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ABSTRACT
Candida albicans is a commensal of the human microbiome and a major human fungal
pathogen. Morphogenesis and metabolism are key attributes that allow C. albicans to thrive and
infect the human host. Grf10, a homeodomain-containing transcription factor, regulates both
morphogenesis and metabolism in C. albicans. The grf10∆ mutants were defective in yeast-tohyphal transition, chlamydospore and biofilm formation, and also showed dramatically
attenuated virulence in a mouse of infection model. Overexpression of GRF10 led to
filamentation under yeast-promoting growth conditions, consistent with upregulation of GRF10
levels during hyphal growth and biofilm formation. Additionally, Grf10 and Bas1, a mybcontaining transcription factor, are required for full upregulation of adenylate biosynthesis (ADE
genes), one-carbon metabolism, and a nucleoside permease (NUP gene) when C. albicans is
grown under adenine limitation. Phenotypic analysis revealed that the grf10∆ and bas1∆ mutants
exhibited growth defects when grown in the absence of adenine. Unlike the strong morphological
effects associated with the grf10∆ mutant, the bas1∆ mutant showed only modest filamentation
defects and weak attenuated virulence.
Differences in behavior of Grf10 and Bas1 in morphogenesis led to hypothesis that Grf10
independently regulates morphogenesis and metabolism. To test this hypothesis, the ability of
LexA-GRF10 overexpression to drive filamentation was examined in the absence of Bas1 and
adenine. The results showed that filamentation produced by LexA-Grf10 overexpression is
independent from Bas1 and adenine levels. Alanine substitution analysis revealed that Grf10
iii

required its own DNA-binding homeodomain to trigger hyphal growth. Thus, Grf10 separately
regulates filamentation and adenine responsive genes.
In addition, RNA-seq analysis demonstrated that Grf10 was required for expression of
many genes involved with nutrient assimilation such as inorganic phosphate, copper, and iron.
Phenotypic analysis revealed that the grf10∆ mutant was resistant to copper toxicity and
prolonged exposure to excess copper triggered hyphal growth in this mutant. Importantly, key
residues D302 and E305, predicted to be important for protein-protein interactions, are required
for Grf10 functions during the adenine starvation, the filamentation, and copper toxicity
responses. Together, these results suggest a model that Grf10 regulates target genes in multiple
pathways by interacting with different protein partners.
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Chapter I: Grf10 and homologous proteins are fungal transcription factors that regulate
metabolism, morphology, and pathogenicity

Candida albicans requires both fitness and virulence attributes to cause a fungal infection

Life as a human commensal and a pathogen: The intricate link between metabolism and
virulence
C. albicans naturally resides in the human body as part of the normal human microbiome;
however, C. albicans is also a major cause of both superficial and lethal bloodstream yeast
infections (Odds 1987, Witherden, Shoaie et al. 2017). In health and disease, C. albicans can
reside in and infect multiple niches, including the gastrointestinal tract, female reproductive tract,
skin and mouth (Odds 1987). A C. albicans infection, known as candidiasis, can be driven by
imbalance of the normal flora (e.g., the use of antibiotics or hormonal therapy), by a weakened
immune system (e.g., in immunosuppressed people undergoing cancer chemotherapy, organ
transplants or in immunocompromised HIV/AIDS patients), or by fungal biofilms and further
dissemination on medical implants. Due to its commensal and pathogenic nature, C. albicans has
evolved remarkably strategies to cope with host immune surveillance and to fluctuating
environments (Underhill and Iliev 2014, Sherrington, Kumwenda et al. 2018).
A recent emerging concept suggests that C. albicans requires both fitness attributes and
virulence factors to establish an infection (Brown 2006, Brown, Brown et al. 2014). Fitness
attributes refer to the ability of C. albicans to assimilate and metabolize nutrients, and to respond
to environmental stressors. Virulence factors refer to mechanisms that contribute to C. albicans
pathogenesis. Traditionally, virulence factors were restricted only to host recognition-adhesion,
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morphogenesis (yeast to hyphae transition), phenotypic switching (white to opaque switching),
biofilm development, and expression of secreted aspartyl proteases and phospholipases; notably,
virulence factors were not characterized as being associated with metabolic pathways (Calderone
and Fonzi 2001). However, recent data indicate that host derived nutrients, C. albicans
metabolism, and virulence are inextricably linked in C. albicans (Brown, Brown et al. 2014,
Miramón and Lorenz 2017). This may be a result of the dual lifestyle of C. albicans as a human
commensal and a pathogen; each lifestyle cannot be simply distinguished in the host or in
experiments. Thus, both metabolic adaptation and virulence factors are important for C. albicans
pathogenesis.

Morphogenesis is a critical virulence factor in C. albicans
Morphological plasticity allows C. albicans to adapt to each host niche and lifestyle. A
recent review describes that C. albicans can exist in nine distinct shapes (Noble, Gianetti et al.
2017). The ability of C. albicans to shift from yeast to filamentous forms is one of the bestcharacterized morphotype switches, and several studies demonstrate a strong association
between the yeast to hyphae transition and pathogenicity. For example, the T-helper 17 immune
response discriminates between commensal and pathogenic states of C. albicans by detecting the
morphological transition from yeast to hypha (Cheng, van de Veerdonk et al. 2011). The
filament-specific toxin, Candidalysin, is essential for C. albicans to infect and damage host
epithelial cell membranes (Moyes, Wilson et al. 2016). In addition, C. albicans mutants that are
unable to undergo yeast to hyphae switching are unable to establish infections in animal models
of infection (Lo, Köhler et al. 1997, Murad, Leng et al. 2001). These studies indicate that
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morphological plasticity, especially the ability to shift between yeast and hyphal forms are
essential for C. albicans adaptability and virulence.

Metabolic flexibility is important for C. albicans dual lifestyles
In addition to morphological plasticity, metabolic flexibility is essential for C. albicans
during commensalism, infection, and disease progression. Versatile metabolic adaptation of C.
albicans allows the fungus to assimilate the available micronutrients that vary depending upon
specific host niches and host immunological defenses. Several genome-wide expression studies
demonstrated that C. albicans changes its metabolic profiles depending on the microenvironment
it encounters. For instance, upon phagocytosis with host macrophage and neutrophil, C. albicans
upregulates genes involved in fatty acid β-oxidation, the glyoxylate cycle, and gluconeogenesis
while it downregulates glycolytic genes, reflecting carbon starvation (Lorenz, Bender et al. 2004,
Fradin, De Groot et al. 2005, Brown, Odds et al. 2007). In later stages of infection where C.
albicans infected mouse kidneys, the fungus induces glycolytic genes as well as genes involved
with iron and phosphate intake (Barelle, Priest et al. 2006, Thewes, Kretschmar et al. 2007).
Consistent with these findings, C. albicans mutants that lack key metabolic genes or unable to
assimilate nutrients are attenuated virulence or avirulent during infection (Donovan, Schumuke
et al. 2001, Staab and Sundstrom 2003, Barelle, Priest et al. 2006, MacCallum, Castillo et al.
2009, Mackie, Szabo et al. 2016). Together, these results highlight that metabolic adaptation is
required for C. albicans growth and pathogenesis.
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Grf10 transcription factor and its role in C. albicans growth and virulence
Importantly, morphological switching and metabolic adaption in C. albicans are
controlled by multiple transcription factors, forming complex transcriptional regulatory network
(Brown, Brown et al. 2014, Noble, Gianetti et al. 2017). My dissertation focuses on the
characterization of the Grf10 transcription factor, and therefore this review will discuss the
comprehensive roles of Grf10 in multiple fungal species, including model yeasts, non-pathogenic
dimorphic and filamentous fungi, and plant and human pathogenic fungi.

Introduction: Grf10 transcription factor

Grf10, also known as Pho2 or Bas2 is a homeodomain-containing transcription factor
(TF) that was first identified in the model yeast Saccharomyces cerevisiae as a transcriptional
activator that controls transcription in a combinatorial manner. In this document, the S.
cerevisiae gene will be referred as ScGRF10 to emphasize its roles in multiple pathways.
ScGrf10 transcriptionally regulates genes in several pathways by interacting with other
transcription factors, each directing ScGrf10 to specific and different target gene promoters.
ScGrf10 is required for expression of genes in AMP biosynthesis (ADE genes), histidine
biosynthesis, one-carbon metabolism, phosphate metabolism (PHO genes), and yeast mating cell
type switching (Figure I-1A). ScGrf10 interacting with Bas1, a myb-domain TF, activates target
genes in purine, one-carbon, and histidine biosynthesis pathways during adenine starvation
(Arndt, Styles et al. 1987, Tice-Baldwin, Fink et al. 1989, Daignan-Fornier and Fink 1992).
ScGrf10 cooperatively binds with Pho4, a basic-helix-loop-helix TF, to control the expression of
PHO5 and other genes involved in scavenging phosphate when cells are starved of phosphate
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(Barbaric, Münsterkötter et al. 1996, Barbaric, Münsterkötter et al. 1998). ScGrf10 and Swi5, a
zinc finger TF activate the HO endonuclease gene to initiate mating type switching (Brazas and
Stillman 1993, Brazas and Stillman 1993). The other known ScGrf10 direct target genes are
CYC1 and TRP4, but the ScGrf10 interacting partner proteins are not reported for these genes
(Braus, Mosch et al. 1989, Sengstag and Hinnen 1988). Notably, ScGrf10 controls both
metabolism by activating purine, histidine, one-carbon and phosphate metabolic genes, and cell
fate by regulating the HO expression gene during mating type switching.

ScGrf10 and its role in metabolic regulation

Phosphate metabolism
When S. cerevisiae cells are grown in medium containing high levels of inorganic
phosphate (high Pi), the phosphate responsive genes or PHO genes are repressed. However,
under low Pi or phosphate starvation, the PHO genes are highly induced. Transcriptomic
analyses reveal that PHO genes are involved with several functional categories, mainly the
phosphate utilization genes (phosphatase and transporters) and the polyphosphate metabolic
genes (Ogawa, DeRisi et al. 2000, Boer, de Winde et al. 2003). Epistasis experiments by the
Oshima group identified Pho4 and ScGrf10 as transcriptional activators that induce acid
phosphatase activity (encoded by the PHO5 gene) under phosphate starvation (Toh-e, Kobayashi
et al. 1978, Johnston and Carlson 1992). Under high Pi, multiple serine residues on Pho4 are
phosphorylated by the Pho80-Pho85 cyclin-dependent kinase (CDK), and Pho4 is localized in
cytoplasm (O'Neill, Kaffman et al. 1996). When Pi levels are low, the CDK inhibitor Pho81
inhibits the kinase activity of Pho80-Pho85. This negative regulation leads to accumulation of

5

unphosphorylated Pho4 in the nucleus (Schneider, Smith et al. 1994). Consistent with this result,
mutations of the Pho4 phospho-acceptor serines generate a Pho4 protein that is concentrated in
nucleus (O'Neill, Kaffman et al. 1996). The serine sites SP2 and SP3 regulate nuclear export
while the serine site SP4 controls nuclear import (Komeili and O'Shea 1999). In addition,
phosphorylation of Pho4 serine site SP6 inhibits the Pho4-ScGrf10 interaction (Komeili and
O'Shea 1999). Thus, phosphorylation is an essential process to regulate phosphate starvation
response in S. cerevisiae: phosphorylation affects Pho4 subcellular localization and Pho4ScGrf10 protein complex formation.

AMP biosynthetic metabolism
In S. cerevisiae, ADE genes are transcriptionally regulated in response to extracellular
adenine. ADE gene expression is low when adenine is abundant in the growth medium while
expression is high when adenine is limited; thus, excess adenine represses the high level
expression of ADE genes by preventing the transcriptional activators from stimulating
transcription. Several studies using genetic analyses and fusion proteins revealed the molecular
mechanisms for how Bas1 and ScGrf10 integrate adenine availability and transcriptional
activation. The study by Rolfes et al., 1997 suggested that it is unlikely that a repressor protein
mediates this adenine repression due to the lack of novel repressor-binding sites on ADE5,7
promoter (Rolfes, Zhang et al. 1997). Furthermore, Bas1 and ScGrf10 seem to be the only two
transcription factors that regulate the ADE gene expression because genetic screenings failed to
identify new regulatory proteins or pathways ((Guetsova, Lecoq et al. 1997) and reviewed in
(Rolfes 2006)). As the expression of BAS1 and ScGRF10 genes are not regulated by the adenine
levels, adenine repression is likely to occur by reducing the activity of Bas1 and ScGrf10 (Zhang,

6

Kirouac et al. 1997). To investigate the transcriptional activation of Bas1 and ScGrf10 in
response to adenine levels, Bas1 and ScGrf10 were fused to the LexA DNA binding domain, and
their activations were detected by using the lexAop-lacZ reporter system. LexA-ScGrf10 was
found to activate transcription independent of both Bas1 and adenine levels. On the other hand,
LexA-Bas1 was shown to activate transcription in ScGrf10- and adenine-dependent manner. Two
studies revealed critical residues in Bas1 and a region that mediates the Bas1 adenine responsive
activation. First, the Bas1 aspartic acid residue 617 is critical for Bas1 to activate ADE5,7 gene
expression in the absence of adenine because replacement of D617 with asparagine allowed Bas1
to activate ADE5,7 gene expression under adenine repression condition (Zhang, Kirouac et al.
1997). As the mutation D617N completely lost its constitutive ADE5,7 activation in the absence
of ScGrf10, the Bas1 D617 residue is likely to play an essential role in Bas1-ScGrf10 complex
formation. Second, Bas1 residues 630-664 were identified using the yeast two-hybrid assay as
the Bas1 interaction and regulatory domain (BIRD) because this region is critical for interaction
with ScGrf10 in adenine-dependent manner (Pinson, Kongsrud et al. 2000). The BIRD region
can internally repress the Bas1 activation domain under adenine repletion conditions at ADE1
promoter. Together, Bas1 can respond to adenine levels through the Bas1 central region located
between residues 617 and 630-664.
These results led to a model that adenine limitation promotes Bas1 and ScGrf10 complex
formation, which unmasks a latent Bas1 activation domain. Namely, the Bas1 transcriptional
activation is internally repressed by residue D617 and the BIRD region in the presence of
adenine; ADE gene expression is repressed due to the inaccessibility of the activation domains.
In the absence of adenine, however, residue D617 and the BIRD region interact with ScGrf10,
and relieve the Bas1 activation inhibition. Thus, the interaction between Bas1 and ScGrf10 is a
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critical regulated step in stimulating ADE gene expression. Two additional lines of evidence
support this mechanism. First, ADE gene activation occurs during adenine repressing conditions
when ScGrf10 is overexpressed (Zhang, Kirouac et al. 1997). This result led to the interpretation
that overexpression of ScGrf10 promotes increased Bas1-ScGrf10 protein interaction, which then
bypasses the adenine repression. Secondly, a covalently fused Bas1-ScGrf10 protein causes
constitutive ADE gene expression in the presence of adenine (Pinson, Kongsrud et al. 2000).
These results together demonstrate that adenine regulates formation of the Bas1-ScGrf10 protein
complex.
How does adenine regulate Bas1-ScGrf10 complex formation? Further epistasis
experiments on the ade mutants revealed that AICAR (5′-phosphoribosyl-5-amino-4-imidazole
carboxamide) and SAICAR (succinyl-AICAR), intermediate metabolites of the de novo purine
biosynthesis pathway, are required for transcriptional regulation of ADE genes. Any ade
mutants that block synthesis of (S)AICAR fail to derepress ADE genes, while any ade mutants
that accumulate high (S)AICAR level constitutively express ADE genes (Rébora, Desmoucelles
et al. 2001, Rébora, Laloo et al. 2005). These results are further confirmed by metabolomics
analyses that showed the (S)AICAR concentration is high under adenine and histidine limitation
(Hürlimann, Laloo et al. 2011). When cells are grown in adenine, ATP and ADP feedback inhibit
the first enzyme of the biosynthetic pathway, phosphoribosyl glutamine amino transferase (as
known as Ade4p), thus decreasing metabolic flux through the pathway. In the absence of
adenine, low ADP and ATP do not inhibit Ade4p, leading to higher (S)AICAR synthesis and
accumulation (see Figure III-1).
Since Bas1 and ScGrf10 are transcription factors responsible for transcriptional
regulation of ADE genes, (S)AICAR was proposed to be essential for the Bas1 and ScGrf10

8

activities and complex formation. Indeed, (S)AICAR accumulation promotes Bas1-ScGrf10
protein interaction, shown by using the yeast two-hybrid assay (Rébora, Desmoucelles et al.
2001, Pinson, Vaur et al. 2009). The covalently fused Bas1-ScGrf10 protein constitutively
derepresses ADE genes in the absence of (S)AICAR accumulation, confirming that high
(S)AICAR level stimulates Bas1-ScGrf10 complex formation. Even though cooperative binding
between Bas1 and ScGrf10 in the presence of (S)AICAR could not be detected, ScGrf10 but not
Bas1 can directly bind to AICAR affinity resin in vitro (Pinson, Vaur et al. 2009). This is
consistent with the result that ScGrf10 increases the occupancy at ADE promoters when AICAR
accumulates (Pinson, Vaur et al. 2009). Thus, the intracellular levels of (S)AICAR signal
adenine availability and modulate the ADE gene expression by directly stimulating the
interaction between Bas1 and ScGrf10.
Bas1 is constitutively nuclear and binds to ADE gene promoters under both adenine
repressing and derepressing conditions (Som, Mitsch et al. 2005). Bas1 nuclear localization and
promoter binding do not require the presence of ScGrf10 and are independent of adenine and
presumably (S)AICAR levels. However, Bas1 increases its DNA binding affinity under adenine
limitation compared to adenine repletion conditions, and this increased Bas1-DNA association is
dependent on ScGrf10. On the other hand, ScGrf10 binds to ADE gene promoters only under
adenine limitation conditions and this promoter binding is completely dependent on Bas1 (Som,
Mitsch et al. 2005).
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AICAR modulates ADE and PHO regulons by stimulating ScGrf10-partner interaction

Transcriptomic analyses provided the surprising connection between the (S)AICAR
signal and the expression of PHO genes (Pinson, Vaur et al. 2009, Hürlimann, Laloo et al. 2011).
Mimicking high AICAR accumulation either using a genetic approach (ade mutants) or the
addition of AICA riboside derivative (AICAr) stimulates expression of the ADE and PHO
regulons. Transcriptional regulation of both the ADE and PHO regulons requires ScGrf10, and
therefore ScGrf10 might play central role in integrating the (S)AICAR signal and regulating the
(S)AICAR responsive genes. The study by Pinson et al., revealed that SAICAR only affects
Bas1-ScGrf10 interaction while AICAR triggers ScGrf10 to interact with either Bas1 or Pho4
(Pinson, Vaur et al. 2009). In addition, Pho4, but not Bas1 was shown to bind directly to AICAR
affinity resin (Pinson, Vaur et al. 2009). Altogether, ScGrf10 is a major player in AICAR sensing
and response in S. cerevisiae.

