov (Metzenberg and Chia, 1979). These
genes are highly conserved in N. crassa
and S. cerevisiae (Davis, 2000).

Leal et al. (2007) proposed a
modification to the model of regulation
of phosphate acquisition in N. crassa that
was previously published by Merzenberg
in 1979. According to the new model, the
action of the product of nuc-1 gene
allows the expression of structural genes
involved with the capitation of Pi. The
effect of Nuc-1 is antagonized by the
products of genes preg and pgov, which
are antagonized by Nuc-2. The product of
gene nuc-2 is the component that
transduces the activation signal of this
regulatory circuit, and its action is
inhibited by Pi or a co-repressor derived
from  Pi.  Accordingly, in low
concentrations of Pi, Nuc-2 inhibits the
function of the complex PREG-PGOV and
activates the Nuc-1 transcription factor
and the expression of acid and alkaline
phosphatases, phospho-permeases,
nucleases, and others. Thus, Leal et al.
(2007) described that the genes nuc-1,
nuc-2, preg and pgov play a role in the
control of post-transcriptional
modifications and secretion of
phosphatases in addition to the
regulation of structural genes of these
systems (Metzenberg, 1979; Leal et al,,
2007). Recently, it was shown that a MAP
kinase (MAPK-2) is also a component of
this pathway, presumably by interacting
with the complex PREG-PGOV in
repressive conditions, such as high
extracellular concentrations of Pi (Gras
et al., 2013; Santos, 2013).

The nuc-1 gene is constitutively
expressed, independently of the
concentrations of Pi. In addition, the
activity of the Nuc-1 protein is positively
regulated in limited levels of Pi, as Nuc-1

promotes the activation of alkaline
phosphatases repressed by Pi and
phosphate  permeases (Kang and
Metzenberg, 1990). The Nuc-1
transcription factor is composed of
approximately 802 amino acids in
addition to having a functional alkaline
domain in its carboxy-terminal region.
This domain presents a DNA binding
motif type basic helix-loop-helix (bHLH),
which is present in a high number of
transcription factors involved with
various cellular processes, such as
differentiation, development,
proliferation, and response to stress. The
bHLH transcription factors bind to 5’-
CACGTG-3’ consensus sequences and
form dimers or combinations of
heterodimers with other bHLH proteins
(Peleg and Metzenberg, 1994; Chen and
Lopes, 2007).

The Nuc-1 transcription factor is
considered as an atypical HLH protein, as
presents structural variations when
compared to other HLH transcription
factors. Moreover, Nuc-1 has a
dimerization domain constituted by a
zipper motif, present also in other HLH
proteins characterized as HLH/Z. The
zipper motif of Nuc-1 is formed by
alanine and methionine repeated
sequences instead of leucine, as
commonly found in HLH/Z proteins. In
addition, the helix Il and zipper domains
of Nuc-1 are crucial for the dimerization
of this protein, while the helix | domain is
involved with DNA binding (Peleg and
Metzenberg, 1994). Recently, it was
shown that Nuc-1 presents functional
domains that are potentially involved
with the interaction with the negative
regulator factors PREG/PGOV and
transcriptional activity (Santos, 2013).

C. albicans is an opportunistic
pathogen that can proliferate in the
intestinal tract of critically
immunocompromised patients, being
one of the major responsible for
infectious diseases caused by fungi.
Experimental studies with functional
analyses of the mutant lineage pho4 of C.
albicans revealed that this lineage is
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more virulent when compared to the
wild-type. This increased virulence
occurs since the absence of PHO4 protein
stimulates the filamentation in response
to the limitation of Pi, indicating the role
of pho genes in the absorption and
utilization of Pi during the infection. The
capacity to capture the Pi benefits fungus
species to compete with the standard
microbiota and represents an ability to
adapt to an environment that lacks
nutrients (Romanowski et al, 2012).
Although investigations have shown
promising findings regarding the
adaptive response and sense of fungi to
the levels of Pi, the molecular
mechanisms involved with the regulation
of Nuc-1 expression in response to
different nutrient sources and its role on
pathogenicity, adaptability, and
infectibility of pathogenic fungi remain
inconclusive (Santos, 2013).

Final considerations

The success of modern genomics
with the cloning and sequencing of pacC
and pals genes - the first established
genes that are potentially associated
with the signal transduction generated
by extracellular pH - permitted the
advance of the functional molecular
studies of the adaptive responses. The
molecular and metabolic mechanisms in
the adaptive response to the monitoring
of the extracellular pH and the regulation
of the homeostatic pH have been
highlighted since organisms rigorously
control their cell pH. The acidification of
the steps that lead to exocytosis,
pinocytosis, and phagocytosis, as well as
the relative implications to the metabolic
processes are essential for the efficiency
of cellular contractile elements (actin,
myosin, and microtubules) and the
conductibility of ionic channels. In
addition, the oscillations of the
intracellular pH influence the control of
the cell cycle and proliferation. The
implication of homeostatic pH in several
cellular processes are vast and complex,
in a way that the knowledge obtained
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from research have been applied in the
therapeutics, such as control of bacterial
and fungus infections, investigations in
the interaction between mechanisms
that control intracellular pH, action of
antimicrobial drugs, and control of the
growth and death of tumor cells.

Virtually all physiological
processes that lead to the secretion of
macromolecules and metabolites by any
living organism can rely on the adaptive
response to extracellular pH, such as the
secretion of penicillin by A. nidulans.
This observation reveals the economic
importance that the regulation of pH can
have, once all industrial fermentation
processes could be manipulated at the
genetic level when the molecular basis of
these processes are elucidated.

Similarly, to pH, the homeostasis
and Pi intake mediated by Nuc-1 is also
critical to wvarious cell processes,
influencing growth, physiology, and cell
differentiation. The control of Pi
acquisition by the cell is essential since
this nutrient is used for the synthesis of
nucleic acids (RNA and DNA), proteins,
lipids, and carbohydrates. The
complexity of the regulation of Pi system
is a valuable tool for understanding gene
regulation, cell cycle, substrate transport,
nutrient monitoring, integration between
cell response and environmental
changes, and regulation of the
subcellular localization through
phosphorylation.
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