Crosstalk between AICAR, purine and glucose metabolisms
Several studies suggest that there is a role for ScGrf10 and its partner Bas1 in carbon
metabolism. Particularly, a severe drop in the AXP pools (AMP, ADP, and ATP) occurs after
glucose addition into the cells growing under glucose limitation (Kresnowati, van Winden et al.
2006). This severe drop was not observed in the other three nucleotide pools (GXP, CXP, and
U/TXP), suggesting a strong link between the AMP biosynthetic pathway and glucose
metabolism. This result is consistent with upregulation of genes in amino acid and purine
nucleotide metabolism upon glucose addition. Interestingly, expression of the BAS1 gene is
upregulated during glucose pulse treatment. Additionally, Bas1 and ScGrf10 participate in the
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carbon metabolic flux, particularly during cellular decisions between fermentation and
respiration (Fendt, Oliveira et al. 2010). Transcription and enzyme abundance analyses revealed
that transcripts and enzymes participating in the TCA cycle are affected in the bas1Δ and
Scgrf10Δ mutants in similar patterns. The authors suggested that Bas1 and ScGrf10 act together
to control carbon metabolic flux in S. cerevisiae, likely via glucose repression control, although
the mechanisms are not fully explained. It is also unclear if this crosstalk between purine and
carbon metabolisms is direct TFs-DNA target gene regulation, because ChIP or gel shift
experiments were not performed in these studies.
Several studies revealed crosstalk between AICAR levels, nucleotide metabolism, and
glucose metabolism. First, AICAR strongly impacts NTP pools in a carbon source dependent
manner (Ceschin, Hürlimann et al. 2015). In S. cerevisiae, AICAR accumulation significantly
interferes with ATP synthesis, and the AICAR/ATP balance is essential for growth. For instance,
the yeast mutants (thi2∆, thi80∆, and pdc2∆ mutants) that show high AICAr accumulation leads
to decrease in ATP pool while the yeast mutant (kcs1∆ mutant), which accumulates high ATP
concentration, is resistance to AICAr toxicity (Ceschin, Hürlimann et al. 2015). In human cell
lines, AICAr addition decreases pyrimidine triphosphate pools. AICAR specifically affects
glucose utilization pathway in yeast and other organisms (Ceschin, Hürlimann et al. 2015,
McCarthy, Moncayo et al. 2018, Riedinger, Mendler et al. 2018). Given the close relationship
between ScGrf10 activity, the AICAR signal, and the crosstalk between purine and glucose
metabolism, it will be of great future interest to investigate whether ScGrf10 and Bas1 regulate
AICAR/NTP balance for optimal glucose utilization in S. cereivisae and other organisms.
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ScGrf10 and role in regulation of cellular development

Spatial and temporal gene regulation is central to cell developmental biology as the
patterns of differential gene expression determine each specific cell type. The budding yeast cell
type represents one of the simplest examples of cell fate development and regulation. The
haploid cell undergoes mating cell type switching to increase the diploidization of haploid spores
(Hawthorne 1963). In S. cerevisiae, a single mitotic cell division results in two asymmetric cell
types, a mother cell that undergoes mating cell type switching, and a daughter cell (the bud) that
does not. In a diploid cell, however, mating cell type switching is repressed. The HO gene,
encoding a site-specific endonuclease, plays a major role in initiating mating cell type switching
(reviewed in (Haber 2012, Hanson and Wolfe 2017)). Thus, the transcription of HO gene is
tightly regulated in both spatial and temporal manners to ensure that switching does not occur
during mating or after DNA replication. In haploid mother cells, HO gene is expressed
transiently during G1, while in daughter cells, HO gene is repressed.
Swi5 and ScGrf10 are required for HO gene transcription as these two TFs bind
cooperatively at the HO promoter and the HO transcription is reduced in the null mutants
(Brazas and Stillman 1993, Brazas and Stillman 1993). The function of Swi5 is regulated in a
cell cycle dependent manner. The SWI5 gene is transcribed exclusively during S, G2, and M
phases, and Swi5 protein is localized in cytoplasm (Nasmyth, Seddon et al. 1987, Nasmyth,
Adolf et al. 1990). The Cdc28 protein kinase phosphorylates Swi5 at serine residues located
close to or within the nuclear localization signal (NLS), masking the Swi5 NLS and hence
phosphorylated Swi5 accumulates in cytoplasm (Moll, Tebb et al. 1991). At the end of mitosis
(anaphase) as the cells are preparing to enter G1, these serine residues are dephosphorylated, the
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NLS is unmasked and Swi5 is translocated into nucleus. After nuclear translocation, the majority
of Swi5 is rapidly degraded; however, the Swi5 degradation rate is different between mother
cells and daughter cells (Tebb, Moll et al. 1993). Swi5 in mother cells is more stable than in
daughter cells; hence, Swi5 remains in the nucleus to induce HO transcription in mother cells
while it cannot regulate HO gene expression in daughter cells. Thus, the activity of Swi5 is
controlled by subcellular localization via phosphorylation and protein instability.
As shown in S. cerevisiae transcriptomic analyses, AICAR accumulation affects the
upregulation of ADE genes and PHO genes by stimulating ScGrf10 to interact with its partner,
Bas1 and Pho4. However, it has not been demonstrated if AICAR accumulation has regulatory
effects on ScGrf10 and Swi5 protein interaction during yeast mating cell type switching.

ScGrf10 transcription factors: Functional domains

ScGrf10 encodes a 559-amino acid protein and most domains of ScGrf10 protein that are
required for its functions are relatively well characterized (Figure I-2). ScGrf10 contains a
homeodomain (HD) near its N-terminus that is involved in DNA binding domain. The ScGrf10
homeodomain binds to the proposed consensus sequence 5’-(T/C)TAA(T/A)T(T/G)AAT-3’
(Barbaric, Münsterkötter et al. 1996). The homeodomain of ScGrf10 protein shares 37% identity
and 62% similarity with the Drosophila Engrailed homeodomain (Justice, Hogan et al. 1997). By
comparing to the conserved residues of the Engrailed homeodomain that contact DNA, Justice et
al., generated a series of alanine substitutions in the ScGrf10 homeodomain to identify the
ScGrf10-DNA binding mechanism. The results showed that the highly conserved residues W48,
N51, and R53 are essential for activation of ScGrf10-dependent PHO5, HIS4, and HO promoters
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in vivo and for DNA-binding affinity in vitro. However, the other highly conserved residues T6
and K55 had relatively small effects on ScGrf10 transcriptional activation or DNA binding
affinity. The N-terminal arm residues R5 and R7 were important for DNA binding recognition
and the transcriptional activities were promoter-dependent; however, an N-terminal deletion
mutant still activated transcription.
The activation domain (AD) of ScGrf10 was mapped to the C-terminal 156 amino acids
(residues 404-559) using the yeast one-hybrid method (Hannum, Kulaeva et al. 2002). The
ScGrf10 activation domain consists of two smaller regions that function synergistically. Namely,
the first activation domain AD-1 is located at residues 404-467 and AD-2 is located at residues
496-559. In addition, they found that ScGrf10 activation function does not require a functional
homeodomain when a different DNA binding domain (e.g., LexA) was provided. Using a similar
yeast one-hybrid approach, Yang et al., showed that ScGrf10 transcriptional activation activities
were regulated by phosphate concentration (Yang, Wu et al. 1997).
The interaction domain (IR) of ScGrf10 has been characterized by several groups. A
region of ScGrf10 important for interaction with Pho4 was localized to the central toward Cterminal region portion (405-559) using ScGRF10 deletion and yeast-two hybrid analysis (Shao,
Creasy et al. 1996). Interestingly, Liu et al., report that ScGrf10 phosphorylation at the consensus
sequence SPIK recognized by the Cdc28 kinase is required for ScGrf10 to activate PHO5 gene
activation and to interact with Pho4 (Liu, Yang et al. 2000). The SPIK sequence is located
between residues 230-233, which lie outside the ScGrf10-Pho4 interaction region (described
below). Thus, the authors speculated that this ScGrf10 phosphorylation is likely to alter the
conformation of ScGrf10 and make ScGrf10 interaction region suitable to interact with Pho4, but
the phosphorylated SPIK region does not directly contribute to protein-protein interaction.
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In regards to ScGrf10 and Swi5 interaction, Brazas et al., mapped the ScGrf10 interaction
region that cooperatively interacts with Swi5 at HO promoter to the large C-terminus region
between residues 170-528 (Brazas, Bhoite et al. 1995). They constructed ScGrf10 deletions and
tested in vitro the ability of purified ScGrf10 deletion proteins to bind DNA alone and bind
cooperatively with DNA and Swi5. Interestingly, any truncated ScGrf10 proteins past residue
247 are not stable in E. coli, and these truncated proteins created by in vitro synthesis are unable
to bind DNA and Swi5. Also, truncation of ScGrf10 proteins past residue 170 was unable to bind
DNA despite containing the homeodomain. This study concluded that the carboxy-terminal
between amino acids 170-528 are essential for proper ScGrf10 folding, and likely to form a
specific protein domain.
The central portion of ScGrf10 (amino acids 112-404) was mapped as the critical region
for ScGrf10 to interact with Bas1, using the yeast-two hybrid assay (Hannum, Kulaeva et al.
2002). In this report, co-immunoprecipitation assays failed to detect a physical interaction when
using truncated fusion proteins of B42-ScGrf10(112-263), B42-ScGrf10(262-368), and B42ScGrf10(360-467) with LexA-Bas1 fusion protein. This result is consistent with Brazas et al.,
because residues 112 to 467 lie within the large C-terminal region that Brazas et al., previously
reported to generate an unstable protein (Brazas, Bhoite et al. 1995). These results together
indicate that the large central region of ScGr10 is likely to function as interaction region that
allows ScGrf10 to bind to all three of its known protein partners.
To further characterize the ScGrf10 interaction region, Bhoite et al., conducted a
mutational screen to identify critical residues that affect ScGrf10 target gene activation with its
protein partners Bas1, Pho4, and Swi5, by measuring HIS4-lacZ and ADE5,7-lacZ reporters, acid
phosphatase activity, and HO(SiteB)-lacZ reporters, respectively (Bhoite, Allen et al. 2002). This
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study showed that several point mutations, L244S, F258L, F259L, F270L, and H390L, strongly
affect protein levels; in other words, the mutant proteins were unstable and not detected by
Western blot analysis. Comparing this finding with the truncations expressed in E. coli and the in
vitro results discussed above, this result indicates that these residues are essential for correct
folding of this region and hence the ScGrf10 protein stability. Secondly, clustered mutations
C369Y, D370G, D371G, D371N, F372L, E374G, and E374V strongly affected activation
reporters for all protein partners. These protein mutants did not affect protein stability, so this
protein cluster is proposed to form the core of ScGrf10 interaction region. The second cluster,
residues 387-390, shows allelic specific effects on reporters. For example, point mutation N387S
is highly affected for HO(Site B)-lacZ expression, but only mildly affected for HIS4-lacZ
expression. The third cluster at residues 343-349 shows specificity for HIS4-lacZ expression.
Altogether, this study mapped residues 343-390 as ScGrf10 interaction region and the residues
369-374 (CDDF-E) form the core protein-protein interaction. The summary of ScGrf10
functional domains is depicted in Figure I-2.

Functional domains of ScGrf10 are highly conserved across fungal species

In order to characterize if functional domains of ScGrf10 are conserved in other fungal
species, the amino acid sequences of multiple ScGrf10 homologous proteins were subjected to
protein sequence alignment using Clustal X2.1 software and the Clustal Omega web-based tool
analysis [ebi.ac.uk]. As discussed previously, ScGrf10 contains mainly four functional
domains/regions: the homeodomain, the protein stability region, the interaction region (IR), and
the activation domain. As expected, the homeodomain was highly conserved while the activation
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domain was not conserved (data not shown). This is reasonable because DNA binding domains
generally share similar sequences while it has been shown that the activation domain is usually
less likely to be conserved among proteins. Thus, this review focuses on the protein stability and
interaction regions.
Residue L244 of the ScGrf10 protein stability region is completely conserved in all
fungal species being studied (Figure I-2). There are several other highly conserved residues
clustering within this region, including L255 (conserved with hydrophobic residues I, F, or M),
Y257 (conserved with hydrophobic residues W), F270 (conserved with polar-aromatic ring
containing Y residues), I272 (conserved with hydrophobic L or M residues), and I279 (conserved
with hydrophobic V residue). As mentioned previously, the residues L244 and F270 have been
shown in ScGrf10 to strongly affect ScGrf10 protein stability (Bhoite, Allen et al. 2002). Thus,
this hydrophobic non-polar cluster is highly conserved across fungal species, and we speculate
that these residues play important role in Grf10 fungal protein folding and integrity.
When protein sequence alignments were performed against the IR of ScGrf10 protein, the
residues D371, E374, and Q377 are conserved in all analyzed fungal species (see Chapter IV).
These residues are acidic (D and E) or polar (Q). Along with this cluster, the residue F372 is
highly conserved with residue W, both residues are aromatic hydrophobic residues. The residue
S373 is highly conserved with residue T. Thus, the cluster of IR core residues is highly
conserved in diverse fungi, and is consistent with the hypothesis that these homeodomaincontaining Grf10 proteins have interacting protein partners and that the IR residues are critical
for Grf10-protein interaction (Figure I-1B).
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Role of fungal Grf10 transcription factors: Regulation of multiple metabolic pathways

In S. cerevisiae, ScGrf10 has a strong role in regulating metabolic genes. These include
the adenylate biosynthetic and histidine biosynthesis pathway, one-carbon metabolism, and
phosphate uptake and utilization pathway. The key questions are (1) does Grf10 regulate the
same metabolic pathways in other fungal species? and (2) are there any additional metabolic
pathways that Grf10 regulates?
The heterologous expression studies of the Pho4 and Grf10 homologs from other
hemiascomycetes, several Candida species, beyond S. cerevisiae, revealed that Pho4 but not
Grf10 is required for the phosphate starvation response (Homann, Dea et al. 2009, Kerwin and
Wykoff 2009, He, Zhou et al. 2017). In C. glabrata and C. albicans, the grf10∆ mutants were
able to secret acid phosphatase and grow on medium lacking inorganic phosphate (He, Zhou et
al. 2017, Wangsanut, Ghosh et al. 2017). In C. glabrata, the transcription of phosphate starvation
response genes PHO84 and GIT1 requires only Pho4 (Kerwin and Wykoff 2009). Even though
phosphate metabolism has been intensively studied in several fungal model and non-model
organisms, the homologs of Grf10 from Schizosaccharomyces pombe (phx1), Neurospora crassa
(ka1-1) and Yarrowia lipolytica (HOY1) have never been reported to be essential for the
phosphate starvation response (reviewed in (Tomar and Sinha 2014, Lev and Djordjevic 2018)).
Expression of HOY1 in S. cerevisiae fails to complement the Scgrf10∆ and allow secretion of
acid phosphatase, further supporting the notion that HOY1 is not important for phosphate
metabolism in Y. lipolytica (He, Zhou et al. 2017). Together, these results strongly suggest that
the requirement for Grf10 in phosphate metabolism seems to be restricted to fungal species
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closely related to S. cerevisiae, an evolutionary add-on as suggested by Kerwin and Wykoff
(Kerwin and Wykoff 2009).
Grf10 and Bas1 from C. albicans are required for the transcription of ADE genes and
one-carbon metabolic genes (Wangsanut, Ghosh et al. 2017). However, the C.albicans grf10D
and bas1D mutants exhibit weaker adenine auxotrophy than observed in the Saccharomyces
grf10D and bas1D mutants (Homann, Dea et al. 2009, Wangsanut, Ghosh et al. 2017). At 16-hr
after plating, the grf10D and bas1D mutants from C. albicans show a growth defect on solid
medium lacking adenine. However, by 48-hr, the growth defects of the Cagrf10D and Cabas1D
mutants were not observable and the mutants had growth that was indistinguishable from wild
type, a phenotype that is very different from the S. cerevisiae mutants. In the absence of
adenine, the nucleoside permease-encoding gene (NUP), a gene not found in S. cerevisiae, is
transcriptionally upregulated by both Grf10 and Bas1 in C. albicans. The requirement for Grf10
to stimulate ADE gene expression has not examined outside S. cerevisiae and C. albicans.
However, in Ashbya gossypii, a filamentous hemiascomycetes, the AgBas1 homolog was shown
by gel shift analysis to bind the Bas1-binding motifs in the AgADE4 promoter, and is required to
derepress the AgADE4 and AgSHM2 genes during starvation (Mateos, Jiménez et al. 2006). The
BIRD domain of Bas1 identified in S. cerevisiae is highly conserved and required for AgBas1
transcriptional function. Since the BIRD region is conserved, the authors speculated that AgBas1
is likely to interact with AgGrf10 to regulate ADE gene transcription. However, these authors did
not perform experiments to determine whether or not AgGrf10 was required for AgADE gene
expression. In C. glabrata, a mutant strain containing a deletion of BAS1 was reported to exhibit
a growth defect in rich medium YPD while a deletion of CgGRF10 did not cause slow growth
(Schwarzmüller, Ma et al. 2014, Kounatidis, Ames et al. 2018). Nonetheless, the cause of the
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underlying growth defect in the Cgbas1D was not further examined, so it is unknown if CgBas1
and CgGrf10 play a role in transcriptional regulation of ADE regulon.
HOY1, the GRF10 homolog from the dimorphic yeast Y. lipolytica plays a strong role in
filamentation as described below. A recent study using gene regulatory network inference has
identified HOY1 as one the most influential transcription factors during lipid accumulation
(Trébulle, Nicaud et al. 2017). Under nitrogen starvation, Y. lipolytica triggers lipid
accumulation, and this metabolic adaptation can be divided into four phases: (I) early response to
limiting nitrogen levels, (II) early adaptation to nitrogen starvation, (III) regulatory remodeling
of transcriptional network, and (IV) long-term adaptation to nitrogen starvation. HOY1 is found
to be highly important during phase II of lipid accumulation. Overexpression of HOY1 alters
phenotypes on both glucose and glycerol and decreases lipid accumulation. The authors
speculated that overexpression of HOY1 leads to a reduction of lipid accumulation because lipid
is remobilized during yeast-hyphae transition. The role of HOY1 in response to nitrogen
starvation, lipid accumulation, and filamentation underscores the notion that this class of Grf10
fungal homeodomain coordinates metabolic regulation and morphological changes.
In the filamentous fungus N. crassa, Kal1 protein is likely to play a role in nutrient
metabolism and sensing because the kal1Δ mutant has a slower basal hyphal extension rate and
supplementation with yeast extract can rescue the hyphal growth defect (Colot, Park et al. 2006).
However, the metabolic pathways that Kal1 protein is involved with and the specific
mechanisms how Kal1 protein senses nutrient levels are not described.
In S. pombe, the Phx1 transcription factor is highly expressed during stationary phase,
under low nitrogen, or under low carbon nutrient shift during exponential phase (Kim, Kwon et
al. 2012). A follow up DNA microarray study showed that Phx1 regulates carbohydrate and
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thiamine metabolism during late exponential phase-early stationary phase (80 hour-growth
period) (Kim, Kim et al. 2014). Importantly, pyruvate decarboxylases, which are glycolytic
enzymes and are highly downregulated in the phx1Δ mutant, require thiamine pyrophosphate
(TPP) as a cofactor. The authors suggest that Phx1 co-regulates the expression of pyruvate
decarboxylase encoding genes and thiamine biosynthetic genes to divert pyruvate from
mitochondrial respiration to ethanol fermentation. This Phx1-specific metabolic strategy
enhances long-term survival to the cells as mitochondrial respiration generates reactive oxygen
species (ROS) and oxidative stress; by diverting metabolism away from respiration, cells would
be less likely to encounter oxidative stress.
It is unknown whether or not the Phx1 protein regulates the same set of genes as ScGrf10
because the DNA microarray analysis by Kim et al., 2014 was done in stationary phase growing
cells while most ScGrf10 studies have been done in mid-log phase growing cells (Kim, Kim et
al. 2014). Moreover, it is unknown if the ScGrf10 regulates thiamine regulatory pathway and
fermentation as seen in the Phx1. However, growing evidence supports the role of ScGrf10 and
Bas1 in glucose metabolism (see section: crosstalk between AICAR, purine and glucose
metabolism).
Together, these analyses suggest that the role of Grf10 proteins in regulating metabolism
is likely to extend to other filamentous fungi and fungal pathogens, yet a full description of the
specific metabolic pathways and their conservation according to each fungal species has not
occurred. The role of Grf10 proteins in regulating ADE genes and one-carbon metabolism seem
to be conserved in several fungal species such as the fungal pathogen C. albicans and
filamentous fungus A. gossypii while the role of Grf10 proteins in regulating phosphate
metabolism is not conserved outside of the closely related to Saccharomyces species.
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Role of fungal Grf10 transcription factors: Regulation of morphology and pathogenicity

ScGrf10 is involved with yeast cell development through the transcriptional regulation of
HO gene. However, Ho-mediated mating type switching is restricted to only Saccharomyces and
close relatives because other fungal species lack the HO gene (Butler, Kenny et al. 2004). As a
result, the role of Grf10 in the mating type switching of other fungi is unclear, raising the
question if Grf10 controls cell type determination in other fungal species at all. Interestingly, in
all cases in which experiments were done to examine the role for Grf10 homologs, these Grf10
proteins play a strong role in morphogenesis, especially hyphal growth (see Chapter IV). In the
case of fungal pathogens, the characterized Grf10 proteins are involved with pathogenicity (see
Chapter IV). Thus, even though HO gene regulation during mating cell type switching does not
exist outside of Saccharomyces, the role of Grf10 proteins in specific cell type determination
(yeast-hyphae switching or hyphal growth) is mostly conserved in diverse fungal species.
Even though hyphal growth is important for fungal life cycle (i.e. elongated hyphal form
allows fungi to extend linearly to invade substrates such as food sources or host tissues) and
Grf10 proteins are strongly implicated in this process, the molecular mechanisms for how fungal
Grf10 proteins control these developmental processes are unknown. Particularly, the regulatory
mechanisms such as signaling cascades or specific target genes have not been identified.
Multiple signaling pathways such as Ras/cAMP/PKA, MAP kinase and TOR networks have
been demonstrated to incorporate both internal and external cues into hyphal morphogenesis
program in many fungi (Lengeler, Davidson et al. 2000, Leberer, Harcus et al. 2001, Liang, Wu
et al. 2017). It will be interesting to investigate if Grf10 proteins participate in these signaling
cascades to control morphogenesis. Also, an intriguing question is whether or not metabolic
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genes that Grf10 proteins are known to regulate (adenylate biosynthesis, phosphate metabolism,
carbon metabolism) participate in hyphal developmental programs or if there any other target
genes beyond metabolic genes that involved during morphogenesis.

Role of Grf10 cellular levels in metabolism and filamentation

As ScGrf10 can interact with multiple protein partners, ScGrf10 is limiting due to the
competition by other protein partners to bind with ScGrf10. In fact, overexpression of ScGrf10
activates ADE gene expression in the presence of adenine and PHO gene expression. When
AICAR accumulates, overexpression of Bas1 downregulates PHO gene expression, further
confirming that these transcription factors compete to bind with ScGrf10 (Zhang, Kirouac et al.
1997, Pinson, Vaur et al. 2009). Altogether, these results indicate that a limited amount of
ScGrf10 through protein partner competition is essential for transcriptional regulation. However,
modulation of ScGrf10 dosage by other mechanisms such as upregulation of ScGrf10 expression
or ScGrf10 degradation under specific conditions has not been reported in S. cerevisiae.
In C. albicans, overexpression of Grf10 triggers filamentation under yeast promotingconditions (Chauvel, Nesseir et al. 2012). Several studies show that GRF10 gene expression is
upregulated during biofilm formation and filamentation (Table I-1). The GRF10 promoter is
bound by five transcription factors (Efg1, Ndt80, Tec1, Brg1, and Bcr1) during biofilm
development (Nobile, Fox et al. 2012). As shown by transcriptomic analysis, GRF10 expression
is downregulated in the efg1∆, ndt80∆, tec1∆, brg1∆, and bcr1∆ deletion mutants. These results
together suggest that the expression of GRF10 gene is tightly and positively regulated by these
TFs. Some of these TFs, including Efg1, Tec1, and Brg1 also regulate C. albicans hyphal growth
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via the Ras/cAMP/PKA signaling pathway (reviewed in (Inglis and Sherlock 2013). These
results raise the question whether or not the GRF10 overexpression recapitulates the effects of
GRF10 upregulation during biofilm formation and filamentation. If this is the case, then
regulation of the CaGrf10 cellular level is possibly one mechanism utilized to relieve high
CaGrf10 competition by other TFs to mediate hyphal development and hyphal-dependent
processes. More experiments need to be performed to address this possibility.

Conclusion

ScGrf10 and homologous proteins are homeodomain-containing TFs that are conserved
across the fungal kingdom. Grf10 is unique among other homeodomain-containing TFs as it
regulates not only cell type development, but also a variety of cellular metabolic functions. As
elucidated in S. cerevisiae, ScGrf10 can coregulate multiple pathways by interacting with
specific and diverse protein partners. ScGrf10 senses and monitors level of AICAR metabolite to
maintain cellular homeostasis; high levels of AICAR occurring under adenine limitation
stimulate ScGrf10 to interact with Bas1 and Pho4 to transcriptionally regulate ADE and PHO
regulons, respectively. In other fungal species, even though it has not been shown completely,
Grf10 homologs have multiple protein partners or these homologs uses AICAR level to regulate
cellular pathways, the multiple roles of Grf10s in coordinating both metabolism and cell type
determination, mainly hyphal morphogenesis, are consistently found (see proposed working
model in Figure I-1). In case of fungal pathogens, Grf10 strongly affects pathogenicity. Insights
into how Grf10 coregulates essential pathways will advance our understanding of fungal biology
and could have medical and economic implications.
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Figure I-1. Model illustrates the coregulation of cell type determination and metabolism by
Grf10s and their protein partners. A. In S. cerevisiae, Grf10 homeodomain transcription
factor cooperatively binds with at least three identified protein partners to regulate both cell
metabolism and cell fate. B. Hypothetical model proposes how fungal Grf10 transcription
factors regulate fungal morphogenesis and metabolism. The fungal Grf10 transcription factors
may either interact with the homologs of Bas1, Pho4, and Swi5 or acquire new protein
partner(s) to regulate the novel set of target genes involved with morphogenesis. The absence of
Grf10 transcription factors lead to morphological defects such as delayed hyphal growth or
sporulation defects, and metabolic defects such as adenine auxotroph.
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Figure I-2. Functional domains of ScGrf10 and protein alignment of residues involved in
ScGrf10 protein stability. Top: Function domains of ScGrf10. Bottom: alignment of residues in
ScGrf10 protein stability with other fungal orthologs. Abbreviations; Um: Ustilago maydis, Ca:
Candida albicans, Sc: Saccharomyces cerevisiae, Scc: Schizophyllum commune, Yl: Yarrowia
lipolytica, Cc: Coprinopsis cinerea, Sp: Schizosaccharomyces pombe, An: Aspergillus nidulans,
Nc: Neurospora crassa, Pa: Podospora anserine, Bc; Botrytis cinerea, Mo: Magnaporthe oryzae,
Fg: Fusarium graminearum, and Fo: Fusarium oxysporum. Protein sequence alignment was
analyzed by Clustal W.
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Table I-1. Evidence that CaGRF10 can be upregulated in various strain backgrounds and
specific conditions related to hyphal form.
Type of analysis
Planktonic vs biofilm
Microarray
Clinical isolates SC5314,
GDH2346, and M61 on denture
acrylic coated saliva and serum
coated silicone catheter, 6 and 12 h

GRF10 fold-change

+ 2.20
(Regardless of strain and
biofilm formation
conditions)

Microarray
RNA-seq
+ 2.09
SN250 strains growing on bottom of + 13.15
polystyrene plate in spider medium
at 37°C, 48 h
RNA-seq
Spider medium at 37°C on
polystyrene culture flasks, 48 h
Yeast vs Filamentation
qRT-PCR
SC5314 strain in liquid spider
medium 37°C, 6 h

Reference

(Yeater, Chandra et al.
2007, Table. S1 and
S2)

(Nobile, Fox et al.
2012, Table. S4b)

+ 8.4 (SC5314)
+ 12.9 (WO-1white)
+ 9.76 (WO-1 opaque)

(Desai, Bruno et al.
2013, Table. S2)

+4

(Ghosh, Wangsanut et
al. 2015, Figure 8)
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Chapter II: The GRF10 homeobox gene regulates filamentous growth in human fungal
pathogen Candida albicans

Introduction

1

Candida albicans is an opportunistic fungal pathogen and the most common cause of
human fungal infections (Odds, 1987). It causes the superficial infections in healthy individuals
and life-threatening infections in immunocompromised people. C. albicans has the ability to
grow as three distinctive forms, yeast, pseudohyphae and true hyphae [reviewed in (Sudbery,
Gow et al. 2004)]. The morphological transition of C. albicans from yeast to a filamentous form
is closely linked to virulence (Lo, Köhler et al. 1997, Thompson, Carlisle et al. 2011). The
filamentous forms are invasive and cause tissue damage. In addition, filamentation is a pivotal
aspect of fungal biofilm development as hyphal-specific proteins are required for adherence
[reviewed in (Finkel and Mitchell 2011)]. Biofilms are inherently resistant to both drugs and host
immunity, leading to medically complicated infections (Mathe and Van Dijck 2013). Thus, the
healthcare burden of Candida infections is largely associated with the C. albicans in hyphal
forms.
C. albicans grows as filamentous forms in response to a wide range of environmental
cues such as serum, pH, elevated temperature, and loss of nutrients (Sudbery, Gow et al. 2004,
Biswas, Van Dijck et al. 2007, Whiteway and Bachewich 2007, Sudbery 2011). The Ras/cyclic
AMP/protein kinase A pathway is principally involved in transducing extracellular signals to the
This chapter was published in: Ghosh, A. K., T. Wangsanut, W. A. Fonzi and R. J. Rolfes
(2015). "The GRF10 homeobox gene regulates filamentous growth in the human fungal
pathogen Candida albicans." FEMS Yeast Res. 15(8): fov093. Supplemental data can be found
in this link https://academic.oup.com/femsyr/article/15/8/fov093/2467757.
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transcriptional regulators that modulate the cellular response (Inglis and Sherlock 2013). These
key transcriptional regulators include activators such as Cph1 (Liu, Köhler et al. 1994), Efg1
(Stoldt, Sonneborn et al. 1997), Tec1 (Schweizer, Rupp et al. 2000), Ndt80 (Sellam, Askew et al.
2010) and Rim101 (Ramon, Porta et al. 1999, Davis, Edwards et al. 2000). Repressors, such as
Tup1 (Braun and Johnson 1997), Rfg1 (Kadosh and Johnson 2001, Khalaf and Zitomer 2001),
Nrg1 (Braun, Kadosh et al. 2001, Murad, Leng et al. 2001) and Rbf1 (Ishii, Yamamoto et al.
1997), are also important for negatively regulating hyphal development. The coordinate
regulation by these factors is responsible for integrating environmental signals with gene
expression to obtain different phenotypic outcomes. While much progress on understanding the
signals and factors necessary for hyphal formation have been identified, our understanding of the
genetic control of this developmental process is still incomplete.
The homeotic genes are master regulators of development in eukaryotes. The first
homeotic genes were identified in Drosophila melanogaster, and numerous genes have been
identified in diverse organisms, including animals, plants, and fungi since that time [reviewed in
(Holland 2013)]. These genes share a common sequence of 180 bp, the homeobox, which
encodes a highly conserved DNA binding domain of about 60 amino acids called the
homeodomain (Burglin 2011). In animals, homeodomain proteins specify the body plan along
the anteroposterior axis, whereas in plants, homeodomain proteins are involved in regulating the
patterning and morphogenesis of flowers, vegetative shoots, and leaves. The homeobox genes
have been linked with developmental pathways such as mating and filamentation in fungi,
although they have been less studied in these organisms. The best studied cases are the
heterodimers formed between the homeodomain proteins Mtla1 and Mtlalpha2, which regulates
white-opaque switching and mating in C. albicans (Miller and Johnson 2002), and the
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homologous proteins Mata1 and Matalpha2 in other fungal species (Herskowitz, Rine et al. 1992,
Kruzel and Hull 2010).
In C. albicans, GRF10 encodes a homeodomain containing transcription factor. It has
been implicated in adenylate biosynthesis, biofilm formation, and virulence (Homann, Dea et al.
2009, Nobile, Fox et al. 2012, Romanowski, Zaborin et al. 2012). In this report, we investigated
whether it plays a role in morphogenesis. We found that strains with mutations in the grf10Δ
gene exhibit filamentous growth defects in liquid and on solid medium, are unable to form
normal chlamydospores, and they exhibit a decrease in biofilm formation. The grf10 null
mutants also exhibited attenuated virulence in a mouse model of systemic infections. We also
found that expression of GRF10 is induced during stationary phase and under hyphal-inducing
condition. Together, these finds support a critical role for the GRF10 homeobox gene in the
regulation of C. albicans morphogenesis.

Results

The GRF10 gene is essential for normal filamentous growth
To determine if GRF10 has a role in filamentation, we examined the effects of the
GRF10 gene deletion on C. albicans colony morphology on solid media. Homozygous and
heterozygous strains were constructed with mutations in GRF10 in the BWP17 background
(Table II-1). Morphological phenotypes of the grf10Δ mutant were examined on several
different solid agar media. We observed striking defects in filamentation in strain RAC117 on
10% serum, M-199 and spider media (Figure II-1) and found no difference in filamentation on
SLAD or Lee’s media (data not shown).
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The morphological defects we observed in the BWP17 genetic background were stronger
than reported elsewhere for strains in the SN152 background (Homann, Dea et al. 2009), so this
difference was examined more closely. We grew grf10Δ strains from both genetic backgrounds
(RAC117 and TF021) on solid spider medium, monitored the macroscopic appearance of the C.
albicans colony (Figure II-2A and 2B), and measured the overall colony diameter as well as the
central and peripheral regions for two weeks (Figure II-2C and 2D) (Noble, French et al. 2010).
Regardless of the strain background, the grf10Δ mutant strains had an overall increase in the
central region and a significant decrease in the peripheral region; this difference was more
evident in strain RAC117 from the BWP17 strain background. The grf10Δ mutant exhibits a
leaky adenine auxotrophy (Homann, Dea et al. 2009). To see if adenine affected filamentation,
we examined morphology on spider medium with and without adenine supplementation. The
addition of adenine did not rescue the filamentation defect (Supplemental Figure S1 in Ghosh, et
al. 2015). Neither of the grf10Δ mutants differed in doubling times from their respective
parental strains in SC medium (data not shown), indicating that the defect seen on spider medium
is in filamentation and not in the overall growth.
We quantitatively monitored the colony growth rate of the grf10Δ mutant TF021, which
had the weaker phenotype, on solid spider medium daily for up to two weeks (Figure II-3).
During the first three days, both the mutant and the wild-type strain have the same appearance
and colony size, with no visible hyphae extending from the edges of the spot; hyphae became
visible at day 4. The overall rate of growth of the grf10Δ colony was slower by ~23% (Figure II3A; 1.0 mm/day for TF021 and 1.3 mm/day for OHWT). This difference in overall colony
growth rate comes from differences in the peripheral region; the peripheral region extension rate
in the grf10Δ colony was slowed by ~30% relative to wild type (Figure II-3B, 0.9 mm/day for
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TF021 and 1.3 mm/day for OHWT), whereas the growth of the central region was constant in the
two strains (Figure II-3C). Together these results show a defect in filamentation in the grf10Δ
mutant, independent of the strain background.

The grf10Δ mutant is delayed in germ-tube formation
The morphological defects of the grf10Δ colony may be due to an inability to initiate
germ-tube formation and/or maintain hyphal growth. To examine this, we monitored
filamentation of the grf10Δ from the BWP17 strain background, because it had the stronger
filamentation phenotype, during a 24-hr time course in 10% serum, and in liquid M-199 and
spider media. In serum, the grf10Δ mutant was delayed in inducing filamentation at 4-hr and it
produced only germ tubes and pseudohyphae at 8- and 24-hr (Figure II-4A). In M199 medium at
4-hr, the grf10Δ mutant showed only minimal induction of germ tubes, detected in about 10-15%
of the cells, and only 20-25% of the grf10Δ cells induced short pseudohyphae after 8- and 24-hr
incubation time (Figure II-4B). In spider medium, the grf10Δ mutant exhibited only the
formation of germ-tubes, few pseudohyphae and no true hyphae (Figure II-4C). Overall, we see
delays in initiating filamentation in broth that are consistent with the defects detected at the
whole colony level on solid media.

The grf10Δ mutants are defective in chlamydospore formation
Given the defect that we observed in filamentation, we wondered if chlamydospore
formation was also affected. We found that the grf10Δ strains from both strain backgrounds are
defective in forming chlamydospores (Figure II-5A-F). We rarely saw hyphae projecting from
the streaks in the grf10Δ mutant (Figure II-5B) and the chlamydospores were slow to form or did
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not form at all at the ends of the hyphal stalks in the null mutants (Figure II-5D, F). The defect
in chlamydospore formation was also observed in the heterozygous mutant strains in the BWP17
background (Figure II-5G-H), indicating haploinsufficiency for this trait. In the SN152
background, we observed unusually large, round cells lacking a thick cell wall (Supplemental
Figure S2 in Ghosh, et al. 2015).

The grf10Δ mutants are deficient in biofilm formation
Filamentation is required for the formation of the Candida biofilm (Blankenship and
Mitchell 2006). Since the grf10Δ mutant exhibited a filamentation defect, we investigated
whether the ability to form a biofilm was also affected in the mutants. We compared biofilm
formation in the null and heterozygous mutants with the parental strain BWP17 using a
spectrophotometric assay (Krueger, Ghosh et al. 2004). As shown in Figure II-6, the parental
strain BWP17 produced a dense biofilm (OD595 of 0.58 ± 0.02). We observed a significantly
reduced biofilm formation in the grf10Δ mutant (OD595 of 0.2 ±0.016, p=<0.001) as well as in
the heterozygote strains RAC114 (OD595 of 0.39 ±0.01, p =<0.001) and RAC120 (OD595 of 0.4
±0.02, p =0.009), indicating a gene dosage effect for Grf10.

The grf10Δ mutation attenuates mortality in a mouse model of infection
To determine whether GRF10 is required for virulence, we used a mouse model of
disseminated candidiasis (Tsuchimori, Sharkey et al. 2000), comparing the survival of mice
infected with the wild-type, grf10Δ null and grf10 heterozygous mutant strains. Mice infected
with either of the two heterozygous GRF10 mutants (RAC114 and RAC120) survived to 12days, whereas the wild-type strain (DAY185) caused mortality in 8-days (Figure II-7A).
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Remarkably, 80% of mice infected with the grf10Δ mutant (RAC117) survived for 4-weeks postinfection, at which point the experiment was terminated. We repeated this result by infecting 10
additional mice with the grf10Δ mutant; again, we found that 70% of the mice survived for 4weeks post-infection. We note that these strains differ in their auxotrophies for arginine and
histidine (see Table II-1). We think that these differences are unlikely to have affected virulence
because the two heterozygotes RAC114 and RAC120 had similar virulence profiles in spite of
their auxotrophic differences, and secondly, Noble and Johnson found that neither the arg4Δ or
his1Δ mutations had an effect on virulence in the mouse systemic infection model (Noble and
Johnson 2005). The survival of the grf10Δ null infected mice is statistically different from the
survival of the DAY185-infected mice, with a p-value of <0.0001.
To examine the ability of the mice to clear the infection, we prepared kidney
homogenates from the mice sacrificed during the first three days after infection, and plated serial
dilutions of the homogenate to determine the extent of colonization. For mice infected with
DAY185, we found a high colony count (5.6 ´ 105 cfu/gm tissue) with a trend that suggested an
increase in colony number (Figure II-7B). Interestingly, the two grf10-heterozygous strains
(RAC114 and RAC120) displayed a cell count that was about half of DAY185 (2.5 ´ 105 cfu/gm
tissue) and that was the same finding in the animals sacrificed at 48- and 72-hr. Infection with
the grf10Δ strain (RAC117) displayed the same lower cfu/gm tissue at 24-hr as found in the
heterozygous mutant strains, but the cell counts decreased from the mice sacrificed during the
next two days. These findings are consistent with the attenuation of virulence that we observed.
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Expression of GRF10 gene increases during stationary phase and filamentation
Given the important role for Grf10 during filamentation, we wondered whether its gene
expression changed during filamentation. To investigate this, we examined expression of
GRF10 gene during planktonic yeast growth in log-phase and during stationary phase in SC
medium, and after hyphal induction on spider medium. In this analysis, strain SC5314 was used
as it was parental to both parental strains SN152 and BWP17, and the derived grf10 mutants. We
found that expression of GRF10 was induced approximately 4-fold during stationary phase and
filamentous growth (Figure II-8).

Discussion

In eukaryotes, the evolutionarily conserved homeobox genes play critical roles in pattern
formation and morphology in animals, plants and fungi. Filamentation and spore formation are
crucial developmental steps in the life cycle of most fungi. Strikingly, these developmental
processes are controlled by the homeobox genes in many diverse fungal species (Berben, Legrain
et al. 1988, Torres-Guzmán and Domínguez 1997, Arnaise, Zickler et al. 2001, Colot, Park et al.
2006, Kim, Park et al. 2009, Liu, Xie et al. 2010, Antal, Rascle et al. 2012, Kim, Kwon et al.
2012, Lee, Kwon et al. 2014). The absence of the homeobox GRF10 gene leads to defects in
filamentous growth in Candida albicans. Although it was reported that the grf10Δ mutant did not
impair filamentation (Homann, Dea et al. 2009), we found the morphology defects in both the
SN152 background as well as in the BWP17 background. The involvement of GRF10 in C.
albicans morphology is supported by the finding that overexpression of GRF10 triggers
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filamentous growth both on solid and in liquid media under conditions that normally support
yeast growth (Chauvel, Nesseir et al. 2012).
Consistent with a defect in filamentation, we found that processes dependent upon
filamentation were also affected in the grf10Δ mutant. These included chlamydospore
development (Fig. II-5), biofilm formation (Fig. II-6), and virulence in two different mouse
infection models (Fig. II-7 and (Romanowski, Zaborin et al. 2012)). The chlamydospore defect,
which had not been reported previously in either strain background, was a very robust phenotype
and exhibited haploinsufficiency. The role for chlamydospores is currently unknown, but they
may represent a specialized growth form (Citiulo, Moran et al. 2009). Chlamydospore formation
is generally induced when the cells are grown on nutrient-poor and under oxygen-limited
conditions, suggesting that the Grf10 transcription factor may control hyphal development under
specific environmental cues.
Expression of the GRF10 gene is upregulated during filamentation and stationary phase.
It was previously shown to be upregulated during C. albicans biofilm formation (Yeater,
Chandra et al. 2007, Nobile, Fox et al. 2012, Desai, Bruno et al. 2013) and it was identified as
one of eight core target genes whose expression was regulated by the biofilm master regulators
(Nobile, Fox et al. 2012). Five of the six biofilm master regulators – Efg1, Bcr1, Brg1, Ndt80,
and Tec1 – bind to the promoter of GRF10. As the overexpression of GRF10 can rescue the
biofilm defects in only the tec1Δ and bcr1Δ strains, Nobile and colleagues suggest that it acts
downstream of Tec1p and Bcr1p (Nobile, Fox et al. 2012). Tec1p is required for hyphal
formation whereas Bcr1p regulates the expression of genes related to adherence (Nobile and
Mitchell 2005). The upregulation of GRF10 gene during stationary and filamentous phases may
be required to support the additional roles for the Grf10 transcription factor during filamentation.
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In many fungal species, entry into stationary phase by environmental stress or nutrient
starvation can trigger mating, meiotic division and spore formation, and/or invasive growth by
pseudohyphae and true hyphae (Gimeno, Ljungdahl et al. 1992, Chu, DeRisi et al. 1998, Mata,
Lyne et al. 2002). Our results reveal that the GRF10 gene is induced by at least 4-fold during
stationary phase and in response to hyphal-inducing conditions. Interestingly, Phx1 gene, the
GRF10 homolog in the fission yeast S. pombe, is upregulated during stationary phase; Phx1
induces expression of pyruvate decarboxylase and genes for the biosynthesis of its co-factor
thiamine (Kim, Kwon et al. 2012, Kim, Kim et al. 2014). These gene products are proposed to
shift carbohydrate metabolism from respiration to fermentation, which the authors suggest
decreases the reactive oxygen species (ROS) and promotes long-term survival. It still remains
unclear if Grf10 transcription factor plays a role in metabolic control in addition to filamentation
during C. albicans stationary phase.
Homeodomain proteins commonly interact with another protein partner to regulate target
genes (Mann, Lelli et al. 2009). Pho2, the GRF10 orthologue from S. cerevisiae, interacts with at
least three transcription factor partners, Bas1, Pho4, and Swi5 (Bhoite, Allen et al. 2002).
Orthologues of these protein partners are conserved in C. albicans (Bas1, Pho4 and Ace2). C.
albicans BAS1 mutants have an adenine auxotrophy (Homann, Dea et al. 2009), and we have
data showing that Bas1 regulates purine biosynthetic genes with Grf10 (Wangsanut, Ghosh,
Metzger, and Rolfes, manuscript in preparation). In C. albicans, the Pho4 transcription factor
plays a role in the phosphate response and its role in filamentation has been reported
(Romanowski, Zaborin et al. 2012); however, it does not require Grf10 to up-regulate phosphate
metabolic genes (unpublished data and (Homann, Dea et al. 2009, Kerwin and Wykoff 2009)). In
S. cerevisiae, SWI5 and ACE2 are paralogs, arising from the whole genome duplication; Swi5
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cooperatively binds with Pho2 to activate HO gene to initiate mating type switching while Ace2
activates its target genes independently from Pho2 cooperation (Dohrmann, Voth et al. 1996). C.
albicans possesses a single orthologue Ace2 (Butler, Kenny et al. 2004, Kelly, MacCallum et al.
2004) that plays a direct role in morphogenesis through the RAM pathway (Regulation of Ace2
Morphogenesis). Ace2 is required for cell separation, adherence, and virulence in animal studies
and is a positive regulator of biofilm formation (Kelly, MacCallum et al. 2004, Finkel, Xu et al.
2012). We do not know if Grf10 interacts with Ace2 or another transcription factor to regulate its
target genes. Further experiments on protein-protein interaction and identification of specific
target genes during morphogenesis are needed to enlighten the functions of the homeobox
GRF10 gene in C. albicans.

Materials and Methods

Strains
Strains of C. albicans used and generated in this study are listed in Table II-1. C.
albicans BWP17, a derivative of SC5314 (Fonzi and Irwin 1993), served as the parent strain for
constructing the GRF10 mutant strains RAC115, RAC117 and RAC120 using the PCR gene
knockout method (Wilson, Davis et al. 1999). Strain DAY185 was obtained from A. Mitchell
(Davis, Edwards et al. 2000), and strains SN152, OHWT and TF021 (Homann, Dea et al. 2009)
were obtained from the Fungal Genetics Stock Center.
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Media and growth conditions
Strains were grown on YPD or SC media (containing 0.17% yeast nitrogen base, 0.5 mM
uridine, 0.15 mM adenine, and CSM amino acids (Sunrise Science Products, MP Biologicals))
(Sherman 1991). All stock strains were maintained at 4°C on YPD plates. Hyphal formation was
monitored on the following liquid and solid agar media: spider medium (Liu, Köhler et al. 1994),
10% fetal calf serum, Medium-199 (Gibco-BRL) buffered with 155 mM HEPES, pH 7.5, SLAD
medium (Gimeno, Ljungdahl et al. 1992), and Lee’s medium (Lee, Buckley et al. 1975). The
chlamydospore formation was monitored on the corn meal agar (CMA) medium (BD Scientific),
supplemented with Tween 80 (1% v/v) and auxotrophic supplements. The final agar
concentration for all solid media was 1.5% (w/v).

Hyphal induction
To induce hyphae, cells were grown overnight in YPD medium and washed twice with
sterile water. For induction on solid medium, cell densities were adjusted to 2´107 cfu/ml, 5 µl
of each strain was spotted and plates were incubated for 3 days at 37°C. For induction in liquid
medium, cells were inoculated 1:50 into 2 ml of medium in 12-well tissue culture plates and the
cultures were incubated at 37°C with mild shaking for 0, 4-, 8- and 24-hr. Each culture was
examined microscopically using an Olympus BH2-RFCA microscope at 40´ and photographed.

Quantitative macroscopic colony assay
Strains (DAY185, RAC117, OHWT and TF021) were grown overnight in YPD medium
at 30°C shaker incubator. The macroscopic colony spot assay was performed as described
(Homann, Dea et al. 2009): overnight cultures were diluted to OD600 = 0.08 in sterile water (1X)
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and a further 1:5 dilution was made in water (5X); 5 µL of these two samples was spotted onto
spider medium and the plates were incubated at 37°C up to 14 days. The macroscopic colony
morphology was quantified by measuring the overall colony diameter (mm), central region (mm)
and peripheral region (mm) using a regular ruler (Noble, French et al. 2010). The p-value was
determined using the Student’s T-Test.

Filamentous growth rate measurement
The macroscopic colony was grown using the same method as described above. The
diameter size (mm), central region (mm) and peripheral region (mm) were measured by using a
regular ruler daily for 12 days. Graphs and p-values for Student’s T-Test were generated by
using Excel. The filamentous growth rate was calculated from the slope of the graph, X-axis:
time (day) and Y-axis: colony size (mm).

Chlamydospore and biofilm formation
To induce chlamydospore formation, overnight grown cultures or colonies were streaked
deep into the surface of CMA plates and a coverslip was placed on top (Joshi, Solanki et al.
1993). Plates were incubated at 25°C for 3-5 days and chlamydospore formation was evaluated
microscopically and photographed. Biofilm formation was assessed using the protocol as
described (Krueger, Ghosh et al. 2004); briefly: overnight cultures were washed in phosphate
buffered saline (PBS), diluted to an OD600 of ~1 in PBS, and 100 µl were added to each well of a
96-well plate that had been coated with 10% fetal bovine serum and allowed to adhere for 90
min at 37°C. Non-adherent cells were removed by two washes with PBS. Biofilms were
allowed to form for 48 hr in supplemented YNB + glucose medium. After two washes with
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PBS, adherent cells were measured by absorbance at 595 nm in a spectrophotometric plate
reader.

Virulence determination
C. albicans strains were grown in YPD broth at 30°C to stationary phase, washed twice
with calcium- and magnesium-free phosphate-buffered saline (PBS, from Biosource), and
resuspended in PBS at a cell density of 5 ´ 106 cells ml-1 based on hemocytometer counts.
Virulence in mice was assessed as described previously (Tsuchimori, Sharkey et al. 2000,
Chauhan, Ciudad et al. 2005). Groups of thirteen male BALB/c mice (20-22 g from Harlan)
were formed and each mouse was injected through the lateral tail vein with a 200 µl inoculum
containing 106 cells of wild-type control or mutant yeast. Mice were given food and water ad
libitum. Survival of the mice was monitored twice daily and moribund mice were euthanized by
asphyxiation with carbon dioxide, as recommended by American Veterinary Medical
Association (AVMA 2001). Yeast were recovered from the kidneys of the first 3 mice from
each group to die; PCR analysis showed that the recovered fungi had the same genotype as the
inoculum (data not shown). The post-infection morphology of each strain was assessed
microscopically from the homogenized kidney treated with 10% KOH (data not shown) (Odds,
Van Nuffel et al. 2000). In addition, three mice from each experimental group were sacrificed
by CO2 inhalation at 24-, 48- and 72-hr post-infection; their kidneys were removed, weighed,
and homogenized in PBS. Serial dilutions of the homogenate were plated on YPD agar
supplemented with 50 µg/ml streptomycin (to prevent bacterial growth), and were incubated at
30°C for 48 hr. The number of colonies on each plate was determined, and a calculation was
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made of the number of colonies per gram of tissue. Statistical analyses were performed with the
SPSS 15.0 software using the Kaplan-Meier survival analysis.

RNA preparation, cDNA synthesis, and quantitative real-time PCR
Strain SC5314 strain was grown in triplicate overnight in YPD medium at 30°C with
shaking. The overnight culture was diluted 1:50 into 5 mL of SC + Uri medium, and grown with
shaking at 30°C until mid-log phase (6 hr, OD600 ~0.5 -1) or stationary phase (24 hr, OD600 ~8-9).
To induce filamentation, the overnight culture was diluted 1:50, and cells were grown in 12-well
dishes containing spider medium with mild shaking at 37°C for 6 hr; filamentation was
confirmed by light microscope. Cells were quickly cooling on ice and pelleted by centrifugation
at 4°C for 5 min; the cell pellet was frozen at -80°C. RNA was extracted from the frozen pellets
using the RiboPure Yeast Kit (Ambion) following the manufacturer’s instructions, except that
less RNA (3 µg) was treated with DNaseI. cDNA was synthesized from 200 ng of RNA using
the SensiFASTTM cDNA synthesis kit (Bioline), following the manufacturer’s instructions. The
synthesized cDNA was diluted 1:5 in DEPC-treated water.
The RT-qPCR was performed on each cDNA sample following the manufacturer’s
instructions (SensiFASTTM SYBR No-ROX Kit, Bioline) using primers to GRF10 (forward 5’CAAA-CCGCTCAAATAGTCAAAG-3’ and reverse 5’-GCAAATTGTGGAGAGTTTGTAG-3’)
and the reference gene TEF1 (forward 5’-TTCGTCAAATCCGGTGATG-3’ and reverse 5’CTGACAGCG-AATCTACCTAATG-3’). The relative gene expression was calculated by the
DCT method using a reference gene as described by the Bio-Rad Laboratories qPCR manual.
Student’s T-test and statistical significance were calculated using Excel.
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Table II-1. Yeast Strains.
Strain

Relevant genotype

Source

SC5314

URA3/URA3

(Fonzi and Irwin 1993)

SN152

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ
IRO1/iro1Δ

(Noble and Johnson 2005)

TF021

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ
IRO1/iro1Δ grf10Δ::HIS1/grf10Δ::LEU2

(Homann, Dea et al. 2009)

OHWT

arg4Δ/arg4Δ::ARG4 leu2Δ/leu2Δ::LEU2 his1Δ/his1Δ::HIS1
URA3/ura3Δ IRO1/iro1Δ

(Homann, Dea et al. 2009)

BWP17

ura3::λimm434/ura3::λimm434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG

(Wilson, Davis et al. 1999)

DAY185

ura3::λimm434/ura3::λimm434 HIS1::his1::hisG/ his1::hisG
ARG4::URA3::arg4::hisG/arg4::hisG

(Davis, Edwards et al. 2000)

RAC114

ura3::λimm434/ura3::λimm434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG GRF10/grf10Δ::URA3

This study

RAC117

ura3::λimm434/ura3::λimm434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG grf10Δ::ARG4/grf10Δ::URA3

This study

RAC120

ura3::λimm434/ura3::λimm434 his1::hisG/his1::hisG
This study
arg4::hisG/arg4::hisG grf10Δ::ARG4/GRF10::HIS1::grf10Δ::URA3
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Figure II-1. Disruption of GRF10 affects hyphal formation on serum, M-199 and spider
media. Cells (1 ´ 105) of parental strain BWP17 and mutant strains RAC114 (GRF10/grf10Δ)
RAC117 (grf10Δ/grf10Δ) and RAC120 (GRF10 restored) were inoculated on solid 10% serum,
spider medium, and M-199, pH 7.5 medium. Plates were incubated at 37°C for 3 days and
photographed. The induction of hyphae was performed at least three times. Representative
examples are shown. Bar, 500 mm.
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Figure II-2. The grf10D mutant in two genetic backgrounds exhibits filamentation and
colony defects. Cells (0.08 OD600) were spotted onto spider medium; photos of the macroscopic
colonies were taken at day 10: (A) strains OHWT and TF021 (SN152 background), (B) strains
DAY185 and RAC117 (BWP17 background). C. Quantification of the overall colony diameter
(mm) at day 10. D. Distribution of the overall colony diameter by percentage into the central
region (dark bar) and peripheral region (white bar). All measurements were averaged from 6
biological samples with two technical replicates (n = 12). Student’s T-test was calculated using
Excel. *** p-value < 0.0001.
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Figure II-3. The grf10Δ mutant was deficient in the growth of hyphae. Strains (OHWT and
TF021) were grown on solid spider medium and the radial growth was monitored during a timecourse of 11 days (D1 to D11). Diameter of the overall colony (A), the peripheral region (B) and
the central region (C) were measured. The wild-type strain OHWT is represented by the solid
circles and the grf10Δ mutant (TF021) is represented by the open circles. The line represents the
best fit to the data from D5-D9; the radial rate is the slope of of this line. Data were collected
from 4 biological isolates with two technical replicates (n = 8).
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Figure II-4. The grf10D mutant is delayed in germ-tube formation. Strains BWP17 (parental
wild-type) and RAC117 (grf10Δ) were inoculated in (A) 10% fetal calf serum, (B) M199
medium, and (C) spider medium, and were grown at 37°C; aliquots were removed microscopy
analysis at 0-, 4-, 8- and 24-hr. Cellular morphology was examined at 40× magnification. Note the photos of the cells at time 0 are the same, and are reproduced here for ease of comparison
across the time course.
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Figure II-5: The grf10D mutant is defective in forming chlamydospores. Chlamydospore
formation was induced on corn meal agar medium. View of the edge of a streak showing
filamentation from (A) OHWT and (B) the grf10D mutant at low magnification (1.25×
magnification). Representative chlamydospores or individual cells observed from (C) strain
OHWT, (D) the grf10D mutant TF021, (E) BWP17, (F) the grf10D mutant RAC117, (G) the
GRF10/grf10D heterozygous strain RAC114, (H) and the GRF10 restored strain RAC120.
Panels C and D, 20× magnification; panels E-H, 40× magnification.
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Figure II-6: grf10D mutants were reduced in biofilm formation. Homozygous and
heterozygous mutant and wild-type strains were allowed to form a biofilm, and the extent of
biofilm formation was assessed by measuring the OD595. Assays were performed in triplicate,
the mean and standard deviation of the OD595 measurements are plotted. *, p-value = 0.009; **,
p-value < 0.001 relative to BWP17.
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Figure II-7. The grf10D mutants are less virulent in a mouse model of infections. A. Ten
Balb/c mice were injected with 1× 106 cells through the lateral tail vein for each strain and
survival was monitored for 15 d post-infection. ●, wild type (DAY185); ○, heterozygote
(RAC114); Δ

homozygous null (RAC117); □, restored strain (RAC120). B. Mice were

sacrificed during the first three days after infection, and kidney homogenates were prepared and
plated to determine the extent of colonization (colony forming units per gram; CFU/g).
Histogram color: white, 24-hr after infection; grey, 48-hr after infection; black, 72-hr after
infection. The GRF10 genotype of the strains used in both panels are wild-type DAY185
(GRF10/GRF10), RAC114 (GRF10/grf10D), RAC120 (grf10D/grf10D::GRF10), and RAC117
(grf10D/ grf10D).
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Figure II-8. The GRF10 gene is induced during stationary phase and filamentation. Strain
SC5314 was grown in SC + Uri medium to mid-log phase, stationary phase, or induced for
filamentation in spider medium. GRF10 expression was quantified by qRT-PCR and normalized
to TEF1 (EFT3). Three biological samples and two technical replicates (n = 6) were performed.
Student’s T-test was performed using Excel. *** p-value < 0.0001.
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Chapter III: Grf10 and Bas1 regulate transcription of adenylate and one-carbon
biosynthesis genes and affect virulence in the human fungal pathogen Candida albicans

Introduction

2

C. albicans is part of the human microbiota that resides harmlessly in the body; the
immune system and other microbial communities play important roles by protecting the host
from C. albicans overgrowth and tissue invasion (Odds 1987, Underhill and Iliev 2014).
However, C. albicans is an opportunistic pathogen and can become virulent in people with
compromised immune systems. C. albicans causes a range of conditions from superficial
infections in the epithelial mucosa to life-threatening bloodstream infections. To survive and
cause infections in these diverse niches, C. albicans displays a remarkable morphology
reprograming and metabolic adaptation. Morphological switching between yeast and
filamentous forms is strongly associated with virulence (Lo, Köhler et al. 1997, Braun, Head et
al. 2000, Saville, Lazzell et al. 2003, Carlisle, Banerjee et al. 2009). Transcriptomic analyses of
strains with mutations in transcription factors (TFs) such as Gcn4, Tup1, Efg1, and Ace2 have
revealed unexpected links between metabolism and virulence in C. albicans (Murad, d'Enfert et
al. 2001, Lan, Newport et al. 2002, Tripathi, Wiltshire et al. 2002, Doedt, Krishnamurthy et al.
2004, Mulhern, Loque et al. 2006). These studies demonstrate that TFs coordinate the
expression of genes related to both metabolism and virulence to ensure appropriate expression in
particular microenvironments (Brown, Brown et al. 2014). However, it is still unclear if there are
This chapter was published in: Wangsanut, T., A. K. Ghosh, P. G. Metzger, W. A. Fonzi and R.
J. Rolfes (2017). "Grf10 and Bas1 regulate transcription of adenylate and one-carbon
biosynthesis genes and affect virulence in the human fungal pathogen Candida albicans."
mSphere 2(4): e00161-00117. Supplemental data can be found in this link
https://msphere.asm.org/content/2/4/e00161-17.
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other TFs that regulate target genes in this similar manner and how TFs mechanically link
metabolism and morphogenesis.
We recently reported on a role for the Grf10-homeodomain TF in regulating C. albicans
morphogenesis (Ghosh, Wangsanut et al. 2015). The grf10Δ mutant shows dramatically
decreased hyphal growth on solid medium and a delay in germ tube formation in liquid medium.
In addition, processes related to filamentation are strongly affected in the grf10Δ mutant,
including an inability to generate chlamydospores, decreased biofilm formation, and attenuated
virulence in mouse models of systemic infection (Romanowski, Zaborin et al. 2012, Ghosh,
Wangsanut et al. 2015). Overexpression of GRF10 triggers filamentation under conditions that
normally promote yeast growth (Chauvel, Nesseir et al. 2012). Consistent with a role for Grf10
in morphogenesis, expression of GRF10 is highly induced during filamentation (Ghosh,
Wangsanut et al. 2015) and GRF10 is one of eight core target genes upregulated by the biofilm
master regulators (Nobile, Fox et al. 2012). Together, these results show that Grf10 is a critical
TF that regulates filamentation and morphology-related traits in C. albicans.
The orthologue of GRF10 from Saccharomyces cerevisiae, PHO2 (ScPHO2), plays an
important role in regulating metabolism. ScPho2 up-regulates genes for purine biosynthesis,
one-carbon metabolism, and histidine biosynthesis with the co-regulator ScBas1, and it upregulates genes for acquisition and storage of inorganic phosphate with the co-regulator ScPho4
(Daignan-Fornier and Fink 1992, Rolfes 2006, Ljungdahl and Daignan-Fornier 2012). In C.
albicans, grf10Δ (the C. albicans homolog of Scpho2Δ) and bas1Δ mutants exhibit a leaky
adenine auxotrophy, whereas pho4Δ but not grf10Δ mutants exhibit a growth defect under
phosphate limitation conditions (Homann, Dea et al. 2009), indicating a divergence of function.
Importantly, purine biosynthetic genes are associated with virulence in C. albicans (Donovan,
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Schumuke et al. 2001, Jezewski, von der Heide et al. 2007, Jiang, Zhao et al. 2010), underlying a
critical role for this metabolic pathway in fungal pathogenicity. Although maintenance of purine
nucleotide pools is crucial for cell survival and pathogenicity, the genetic regulation of this
pathway has not been well characterized in C. albicans.
Given the role for Grf10 in filamentation and virulence (Ghosh, Wangsanut et al. 2015)
and the observation that transcription factors coordinate regulation of virulence and metabolic
genes (Brown, Brown et al. 2014), we investigated transcriptional regulation by Grf10. DNA
microarray analysis was used to identify genes whose expression was dependent upon Grf10;
genes for adenylate biosynthesis and in diverse pathways such as iron homeostasis, one-carbon
metabolism, adhesion, and other metabolic pathways were uncovered. The bas1Δ mutant had a
slower growth rate than the grf10Δ strain in medium lacking adenine. Using quantitative realtime PCR, the gene expression patterns of wild-type, grf10Δ and bas1Δ mutants was determined
in response to adenine limitation. Consistent with the DNA microarray data and growth
phenotype, the bas1Δ and grf10Δ strains failed to derepress the ADE regulon and one-carbon
metabolic genes, and the bas1Δ mutant showed a stronger ADE gene regulation defect than the
grf10Δ mutant. BAS1 plays an important role in pathogenicity, as the mutant exhibited
attenuated virulence, although weaker than the grf10Δ mutant (Ghosh, Wangsanut et al. 2015).

Results

Identification of potential Grf10 target genes
To characterize the global Grf10 target genes under yeast-growth conditions, we
performed DNA microarray analysis and determined differential gene expression in the grf10Δ
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(RAC117) mutant versus a GRF10 strain (DAY185). Strains were grown at 30°C to mid-log
phase in SD medium with minimal supplements. The potential Grf10 targets were defined as
those genes, out of 7860 potential loci, in which expression was altered two-fold or greater and a
p-value of 1×10-5 or lower. Our results revealed 25 genes that showed lower expression levels
and 36 genes that showed higher expression levels in the grf10Δ mutant (Table III-1;
Supplemental Data Table S1 in Wangsanut, et al. 2017). The genes that were differentially
expressed in the grf10Δ mutant were sorted by the web-based GO Term Finder tool available on
the Candida Genome Database (Inglis, Arnaud et al. 2012) and manually sorted for
uncharacterized genes.
Among the differentially expressed genes in the grf10Δ mutant, we found that most of the
genes necessary for de novo adenylate synthesis – ADE2, ADE5,7, ADE6, ADE13, and ADE17 –
were strongly downregulated (Figure III-1; Supplemental Data Table S2 in Wangsanut, et al.
2017). Additionally, we detected a decrease in expression of genes involved with the one-carbon
metabolic pathway, which supplies the substrates glycine and N10-formyl tetrahydrofolate into
the purine biosynthetic pathway (Denis and Daignan-Fornier 1998). This gene set included
MTD1, SHM2, SER2, and putative formate dehydrogenase-encoding genes orf19.1774 and
orf19.1117. Additionally, we found lower expression of a gene encoding a nucleoside permease
(NUP, orf19.6570), potentially capable of transporting adenosine and guanosine (Detke 1998).
These gene products are all involved in the de novo biosynthesis, uptake, and interconversion
pathways for purine nucleotides, and account for 11 of the 25-downregulated genes. These
results suggest that Grf10 is likely to directly regulate genes in purine de novo biosynthesis and
related pathways.
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Other downregulated genes in the grf10Δ strain were in diverse pathways. The
uncharacterized gene PRE1, which encodes the putative β4 subunit of the 20S proteasome,
showed the greatest decrease in gene expression (~40 fold-change) (Table III-1; Supplemental
Data Table S2 in Wangsanut, et al. 2017); ubiquitination and protein degradation have been
implicated in metabolic adaptation and virulence (Leach, Stead et al. 2011). Gene RER2 was
downregulated 13-fold; RER2 encodes cis-prenyltransferase responsible for protein
glycosylation, cell wall integrity, and cell separation (Juchimiuk, Orłowski et al. 2014). The
CFL4 and CFL5 genes exhibit ~3- to 4-fold lower expression; these genes encode putative ferric
reductases that may play a crucial roles in iron homeostasis and virulence in C. albicans (Chen,
Pande et al. 2011, Noble 2013). RIB5, which encodes a putative riboflavin synthase, is downregulated ~4.5 fold in the mutant, and GAL4, which encodes a transcription factor that regulates
glycolysis (Martchenko, Levitin et al. 2007, Askew, Sellam et al. 2009), was expressed ~ 2-fold
lower.
The majority of the upregulated genes are involved in the cellular stress response, cell
adhesion, and metabolic pathways (Supplemental Data Table S3 in Wangsanut, et al. 2017).
WH11 shows the greatest increase in gene expression (~10-fold) in the grf10Δ mutant. WH11
encodes a protein of unknown function but is homologous to HSP12 of S. cerevisiae; it is
expressed specifically in white-phase yeast cells and its transcript is absent in hyphal cells
(Srikantha and Soll 1993). Several genes that had been identified as the core stress responsegenes, including RHR2, HSP12, and GLX3, are highly upregulated in the in the grf10Δ mutant
(Smith, Nicholls et al. 2004, Enjalbert, Smith et al. 2006). Two members of the ALS gene family,
ALS2 and ALS4 that function in cell adhesion and biofilm formation (Hoyer, Payne et al. 1998),
are upregulated ~3.5-fold, and MNN22, which encodes an α-1,2-mannosyltransferase that
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participates in cell wall biosynthesis (Hall, Bates et al. 2013), was expressed 2.5-fold higher.
The RNR22 gene, which encodes a putative ribonucleoside diphosphate reductase, was expressed
~4-fold higher in the grf10Δ mutant. Finally, GO-Term analysis identified genes associated with
carbohydrate metabolism, including D-xylose, arabinose, and pentose catabolic processes
(Supplemental Data Table S3 in Wangsanut, et al. 2017; p-value <0.05). To summarize, the upregulated genes are involved in a range of biological processes.

The grf10Δ and the bas1Δ mutants exhibit a growth defect in response to adenine limitation
In S. cerevisiae, ScPho2 interacts with ScBas1 to regulate adenylate and one-carbon
metabolic genes (reviewed in (Ljungdahl and Daignan-Fornier 2012)). We examined the
regulation of these genes under adenine limitation by Grf10 and its predicted protein partner
Bas1 in C. albicans. We disrupted BAS1 and GRF10 genes in C. albicans strain BWP17, and
also assayed the bas1Δ (TF016) and grf10Δ (TF021) mutants from the SN152 background
(Homann, Dea et al. 2009) since strain background can influence phenotype. The slow growth
of the null mutant strains on solid SC medium lacking adenine was more evident at 16-hrs than
at 48-hr, was more pronounced in the bas1Δ mutants than in the grf10Δ mutants, and was
stronger in the SN152 background than in the BWP17 background (Figure III-2). By 48-hr, only
the bas1Δ strain exhibited slower growth than the parental wild-type; the bas1-heterozygotes and
all of the grf10 mutants (heterozygotes and the null) in both strain backgrounds were
indistinguishable from their isogenic wild-type strains (Figure III-2). The adenine auxotrophy
shown in Figure III-2 was strongest when cells received more nutrients, growth in SC medium,
than when we used SD medium (data not shown). We found that the adenine auxotrophic
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phenotype in C. albicans was weaker than that detected in the mutants from S. cerevisiae (data
not shown).
In S. cerevisiae, ScPho2 interacts with ScPho4 to activate expression of genes encoding
secreted acid phosphatases and phosphate transporters (Ljungdahl and Daignan-Fornier 2012).
To determine if Grf10 is important for the upregulation of PHO genes, the ability of the Candida
grf10Δ mutant to grow on YPAD medium lacking inorganic phosphate was assessed. The
grf10Δ mutant was able to grow without inorganic phosphate supplementation in the SN152
strain background (Figure III-3), as well as in the BWP17 background (data not shown). These
findings contrast with the inability of both the C. albicans pho4Δ and S. cerevisiae pho2Δ
mutants to grow, indicating that Grf10 is not required under phosphate starvation in C. albicans.
We tested a broad range of conditions to look for additional phenotypes, comparing the
bas1Δ (RAC108) and grf10Δ (RAC117) strains with BWP17. Neither of the null mutations led
to temperature sensitivity (at 37°C, 40°C and 45°C), cation sensitivity (to NaCl, KCl, LiCl2), pH
sensitivity (range from pH 4.0 to 9.0), or sensitivity to oxidative stress (hydrogen peroxide, tbutyl hydroperoxide, and menadione).
To quantify the adenine auxotrophy, we measured growth rates in liquid SC medium
containing and lacking adenine. In the absence of adenine, we found that the bas1Δ mutants took
nearly twice as long to grow as their respective WT strains (Table III-2). In the grf10Δ mutants,
there was only a ~10% increase in doubling times in both stain backgrounds. Restoring an allele
of BAS1 or GRF10 to the null mutants complemented the growth defect, partially for BAS1 and
fully for GRF10 (Table III-2). In the presence of adenine, all of the mutants grew at the same
rate as the wild-type. Overall, the bas1Δ mutants showed stronger growth defects than the
grf10Δ mutants in response to the absence of adenine. These results quantify the extent of the

58

slow growth, and demonstrate that the transcription factors differentially affect the ADE
phenotype.

Bas1 and Grf10 up-regulate the adenylate and one-carbon metabolic genes
To examine transcription promoted by Grf10 and Bas1, we performed qRT-PCR to
measure the expression of the nine ADE genes that constitute the adenylate biosynthetic pathway
(Figure III-1). The wild type, bas1Δ and grf10Δ strains were grown at 30°C in SC medium with
adenine, shifted to medium lacking adenine, and cells were collected after 15 min for RNA
preparation. ADE gene expression was compared with TEF1 using the ΔCT method, and
normalized to the expression in the wild-type strain under repressing (+ade) conditions.
ADE genes were derepressed by 2- to 9-fold in the WT strain under adenine-limiting
conditions (Figure III-4). Deletion of either Bas1 or Grf10 led to decreased expression of every
ADE gene under adenine-limiting conditions, indicating that both Bas1 and Grf10 are required to
achieve full expression. Bas1 appears to play an important role in maintaining the basal
expression, because the expression of several of the genes (ADE4, ADE6, and ADE13) was
reduced by 2-fold or more in the bas1Δ strain relative to the WT in repressing (+ade) conditions;
however, basal expression of the ADE genes was not affected in the grf10Δ mutant. We
examined the expression of ADE13 in the heterozygous strains to determine if there was a
dosage effect. Expression of ADE13 in the heterozygous mutants of bas1 (RAC105) and grf10
(RAC114) was not different than in the wild-type strain DAY286 (Supplemental Figure S1 in
Wangsanut, et al. 2017). Expression of ADE13 was partially or fully restored when BAS1
(RAC111) or GRF10 (RAC120), respectfully, were restored to the genome, consistent with the
growth phenotypes shown in Figure III-2 and Table III-2.
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Given the metabolic connection between adenylate and one-carbon metabolism and the
results from DNA microarray, we examined regulation patterns of one-carbon metabolic genes in
C. albicans. We examined MTD1, SHM2, and ADE3 (MIS11) by qRT-PCR as described above.
When the wild-type strain was grown in medium lacking adenine, we detected the substantial upregulation of the one-carbon metabolic genes by 3- to 33-fold when compared to basal
expression in the WT strain (Figure III-5). This result indicates that adenine limitation leads to
the co-regulation of one-carbon metabolic genes. Because the expression of SHM2 and ADE3
genes in the bas1Δ strain was significantly below the WT levels (fold-change ≥ 2), Bas1 was
required for the basal expression of one-carbon metabolic genes. We found that basal expression
of MTD1, SHM2, and ADE3 (MIS11) genes is unaffected in the grf10Δ mutant.
Together, our results show that adenine limitation leads to co-transcriptional regulation of
adenylate and one-carbon metabolic genes in C. albicans. Bas1 regulates both the basal and
derepressed expression of ADE and one-carbon metabolic genes; however, Grf10 is necessary
for the full up-regulation of gene expression during derepression.

Bas1 and Grf10 regulate NUP under the adenine derepressing conditions
Our microarray data showed that the NUP gene, which encodes a nucleoside permease
(Detke 1998), was one of the most affected genes by the loss of Grf10. We reasoned that adenine
limitation and both transcription factors, Grf10 and Bas1, might also lead to the up-regulation of
this gene. We examined NUP gene expression by qRT-PCR as described above. The NUP gene
was derepressed by 17-fold in the WT strain grown in –ade medium (Figure III-5). Both Bas1
and Grf10 were required for this transcriptional derepression; however, in contrast to the ADE
and one-carbon metabolic genes, the basal and high-level expression of NUP gene was more
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dependent on Grf10 than on Bas1. In the grf10Δ strain, NUP gene expression at basal levels
(+ade) was significantly below the WT levels (~2-fold change) and there was no derepression to
high levels. However in the bas1Δ strain, basal expression of NUP was not affected and there
was modest (3.4-fold) up-regulation in –ade conditions.

Bas1 is implicated in virulence in animal model of disseminated candidiasis
Grf10 regulates morphogenesis and affects virulence (Chauvel, Nesseir et al. 2012,
Ghosh, Wangsanut et al. 2015) in addition to regulating metabolic genes. This led us to examine
morphology and pathogenicity of the bas1Δ mutant. To investigate the role of Bas1 on
morphology, we examined macroscopic colonies of the wild-type (BWP17), bas1Δ (RAC108),
BAS1 heterozygote (RAC105), and BAS1 complemented (RAC111) strains under hyphalinducing conditions on solid M-199, spider, and YPD+10% serum media (Figure III-6), and
compared these results with those reported for the grf10Δ mutants (Ghosh, Wangsanut et al.
2015). On both solid M-199 and spider media, mutations in bas1 led to a decrease in the length
of the filamentous region at the periphery of the colony, and on serum-containing medium, the
bas1Δ colonies showed discontinuous hyphal production in the periphery (Figure III-6).
Addition of adenine to spider medium did not alter this phenotypic difference between the null
mutant and the wild-type (data not shown). We also tested SLAD and SD+GlcNAc hyphalinducing media, supplemented with and without adenine, for morphological differences;
however, both the bas1Δ and grf10Δ mutants responded in the same manner as BWP17 to these
hyphal inducing conditions (data not shown). Overall, the bas1Δ mutant exhibited mild
morphological defects that are not as severe as those found in the grf10Δ mutant (Ghosh,
Wangsanut et al. 2015).
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To assess the involvement of Bas1 in fungal virulence, we used a mouse model of
disseminated candidiasis (Tsuchimori, Sharkey et al. 2000), comparing the survival of mice
infected with the wild-type and the bas1 mutant strains. Mice infected with either of the two
heterozygous BAS1 mutants (RAC105 and RAC111) or the wild-type strain (DAY185)
succumbed in 7- to 8-days (Figure III-7). The mice infected with the bas1Δ mutant (RAC108)
survived longer than these, but all mice succumbed by about 2-weeks post-infection. The bas1
null mutant was significantly different from the control strain (p-value = 7.53e-06), but neither
the heterozygous mutant nor the restored strain was significantly different from the control
(p>0.05). We note that these strains differ in their auxotrophies for arginine and histidine (see
Table III-3). However, these differences are unlikely to have affected virulence because the two
heterozygotes RAC105 and RAC111 had similar virulence profiles in spite of their auxotrophic
differences, and secondly, Noble and Johnson (Noble and Johnson 2005) found that neither the
arg4Δ or his1Δ mutations had an effect on virulence in the mouse systemic infection model.
While ectopic URA3 expression can affect virulence (Brand, MacCallum et al. 2004), this did not
occur in this experiment because DAY185, RAC108 and RAC111 have the same virulence
(Figure III-7) even though they differ in the location of URA3 (at ARG4 or BAS1). This finding
indicates that the bas1Δ strain is attenuated for virulence in C. albicans.

Discussion

This study demonstrates that expression of nucleoside permease, adenylate biosynthetic,
and one-carbon metabolic genes are transcriptionally regulated in C. albicans, and that the Bas1
and Grf10 transcription factors are required for this regulation. The modulation of ADE gene
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expression by these transcription factors could potentially promote the survival of C. albicans in
response to purine fluctuation in different sites on the human host. Bas1 plays a more critical
role in the regulation of ADE and one-carbon metabolic genes than does Grf10. Indeed, the more
severe gene expression defect in the bas1Δ mutant than in the grf10Δ mutant may explain its
stronger growth defect (Table III-2, Figures III-4 and III-5, (Homann, Dea et al. 2009)).
Our study indicates a largely but not wholly conserved role for the Bas1 and Grf10
orthologs of C. albicans. CaBas1 shows conservation of gene targets with Bas1 from S.
cerevisiae and Ashbya gossypii. One key difference is that CaBas1 regulates both basal and
derepressed expression whereas ScBas1 does not affect basal expression (Ljungdahl and
Daignan-Fornier 2012). The AgBas1 homolog controls genes for de novo purine biosynthesis as
well as in other metabolic pathways such as one-carbon and riboflavin biosynthesis (Mateos,
Jiménez et al. 2006). Another difference is that expression of ADE3 and NUP are under control
of these factors in C. albicans. The NUP nucleoside permease transports adenosine and
guanosine (Detke 1998). There is no orthologue of NUP in S. cerevisiae; however, parasitic
fungi and protozoa such as Microsporidia, Leishmania, Trypanosoma, Trichomonas and
Plasmodium require nucleoside permeases as they lack de novo purine biosynthesis (Heyworth,
Gutteridge et al. 1982, Reyes, Rathod et al. 1982, Hammond and Gutteridge 1984, Dean, Hirt et
al. 2016). Although C. albicans is capable of synthesizing purines de novo, it may be possible
that it upregulates the NUP to scavenge purine nucleosides.
It is striking that the adenine auxotrophy due to loss of Bas1 and Grf10 is weaker in C.
albicans than it is in S. cerevisiae. This difference may reflect the different ecological niches for
these species. S. cerevisiae is a generalist adapted to fruit (e.g., grapes) and to fermentation
under anaerobic conditions (Goddard and Greig 2015). It can survive in a wide range of
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environments with varying levels of nutrients, temperature, osmolarity, and pH; because of this,
S. cerevisiae must tightly regulate gene expression to survive and respond to these diverse
conditions (Neiman and Pryciak 2011, Goddard and Greig 2015). C. albicans is adapted to the
human host, colonizing different sites such as skin, mucosal tissue, and the blood stream. Purine
bases and nucleosides in plasma and extracellular fluids are found in low, virtually constant
levels of ~4 µM (Traut 1994, Chitty and Fraser 2017); high basal gene expression and feedback
inhibition of the biosynthetic pathway could be sufficient to maintain intracellular nucleotide
pools. In the intestine, there is intense competition among the microbial communities for
nutrients released upon digestion. Nucleotidase in the small intestine hydrolyzes nucleotides to
nucleosides (Wilson and Wilson 1962), which would be available for uptake by nucleoside
permease. It is interesting to speculate that the NUP gene of Candida may be particularly
important for adaptation to this niche. Other infection sites maybe more limited for purines.
Several reports demonstrate the crucial role of nucleotide biosynthesis for pathogens
during infections. In C. albicans, mutants defective in purine or pyrimidine biosynthesis are
avirulent during infections (Kirsch and Whitney 1991). Nucleotide biosynthesis is critical for the
growth of bacterial pathogens such as Escherichia coli, Samonella enterica, Bacillus anthracis
and Staphylococcus aureus in human blood serum or abscesses (Samant, Lee et al. 2008,
Valentino, Foulston et al. 2014). These reports strongly support the idea that pathogens
commonly require nucleotide biosynthesis for growth during infection. Transcriptional
upregulation in these niches may be crucial for full pathogenesis of Candida, accounting for the
virulence attenuation in the bas1Δ (Figure III-7) and grf10Δ mutants (Ghosh, Wangsanut et al.
2015).
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Morphological changes in C. albicans from yeast to hyphal forms have long been linked
to virulence while emerging evidence shows that metabolic ability is also strongly linked to
virulence (Brown, Brown et al. 2014). Morphological changes and metabolic adaptation are
each controlled by complex transcriptional networks, and are coordinated by transcription factors
(Brown, Brown et al. 2014). Bas1 plays a prominent role in metabolism but only a marginal role
in morphogenesis. However, Grf10 co-regulates both virulence attributes (morphogenesis
(Ghosh, Wangsanut et al. 2015)) and fitness attributes (metabolism; this work). We hypothesize
that Grf10 regulates adenylate metabolism, morphogenesis, and other processes by interacting
with different transcription factors. Future studies will shed light on how Grf10 coordinates
fitness and virulence attributes.

Materials and Methods

Yeast strains
Strains of C. albicans used and generated in this study are listed in Table III-3. Strains
RAC114, RAC117, and RAC120 were described previously (Ghosh, Wangsanut et al. 2015).
Strain DAY185 was obtained from A. Mitchell (Davis, Edwards et al. 2000), and strains SN152,
OHWT, TF004Δ, TF016Δ, and TF021Δ (Homann, Dea et al. 2009) were obtained from the
Fungal Genetics Stock Center. BWP17 (Fonzi and Irwin 1993) served as the parent strain for
constructing the BAS1 mutant strains (details below). Strains RAC255 and RAC256 carry
restored alleles of BAS1 and GRF10, respectively, in strains TF016Δ and TF021Δ (details
below).
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PCR with primers BAS1-5DR and BAS1-3DR (Table III-3) and pGEM-URA3 (Wilson,
Davis et al. 1999) was used to generate a fragment carrying the bas1Δ::URA3 allele. After
transformation of BWP17, the deletion was confirmed in strain RAC105 using primers to BAS1
and URA3. To generate the null mutant, the same primers and pRS-ARG4 were used to amplify
a fragment carrying the bas1Δ::ARG4 allele. This fragment was transformed into RAC105, and
confirmation of the genotype in strain RAC108 was made by PCR and by Southern analysis
(data not shown).
We introduced a functional allele of BAS1 into two bas1Δ strains RAC108 and TF016Δ
(Homann, Dea et al. 2009). For restored strain RAC111, we amplified a 3.2-kb fragment
carrying the native BAS1 locus using primers B1RF and B1RR (Table III-3). The fragment was
inserted into the BamHI site of pGEM-HIS1, generating pGHBF. Plasmid pGHBF has a unique
PshAI site located upstream of the BAS1; RAC108 was transformed with PshAI-cleaved
pGHBF, selecting for histidine prototrophy. Integration of the BAS1::HIS1 into the
bas1Δ::URA3 allele was confirmed by PCR amplification. To generate restored strain RAC255,
we subcloned the 3.2-kb BamHI fragment from plasmid pGHBF into the SAT1 flipper-containing
plasmid pSFS2 (Reuss, Vik et al. 2004), generating plasmid pSFS2A-BAS1. TF016Δ was
transformed with PshAI-cleaved pSFS2A-BAS1 and selecting for nourseothricin resistance
(Hernday, Noble et al. 2010). Integration was confirmed by PCR amplification using primers to
BAS1 and within the SAT1-flipper cassette.
We introduced a functional allele of GRF10 into strain TF021Δ. GRF10 was amplified
using primers G10RF and G10RR (Table III-3), and was inserted into the PspOMI site of
pGEM-HIS1, generating pGHPF. The 2.8-kb PspOMI-fragment from plasmid pGHBF was
subcloned into the PspOMI of pSFS2 (Reuss, Vik et al. 2004), generating pSFS2A-GRF10. This
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plasmid was cleaved by BglII and transformed into TF021Δ, selecting for nourseothricin
resistance, generating strain RAC256. Integration was confirmed by PCR amplification of
genomic DNA using primers to GRF10 and within the SAT1-flipper cassette.

Media and growth conditions
Strains were grown on YPD and synthetic dextrose (SD) medium (Sherman 1991) at
30°C. SD medium (2% dextrose, 6.7% yeast nitrogen base (YNB) plus ammonium sulfate) was
supplemented with minimal supplements [0.5 mM uridine, 0.1 mM histidine, 0.1 mM arginine,
and 0.15 mM adenine]. Synthetic complete (SC) medium was prepared by supplementing SD
medium with CSM –ade +Uri (Sunrise Science) (Homann, Dea et al. 2009). Nutrient-rich
medium depleted for inorganic phosphate (YPD-Pi) was prepared as described (Rubin 1974).
Hyphal formation was monitored on the following solid 1.5% agar media: spider medium (Liu,
Köhler et al. 1994), 10% fetal calf serum, and Medium-199 (Gibco-BRL) buffered with 155 mM
HEPES, pH 7.5. All strains were maintained at 4°C on YPD plates and cultured monthly from
frozen stocks.

Spot growth assay
Strains were grown overnight in 5 mL YPD broth. The culture was diluted into sterile
water to a starting OD600 = 0.1. The cultures were serially diluted 1:10 into sterile water; 3 µl of
each dilution was spotted onto SC +ade and SC –ade plates. The plates were incubated at 30°C
and photographed by an ImageQuant imager daily. Each strain was tested with at least three
biological replicates.
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Growth rate and doubling time determination
Strains were grown overnight at 30°C in 5 mL YPD broth and diluted 1:50 dilution into
SC+ade and SC–ade media. Two 200 µL samples were transferred from each diluted culture into
separate wells of a 96-well plate that was placed at 30°C in a thermo-controlled GloMax Plate
Reader. The OD600 of each well was measured every 30 minutes over 24-hr, shaking the plate
for 30 seconds before each OD600 reading. Samples were standardized to wells containing sterile
medium. P-values and standard deviation were calculated using T-Test and STDEV functions in
Excel. Each strain was performed with three biological replicates.

DNA microarray and data analysis
Yeast strains DAY185 and RAC117 (grf10Δ null) were grown overnight in SD medium
with minimal supplements, and inoculated 1:50 dilution into 50 mL of fresh medium in triplicate.
The cultures were grown until mid-log phase (OD600 ~ 0.5 -1). The cells were quick chilled in an
ice water bath, harvested by centrifugation, and RNA from three biological replicates was
extracted using the RiboPure Yeast Kit, following the manufacturer’s instructions.
The gene profiling experiment was performed by ClinEuroDiag, Brussels, Belgium. Full
genomic C. albicans DNA microarrays were developed and designed by Galar Fungal
consortium and produced by ClinEuroDiag. Fluorescence-labeled cDNA was prepared from 1
µg of total RNA, using the Ambion Amino Allyl MessageAmp II aRNA™ postlabeling kit.
After purification both samples were combined and the volume was reduced. The labeled cDNA
mix was resuspended in 60 µL hybridization buffer (ClinEuroDiag) and used for hybridization.
The microarrays were prehybridized at 42°C for at least 45 min. Afterwards, slides were
washed 5× with distilled water and spin-dried at 900 rpm, RT for 5 min. The labeled cDNA
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mixture was denatured for 2 min at 95°C before overnight hybridization (at least 16 h at 42°C)
using the Advalytix hybridization station SB800 (Beckman Coulter). The microarrays were
washed for 5 min in 0.2× SSC/0.1% SDS with constant agitation at RT and rinsed for 5 min in
0.2x SSC at RT. The microarrays were spin-dried at 900 rpm for 5 min. Afterwards the
microarrays were scanned with the GenePix® 4000B Microarray Scanner (Molecular Devices)
and the signal intensities were analyzed using GenePix® Pro 5.1 Image Acquisition and Data
Analysis Software (Molecular Devices).
Intensity dependent normalization was performed by applying a locally weighted linear
regression analysis (Lowess). The data were calculated as a log of the signal intensities of the
average of two identical spots (R1 and R2) for three biological replicates, and the P values were
calculated. DNA microarray data were sorted based on the cutoff P-value < 0.00001 and foldchange > 2. Gene classification was based on C. albicans GO Term and performed using the
GO Term Finder and Go Slim Mapper tools available at the candidagenome.org website. Array
Expression accession is # E-MTAB-5798.

Quantitative real-time PCR analysis
Cells were grown and harvested as previously described (Som, Mitsch et al. 2005);
briefly, yeast strains were grown overnight in liquid SC medium, were inoculated 1:50 into 25
mL of fresh SC+Uri+ade medium, and grown at 30°C until reaching mid-log phase (OD600 ~ 0.5
-1). The mid-log phase culture was split in half, pelleted for 2 min at room temperature, washed
twice with pre-warmed SC+Uri+ade or SC+Uri–ade, and then resuspended in same medium.
After 15 min of incubation at 30°C, 5 mL of each sample was removed, quickly chilled in an icewater bath, and cells were harvested by pelleting for 2 min at 4°C. The cell pellet was
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immediately frozen on dry ice and stored at -80°C. Three biological replicates were harvested for
each sample.
RNA was extracted from the frozen cell pellets and converted to cDNA as previously
described (Ghosh, Wangsanut et al. 2015). The RT-qPCR was performed in duplicate using the
SensiFASTTM SYBR No-ROX Kit, as described (Ghosh, Wangsanut et al. 2015). The gene
TEF1 (EFT3) was included as a reference gene. All primers used in this study are listed in Table
III-4. The relative gene expression was calculated by the DCT Method Using a Reference Gene
as described by Bio-Rad Laboratories. The Student’s T-test and statistical significance were
calculated by using Excel.

Virulence determination
The determination of virulence of the bas1Δ strains RAC105, RAC108, and RAC111
was performed at the same time and in the same manner as for the grf10Δ strains previously
published (Ghosh, Wangsanut et al. 2015). Briefly, C. albicans strains were grown in YPD broth
at 30°C to stationary phase, washed twice with calcium- and magnesium-free phosphate-buffered
saline, and resuspended in PBS at a cell density of 5 ´ 106 cells ml-1 based on hemocytometer
counts. Virulence in mice was assessed as described previously (Tsuchimori, Sharkey et al.
2000, Chauhan, Ciudad et al. 2005). Groups of ten male BALB/c mice (20-22 g from Harlan)
were formed and each mouse was injected through the lateral tail vein with a 200 µl inoculum
containing 106 cells of wild-type control or mutant yeast. Mice were given food and water ad
libitum. Survival of the mice was monitored twice daily and moribund mice were euthanized by
asphyxiation with carbon dioxide, as recommended by American Veterinary Medical
Association (AVMA 2001). Kaplan-Meier survival curves were created using SPSS 15.0
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software; the survival curves were compared by the Mantel-Haenszel log-rank test as
implemented in the package "survival" (Therneau and Grambsch 2000) for R (RC 2015).
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Table III-1. List of the genes that are differential expressed in the grf10D mutant
Group/GO Term

orf ID

Down-regulated Genes
Purine Metabolism
(GOID: 6189,
orf19.3870
46040, 6188,
orf19.7484
72522, 9127)
orf19.492
orf19.5061

One-Carbon
Metabolism

Gene
Name

ADE13
ADE1
ADE17
ADE5,7
ADE2
ADE6
SHM2
SER2
MTD1

orf19.1117
orf19.1774
orf19.1932
orf19.1930
orf19.5338

CFL4
CFL5
GAL4

orf19.4025
orf19.4028
orf19.6570
orf19.1788
orf19.4024
orf19.4394
orf19.4814
orf19.3222
orf19.300

PRE1
RER2
NUP
XKS1
RIB5
AIP2

orf19.4441
orf19.1344

-
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orf19.5906
orf19.6317
orf19.5750
orf19.5838
orf19.3810

Iron Metabolism
Transcription
Miscellaneous

Function

Adenylosuccinate lyase
Phosphoribosylaminoimadazole succinocarboxamide
synthetase
5-Aminoimidazole-4-carboxamide ribotide transformylase
Phosphoribosylamine-glycine ligase and
phosphoribosylformylglycinamidine cyclo-ligase
Phosphoribosylaminoimadazole carboxylase
5-Phosphoribosylformyl glycinamidine synthetase
Cytoplasmic serine hydroxymethyltransferase
Ortholog(s) have phosphoserine phosphatase activity
Ortholog(s) have methylenetetrahydrofolate dehydrogenase
(NAD+) activity
Protein similar to Candida boidinii formate dehydrogenase
Predicted formate dehydrogenase
C-terminus similar to ferric reductases
Ferric reductase
Zn(II)2Cys6 transcription factor; involved in control of
glycolysis
Putative beta 4 subunit of the 20S proteasome
Cis-prenyltransferase involved in dolichol synthesis
Nucleoside permease; transport adenosine and guanosine
Putative xylulokinase
Putative riboflavin (Vitamin B2) synthase
Protein of unknown function
Uncharacterized
Predicted vacuolar protein
Putative actin interacting protein; Sc ortholog is D-lactate
dehydrogenase
Ortholog(s) involved in the initiation of DNA replication
Protein of unknown function

Foldchange P-Value

-4.14 4.48E-07
-3.06 4.66E-08
-2.85 8.01E-07
-2.50 1.91E-06
-2.28
-1.97
-3.48
-2.48
-3.52

6.97E-06
9.74E-06
1.50E-08
4.58E-06
1.36E-06

-3.69
-4.51
-3.89
-3.02
-2.03

5.00E-08
8.99E-08
1.12E-08
1.09E-06
4.66E-06

-40.42
-12.76
-7.15
-5.29
-4.48
-4.24
-2.96
-2.62
-2.41

1.23E-10
1.47E-08
1.65E-08
8.37E-09
7.32E-08
3.89E-08
2.15E-07
4.46E-07
8.58E-08

-2.16 2.97E-07
-2.10 2.54E-06

Table III-1. (Cont.)
Up-regulated Genes
Cell adhesion and
biofilm formation
(GOID: 7155,
22610, 42710,
44011, 51703)

Miscellaneous
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orf19.3548.1
orf19.3160
orf19.4216
orf19.2121
orf19.4555
orf19.5437
orf19.508
orf19.4477

WH11
HSP12
ALS2
ALS4
RHR2
QDR1
CSH1

orf19.1258
orf19.2475

PGA26

orf19.1868
orf19.2531
orf19.2633.1
orf19.1847
orf19.2048
orf19.1863
orf19.842
orf19.3803
orf19.125
orf19.1862
orf19.251
orf19.3061.1
orf19.5620
orf19.1473
orf19.1149
orf19.4003

RNR22
CSP37
ARO10
ASR3
MNN22
EBP1
GLX3
MRF1
TIP20

orf19.1152
orf19.6816
orf19.2769
orf19.2047
orf19.1691

-

White-phase yeast transcript
Heat-shock protein
Putative heat shock protein
ALS family protein; role in adhesion and biofilm formation
GPI-anchored adhesin; role in adhesion, germ tube induction
Glycerol 3-phosphatase; roles in osmotic tolerance
Putative antibiotic resistance transporter
Aldo-keto reductase; role in fibronectin adhesion, cell surface
hydrophobicity
Adhesin-like protein
GPI-anchored adhesin-like protein of the cell wall; role in cell
wall integrity
Putative ribonucleoside diphosphate reductase
Cell wall protein; stationary-phase enriched; GlcNAc-induced
Uncharacterized
Aromatic decarboxylase; catabolic alcohol synthesis
Protein of unknown function
Predicted Rho guanyl-nucleotide exchange factor activity
Adenylyl cyclase and stress responsive protein
Alpha-1,2-mannosyltransferase
NADPH oxidoreductase
Possible stress protein
Glutathione-independent glyoxalase
Ortholog of S. cerevisiae proteins Rps22A and Rps22B
Protein of unknown function
2-hydroxyacid dehydrogenase domain-containing protein
Putative mitochondrial respiratory protein
Possibly involved in retrograde transport between the Golgi
and the endoplasmic reticulum
Protein of unknown function; induced in core stress response
Putative xylose and arabinose reductase
Putative protease B inhibitor
Putative protein of unknown function; Hap43p-repressed gene
Sc ortholog is cytochrome c oxidase subunit

10.64
3.85
3.64
3.64
3.47
3.11
2.19
2.11

1.07E-08
1.48E-07
1.88E-07
1.70E-06
2.37E-07
3.16E-06
1.34E-05
2.51E-05

2.35 2.15E-06
2.00 2.36E-06
4.27
3.58
3.23
3.04
3.00
2.69
2.50
2.50
2.49
2.36
2.36
2.32
2.24
2.20
2.19
2.01

1.10E-07
9.37E-08
9.14E-08
1.65E-07
1.25E-06
1.34E-05
4.13E-08
2.30E-07
1.30E-06
1.51E-05
2.52E-06
1.22E-05
1.38E-06
2.85E-05
2.69E-06
3.78E-06

2.01
2.00
2.00
2.00
2.00

1.06E-05
5.98E-07
3.17E-06
1.04E-05
1.54E-05

Table III-2. Doubling times for wild-type, bas1D and grf10D mutants.
Strain

Doubling time
+ade (min)

Doubling time
-ade (min)

Ratio

DAY286 (wt)

107 ± 1

104 ± 4

0.97

BAS1/ bas1Δ

106 ± 1

103 ± 1

0.97

bas1Δ

107 ± 1

202 ± 6

1.89

BAS1 restored

109 ± 4

140 ± 2

1.28

GRF10/grf10Δ

108 ± 1

103 ± 1

0.95

grf10Δ

104 ± 2

118 ± 1

1.13

GRF10 restored

104 ± 2

103 ± 4

0.99

OHWT (wt)

107 ± 2

106 ± 1

0.99

bas1Δ

110 ± 2

217 ± 5

1.97

BAS1 restored

106 ± 2

143 ± 1

1.35

grf10Δ

107 ± 4

118 ± 2

1.10

GRF10 restored

107 ± 2

106 ± 3

0.99
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Table III-3. C. albicans strains.
Strain

Relevant genotype

Source/Reference

BWP17

ura3Δ::λimm434/ura3Δ::λimm434 his1::hisG/his1::hisG

(Wilson, Davis et al. 1999)

arg4::hisG/arg4::hisG
DAY185

ura3Δ::λimm434/ura3Δ::λimm434 his1::hisG::HIS1/

(Davis, Edwards et al. 2000)

his1::hisG ARG4::URA3::arg4::hisG/ arg4::hisG
DAY286

ura3Δ::λimm434/ura3Δ::λimm434 his1::hisG/ his1::hisG

(Davis, Edwards et al. 2000)

ARG4::URA3::arg4::hisG/ arg4::hisG
RAC105

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

This study

his1::hisG/his1::hisG BAS1/bas1Δ::URA3
RAC108

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

This study

his1::hisG/his1::hisG bas1Δ::ARG4/bas1Δ::URA3
RAC111

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

This study

his1::hisG/his1::hisG bas1Δ::ARG4/bas1Δ::URA3::<BAS1, HIS1>
RAC114

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

(Ghosh, Wangsanut et al. 2015)

his1::hisG/his1::hisG GRF10/grf10Δ::URA3
RAC117

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

(Ghosh, Wangsanut et al. 2015)

his1::hisG/his1::hisG grf10Δ::ARG4/grf10Δ::URA3
RAC120

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

(Ghosh, Wangsanut et al. 2015)

his1::hisG/his1::hisG grf10Δ::ARG4/grf10Δ::URA3::<GRF10, HIS1>
SN152

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ /his1Δ URA3/ura3Δ

(Noble and Johnson 2005)

IRO1/iro1Δ
OHWT

arg4Δ/arg4Δ::ARG4 leu2Δ/leu2Δ::LEU2 his1Δ /his1Δ::HIS1

(Homann, Dea et al. 2009)

URA3/ura3Δ IRO1/iro1Δ
TF016

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ

(Homann, Dea et al. 2009)

IRO1/iro1Δ bas1Δ::HIS1/bas1Δ::LEU2
RAC255

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ

This study

IRO1/iro1Δ bas1Δ::HIS1/bas1Δ::LEU2::<BAS1, SAT1 flipper>
TF021

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ

(Homann, Dea et al. 2009)

IRO1/iro1Δ grf10Δ::HIS1/grf10Δ::LEU2
RAC256

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ

This study

IRO1/iro1Δ grf10Δ::HIS1/grf10Δ::LEU2:: <GRF10, SAT1 flipper>
TF004

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ
IRO1/iro1Δ pho4Δ::HIS1/pho4Δ::LEU2
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(Homann, Dea et al. 2009)

Table III-4. Primers.
Name

Descriptions

Sequences (5’ à 3’)

BAS1-

BAS1-pGEM3

CCAAATCCTCTGATGGTTTTATGCAACCCAGATTATTTTAGCA-

5DR

sequence

TTCTAACTCGTATCAGCgttttcccagtcacgacgtt

BAS1-

BAS1-pGEM3

ACTACAATCAATCATCGTATATTCTTACATTAGCATCTGA-

3DR

sequence

TTCTTATACACTAGAATACCtgtggaattgtgagcggata

BAS1-

Diagnostic

GTGAAGTTTCTGATGCGAC

DF

forward primer

BAS1-

Diagnostic

DR

reverse primer

B1RF

Restored allele

GCCAAGGGACCTATTTGC
CTGGATCCATTGGCAGCATTATTG

forward primer
B1RR

Restored allele

ACGGATCCACGCCTTAACCAACT

reverse primer
G10RF

Restored allele

AGTGGGCCCCTTAGTATTCAACGA

forward primer
G10RR

Restored allele

TGAGGGCCCGTATCATGACTTTG

reverse primer
ADE1
ADE2
ADE4
ADE5,7
ADE6
ADE8
ADE12

Forward primer

GAGACTATGCTGCTACTAAAGG

Reverse primer

CAACACTTCGTCAACAAGAAC

Forward primer

CGATTCGGATCTACCAGTTATG

Reverse primer

GGAGTTCTGTGTGCACTTAC

Forward primer

GTTGCCATGGCTAGAGAAG

Reverse primer

TGGTGTCAGCTAAATCAATCC

Forward primer

CTCATATTACTGGTGGAGGATTAG

Reverse primer

ATCTCTGGTACTTGCCATTG

Forward primer

GCAGCTGATATCCCTTCATTAG

Reverse primer

TCCATACCAATGGCTTGAA

Forward primer

CTTTGGAGAAGGCAGGAATC

Reverse primer

CTCCATCTTGACCAGCTTTC

Forward primer

GGTCCATTCCCAACAGAAC

Reverse primer

ATCCAACCAACCACATCTTC
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Table III-4. (Cont.)
ADE13

Forward primer

ACAAGAAGGTGGCGATAATG

Reverse primer

GTTTGTTGAGGAGCTCTACC

Forward primer

AACAAGGTGCTGTTGATTTG

Reverse primer

CTCCTAAGCCGATAACCATAC

Forward primer

TGTCCCATCCATTGGTAAAG

Reverse primer

AAGAGGTCGCATCAGAAAC

Forward primer

CAAATTGATGGTGCTAGAGTTG

Reverse primer

CTAACTCCACCTGGAACTAAAG

MIS11

Forward primer

AATGTATGGTGCTGGTGAAG

(ADE3)

Reverse primer

GTCTTGGCGATACAGATTGG

NUP

Forward primer

GACCACCTCCATCAATGTC

Reverse primer

TTGGAGTACCAGCAATAACC

Forward primer

TTCGTCAAATCCGGTGATG

Reverse primer

CTGACAGCGAATCTACCTAATG

ADE17
MTD1
SHM2

TEF1
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Figure III-1. The purine salvage, AMP de novo biosynthesis, and one-carbon metabolic
pathways of C. albicans. Genes identified by microarray analysis are circled in red. Enzymes
and the genes encoding them that catalyze de novo purine biosynthesis and salvage pathways
(from top to bottom): glutamine phosphoribosylpyrophosphate amidotransferase (ADE4);
glycinamide ribotide synthase (ADE5); glycinamide ribotide transformylase (ADE8);
formylglycinamide synthase (ADE6); aminoimidazole ribotide synthase (ADE7);
aminoimidazole ribotide carboxylase (ADE2); succinylamino-imidazolecarboxamide ribotide
synthase (ADE1); adenylosuccinate lyase (ADE13); aminoimidazole carboxamide ribotide
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transformylase and IMP cyclohydrolase (ADE17); adenylosuccinate synthase (ADE12); and
nucleoside permease (NUP). Enzymes catalyzing the reactions in one-carbon metabolism are
named as follows: serine hydroxymethyltransferase (SHM2); NAD+-dependent 5,10methylenetetrahydrafolate dehydrogenase (MTD1); mitochondrial C1-tetrahydrofolate synthase
(ADE3 or MIS11).
Intermediate metabolites are abbreviated as follows (from top to bottom): PRPP, 5phosphoribosyl-α-1-pyrophosphate; PRA, 5-phospho-β -d-ribosylamine; GAR, 5phosphoribosyl- glycinamide; FGAR, 5′ -phosphoribosyl-N-formylglycinamide; FGAM, 5′ phosphoribosyl-N-formylglycinamidine; AIR, 5′ -phosphoribosyl-5-aminoimidazole; CAIR, 5′ phosphoribosyl-5-amino- imidazole-4-carboxylate; SAICAR, 5-amino-4-imidazole-Nsuccinocarboxamide ribonucleoside; AICAR, 5-amino-4-imidazolecarboxamide ribonucleoside;
FAICAR, 5′ -phosphoribosyl-4-carboxamide-5- formamidoimidazole; IMP, inosine
monophosphate; SAMP, adenylosuccinate; THF, tetrahydrofolate.
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Figure III-2. The bas1∆ and grf10∆ mutants exhibit leaky adenine auxotrophy. A. The wild
type (DAY286), BAS1 heterozygote (RAC105), bas1∆ (RAC108), BAS1 complemented strains
(RAC111), and GRF10 heterozygote (RAC114), grf10∆ (RAC117), GRF10 complemented
strains (RAC120) from C. albicans in the BWP17 background were grown overnight in YPD
medium and were spotted at starting OD600 = 0.1 on SC medium containing and lacking adenine
agar plate (333.75 µM). The plates were incubated for 48 hours at 30°C. B. Wild-type (OHWT),
mutant strains bas1Δ (TF016) and grf10Δ (TF021), and complemented strains (BAS1 R and
GRF10 R) in the SN152 background were grown as same conditions as in A.
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Figure III-3. Grf10 is not required for growth under phosphate limitation in C. albicans. C.
albicans wild-type (OHWT), grf10D (TF021Δ) and pho4D (TF004Δ) and control S. cerevisiae
wild-type, pho2D and pho4D mutants were grown overnight in YPD medium overnight, and
streaked out for single colonies on YPD medium containing and lacking inorganic phosphate for
2 days at 30°C.
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Figure III-4. The expression of ADE regulon is strongly downregulated in the bas1Δ and
grf10Δ mutants. Wild-type (DAY286), bas1Δ (RAC108), and grf10Δ (RAC117) mutants were
grown in SC +Ade and shifted into medium containing and lacking adenine; cells were harvested
and RNA was prepared (see Materials & Methods for details). Relative gene expression was
calculated by the DCT method using TEF1 as the reference gene. Expression was normalized to
the wild-type strain under repressing (+Ade) conditions; this value is 0, but is depicted here as
0.1 for visualization (yellow bars). Elevated expression from the derepressed wild-type (-Ade) is
shown as red bars; repressed and depressed expression levels from the bas1Δ mutant are shown
in light green and dark green, respectively; and for the grf10Δ are shown in light blue and dark
blue, respectively. Error bars indicate the standard deviation.
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Figure III-5. The expression of one-carbon metabolic genes and nucleoside permease are
differentially regulated by Bas1 and Grf10. Strains were grown, RNA was prepared, and gene
expression was analyzed as described in Figure III-4. The bars are color-coded as in Figure III4. A. Genes in the one-carbon metabolic pathway. B. Expression of nucleoside permease.
Error bars indicate the standard deviation.
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Figure III-6. Disruption of BAS1 mildly affects hyphal formation. To induce hyphae, wildtype and bas1Δ mutant strains were grown overnight in YPD medium and washed twice with
sterile water. Cell densities were adjusted to 2´107 cfu/ml, 5 µl of each strain was spotted onto
YPD+ 10% serum, M-199, and spider solid media, and plates were incubated for 3 days at 37°C
and photographed. The induction of hyphae was performed at least three times, and
representative examples are shown for each strain. Bar, 500 µm.
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Figure III-7. The bas1D mutant is less virulent in a mouse model of infection. Mice were
infected with 1× 106 cells of a wild-type strain (DAY185) or with the heterozygous and
homozygous null mutants of BAS1 through the lateral tail vein, and survival was monitored for
up to 15 d post-infection. Survival of mice infected with: ●, wild type (DAY185); ○,
heterozygote RAC105; Δ, homozygous null mutant RAC108; □, restored strain RAC111.
Difference from DAY185 is significant for RAC108 (p = 7.53×10-6) for RAC108 but not
significant for RAC105 and RAC111 (p > 0.05).
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Chapter IV: Functional mapping of transcription factor Grf10 that regulates adenineresponsive and filamentation genes in Candida albicans

Introduction

3

The ability of organisms to sense changes in environmental conditions and respond to
them is essential for viability. Transcriptional regulators control gene expression to orchestrate
responses to different signaling cues, and to maintain homeostasis in continually fluctuating
environments. Candida albicans is a commensal fungus that resides naturally in the human
gastrointestinal tract, mucosal membranes, and on skin (Odds 1987, Calderone and Fonzi 2001).
However, C. albicans can also cause superficial yeast infections in immunocompetent people
and lethal systemic infections in those with weakened immune systems (Kirkpatrick 1994,
Dadar, Tiwari et al. 2018, Sherrington, Kumwenda et al. 2018). As a result, C. albicans has a
remarkable ability to adapt itself to the varying physiological conditions in human hosts.
Transcriptional control plays a central role in the regulation of pathogenic-related
attributes that are mainly involved with metabolic fitness and virulence (Brown, Brown et al.
2014, Sherrington, Kumwenda et al. 2018). Fitness attributes are required to support cellular
growth and survival while virulence attributes are required to increase the likelihood of C.
albicans to cause and establish infections. Transcription regulators such as Efg1, Tup1, Gcn4,
and Ace2 have been showed by transcriptomic analyses to regulate the expression of metabolic

This chapter was published: Wangsanut, T., J. M. Tobin and R. J. Rolfes (2018). "Functional
mapping of transcription factor Grf10 that regulates adenine-responsive and filamentation genes
in Candida albicans." mSphere in press. Supplemental data can be found in this link
https://msphere.asm.org/content/3/5/e00467-18.
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and virulence genes in C. albicans (Murad, d'Enfert et al. 2001, Tripathi, Wiltshire et al. 2002,
Doedt, Krishnamurthy et al. 2004, Mulhern, Loque et al. 2006). These studies underscore the
critical role of transcription factors in coordinating expression of fitness and virulence related
genes for C. albicans to respond and survive in changing environments.
Recently, we established the role of the homeodomain-containing transcription factor
Grf10 as an additional regulator that controls metabolism and virulence in C. albicans (Ghosh,
Wangsanut et al. 2015, Wangsanut, Ghosh et al. 2017). Grf10 in conjunction with the
transcription factor Bas1 regulates metabolism by upregulating the expression of genes for
adenylate biosynthesis (ADE genes), one-carbon metabolism, and a nucleoside permease (NUP)
under adenine limitation (Wangsanut, Ghosh et al. 2017). Grf10 is implicated in virulence
attributes by controlling yeast-hyphal morphogenesis (Ghosh, Wangsanut et al. 2015), one of the
most well-documented virulence factors found in C. albicans (Sudbery 2011). The grf10∆
mutant exhibits hyphal growth defects and has attenuated virulence in animal models of infection
(Romanowski, Zaborin et al. 2012, Ghosh, Wangsanut et al. 2015). Overexpression of GRF10
triggers hyphal formation in yeast-promoting conditions and the expression of the GRF10 gene is
upregulated during hyphal-inducing conditions (Chauvel, Nesseir et al. 2012, Nobile, Fox et al.
2012, Desai, Bruno et al. 2013, Ghosh, Wangsanut et al. 2015). Together, these results
emphasize a critical role for the Grf10 transcription factor in governing C. albicans growth and
virulence.
Even though several studies have recognized that transcription factors coregulate
metabolism and virulence in C. albicans, insights into the mechanisms for this integration are
still missing. In this study, we mapped the functional domains of Grf10. Using artificial
constructs containing the LexA DNA binding domain and the lexAop-HIS1 reporter system
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(Stynen, Van Dijck et al. 2010), we mapped two activation domains toward the C-terminus of
Grf10, one of which responds to temperature, and found that LexA-Grf10 directly senses the
adenine limitation signal without the co-regulator Bas1. Overexpression of LexA-Grf10 drove
filamentation; the homeodomain, but not Bas1 or adenine levels, was required for LexA-Grf10 to
induce filamentation. A conserved interaction region (IR) is predicted to mediate interactions
with protein partners necessary for transcription. Mutation of residues within the IR, D302A and
E305A, and introduction of the mutant gene into strains led to a weak adenine auxotrophy and an
inability to promote hyphal growth in the native Grf10 protein and leads to unregulated
activation in the LexA-Grf10 protein. Together, our results provide evidence for separate
regulation of adenylate biosynthesis and filamentation by Grf10, and suggest that intramolecular
interactions mask activation domains until interrupted by protein partner interactions.

Results

Functional mapping of Grf10 activation domains
We reasoned that understanding the structure-function relationship of the Grf10 protein
might lead to insights of how Grf10 regulates adenylate metabolism and filamentation. We
compared Grf10 with ScPho2 (ScPho2 is the S. cerevisiae orthologue of Grf10) and with other
Candida species (Skrzypek, Binkley et al. 2017) using BLAST and SIM tools. As shown in
Figures IV-1A, Grf10 is composed of 685 amino acids and contains a highly conserved DNA
binding homeodomain near the N-terminus (amino acids 38-96). There are two additional
conserved regions: the first region, named CR for Central Region, is located between amino
acids 154-248 and is conserved among hemiascomycetes, species that are closely related to
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Candida (Diezmann, Cox et al. 2004, Skrzypek, Binkley et al. 2017). The second region is the
Interaction Region (named IR), is located between amino acids 272-351, and contains residues
that are conserved across a wider range of fungal species including both ascomycetes and
basidiomycetes (Figure IV-1B, Supplemental Figure S1 in Wangsanut, et al. 2018). Interestingly,
these proteins are involved in morphological development and nutrient metabolism (Table IV-1).
In S. cerevisiae, the IR is required for protein partner interactions (Bhoite, Allen et al. 2002,
Hannum, Kulaeva et al. 2002). The carboxy-terminal half of the protein lacks conserved
sequences or identified functional domains.

Because Grf10 promotes gene expression

(Wangsanut, Ghosh et al. 2017), we hypothesized that it contains activation domain(s), as
opposed to transcriptional repression domains; however, unlike other functional domains, the
sequences of activation domains are poorly conserved and are defined experimentally for
individual transcription factors (Martchenko, Levitin et al. 2007).
To map the activation domain(s) of Grf10, we fused various portions as well as the fulllength GRF10 gene to the CUG codon-optimized LexA DNA-Binding Domain (Stynen, Van
Dijck et al. 2010), as shown in Figure IV-2A. Our choices for GRF10 fragments came from
assessing regions of conservation obtained from protein alignments between Grf10 and other
fungal homeodomain-containing proteins. The fusion protein constructs were expressed under
the inducible MET3 promoter, which drives construct overexpression under methionine
limitation conditions and is moderately repressed under standard synthetic complete (SC)
medium which contains methionine (Care, Trevethick et al. 1999, Stynen, Van Dijck et al. 2010).
Plasmids were transformed into the C. albicans strain harboring the lexAop-HIS1 reporter. We
confirmed that expression of Grf10 fusion proteins is inducible under methionine limitation
(Figure IV-2B, left panel; shown for the Grf10 full-length construct, data not shown for the
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truncation constructs). The fusion proteins are all stable, as assessed by Western analysis, except
for construct IR6 that carries only the IR (Figure IV-2B, right panel).
We used one-hybrid assays to examine the ability of the Grf10 fragments to express HIS1
by plating cells on SC−His medium. The Grf10 activation domains were localized to two
regions (Figure IV-2A). Activation domain-1 (AD1) was found between residues 278-435 in
construct IRC100, which contains the conserved IR plus 100 amino acids C-terminal to it (see
Figure IV-2C, bottom panel). Interestingly, AD1 activated the HIS1 reporter gene at 37°C but
not at 30°C (Figure IV-2C, compare top and bottom panels). The full-length Grf10 fusion protein
also activated the HIS1 reporter at higher levels at 37°C than at 30°C (Figure IV-2C, compare
top and bottom panels), which may be due to AD1. Western analysis indicated little difference
(less than 2-fold) in the stability of these fusion proteins at the two temperatures (Figure IV-2B,
left); steady state levels of the full-length Grf10 at 37ºC was ~75% of that at 30ºC whereas the
IRC100 at 37ºC was 158% of that at 30ºC. These small differences do not correlate with the
growth of the strains on media lacking histidine. In silico analysis revealed a glutamine-rich (Q)
region (13 of 24 amino acids) found from 353-376 within the AD1 region; glutamine-rich
regions are known to be important for protein-protein interactions and transcriptional activation
(Courey and Tjian 1988, Seipel, Georgiev et al. 1992) (Supplemental Figure S2A and B in
Wangsanut, et al. 2018). Analysis also identified a nine-amino-acid Transactivation Domain
(9aaTAD) motif (Piskacek, Havelka et al. 2016) located from 345-353 within AD1
(QYLSQFILQ) (Supplemental Figure S2A and C in Wangsanut, et al. 2018). Both of these
motifs are consistent with the idea that the the region 278-435 of the Grf10 functions as a
transcriptional activation domain. Interestingly, a larger fragment, NIRC (from 159-435) did not
promote expression of HIS1 reporter at either temperature, suggesting that CR inhibits AD1 (see
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Figure IV-2C, bottom panel).
The second activation domain (AD2) was found in constructs Cterm-2 and Cterm-3
(Figure IV-2A), mapping it to the C-terminus between 560-685. AD2 affected growth differently
than AD1. Cells were able to grow on medium lacking histidine when these two constructs were
expressed at moderate or induced levels (on SC−His and SC−His−Met, respectively). However,
cells exhibited attenuated growth on SC medium; this growth inhibition is not due to HIS1
reporter gene expression because histidine was present. These findings are consistent with
toxicity due to overexpression of an unregulated activation domain (Berger, Cress et al. 1990,
Kelleher, Flanagan et al. 1990, Drysdale, Duenas et al. 1995). The C-terminal region is 126
amino acids long (18% of the total length) and it carries several motifs associated with activation
domains: (a) it is acidic (31% of the aspartic and glutamic acids and only 8% of the lysines and
arginines) and contains 25% of the phenylalanines, consistent with the activation domains that
are acidic with bulky hydrophobic residues (Triezenberg 1995), (b) a 9aaTAD sequence is found
from 675-683 (TNLDSFIDF) (Supplemental Figure S2A and C in Wangsanut, et al. 2018), and
(c) a short polyglutamine sequence is found from 663-666.

Overall, we mapped the two

activation domains in Grf10, both located in the C-terminal half of the Grf10 protein.

Interaction Region (IR) of Grf10
Grf10 regulates expression of purine biosynthesis, one-carbon metabolic, and
filamentation genes in C. albicans and protein partner interaction may be necessary for
regulation. The conservation of the interaction region paired with the characterized functional
role in the ScPho2 protein led us to hypothesize that the IR is a Grf10 interaction domain. To
map the Grf10 interaction domain, we used the Candida two-hybrid assay (Stynen, Van Dijck et
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al. 2010), repeating the positive and negative controls (Supplemental Figure S3A in Wangsanut,
et al. 2018). Because Grf10 and Bas1 are both required to upregulate adenine responsive genes
(Wangsanut, Ghosh et al. 2017), we used Grf10 fragments as “bait” and full-length Bas1 fused to
VP16 as “prey.” The minimal IR fragment, construct IR6, was unstable (Figure IV-2B). We
lengthened it by extending the IR in constructs IR5, IRC100, and NIRC; each of these constructs
produced stable proteins (Figure IV-2B). However, we could not detect an interaction between
the LexA-fusion proteins IR5, IRC100 or NIRC and Bas1-VP16 (Supplemental Figure S3B in
Wangsanut, et al. 2018). We flipped the constructs, placing full-length Grf10-VP16 in the prey
context with LexA-Bas1 as bait; nonetheless, we could not detect interaction with LexA-Bas1
(Supplemental Figure S3C in Wangsanut, et al. 2018). As noted by Stynen and colleagues, some
expected interactions might not work in the Candida two-hybrid system due to intrinsic
limitations of fusion proteins (Stynen, Van Dijck et al. 2010). Overall, we were not able to use
the Candida two-hybrid approach to map the Grf10 interaction domain.

LexA-Grf10 displays adenine-responsive activation
Grf10 is required for full expression of ADE and one-carbon metabolic genes in the
absence of adenine, but it does not affect basal expression in the presence of adenine
(Wangsanut, Ghosh et al. 2017). Thus, we hypothesized that the ability of LexA-Grf10 to
activate transcription is dependent on adenine limitation. To test this, we examined the ability of
the LexA-Grf10 fragments and full-length fusion proteins to express lexAop-HIS1 in the presence
and absence of adenine. The carboxy-terminal constructs – Cterm1, Cterm2 and Cterm3 – did
not show any differences in their ability to activate transcription in the presence of adenine
(Figure IV-2C) than in its absence (data not shown). The full-length LexA-Grf10 fusion protein
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was responsive to adenine, more strongly activating transcription of the lexAop-HIS1 reporter at
30°C when adenine was limited (Figure IV-3A); both the full-length LexA-Grf10 and IRC100
showed adenine-responsive activation at 37°C (Figure IV-3B). The results indicate that Grf10
functions as a stronger activator when adenine is depleted and suggest that Grf10 activation
activity is normally masked, likely by the IR, under adenine repressing conditions.

Adenine responsive transactivation by LexA-Grf10 is independent of Bas1
We hypothesized that Bas1 is required for the adenine-responsive activation by LexAGrf10 given that both Grf10 and Bas1 are necessary for ADE gene transcription (Wangsanut,
Ghosh et al. 2017) and the absence of adenine regulated ScBas1-ScPho2 interaction in S.
cerevisiae (Zhang, Kirouac et al. 1997, Pinson, Kongsrud et al. 2000). To do this, we deleted
both alleles of BAS1 in the lexAop-HIS1 reporter strain, and confirmed that the bas1∆ mutant
exhibited adenine auxotrophy that was reversed by restoration of BAS1 or adenine
supplementation (Figure IV-4A).
Unexpectedly, LexA-Grf10 responded to adenine levels to activate the lexAop-HIS1
reporter whether or not Bas1 was present (Figure IV-4B). There was an increase in the basal
expression of HIS1 that was associated with ARG4 (Supplemental Figure S4 in Wangsanut, et al.
2018), suggesting increased basal promoter activity (from ADH1), or weakened adeine
repression in the LexA fusion protein. Although the basal expression of the lexAop-HIS1 reporter
increased, the adenine-dependent regulated expression of this reporter by LexA-Grf10 is
independent of Bas1. This result indicates that the adenine signal is transmitted directly to Grf10
without requiring Bas1.
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Overexpression of LexA-Grf10 promotes filamentation and is dependent on the homeodomain
We observed that colonies displayed rough edges when the LexA-Grf10 full-length
protein was overexpressed (Figure IV-5A), suggesting an induction of filamentation under yeastgrowth conditions. We found increased hyphal formation on solid agar plates and in liquid broth
when LexA-Grf10 was overexpressed (Figure IV-5A and IV-5B). None of the one-hybrid LexAfusion constructs were able to induce filamentation (Figure IV-5A). Thus, these results indicated
that overexpression of entire Grf10 protein is required to drive filamentation and suggested that
the LexA-Grf10 protein is going to other gene targets (outside of lexAop-HIS1) to promote
filamentation.
We hypothesized that this filamentation is dependent on the homeodomain of Grf10
within the LexA-Grf10 fusion protein. To test this, we mutated two conserved residues within
the homeodomain to alanine; these amino acids, W83 and N86, recognize DNA and have been
shown in ScPho2 to be critical for DNA binding and subsequent transcriptional activation
(Justice, Hogan et al. 1997, Zhang, Kirouac et al. 1997). The alanine substitutions did not
change the protein stability (data not shown). Both LexA-Grf10 and LexA-Grf10W83A,N86A
promoted adenine-regulated expression of lexAop-HIS1 to the same extent, indicating that the
homeodomain is not required at this locus (Figure IV-5C). Importantly, overexpression of the
lexA-grf10-W83A,N86A mutant completely failed to promote filamentation both on SC−Met
solid and liquid media (Figure IV-5B). These results showed that overexpression of LexA-Grf10
affects expression from other native promoters beyond the lexAop-HIS1 due to its own DNA
binding homeodomain.
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Filamentation driven by LexA-Grf10 overexpression is independent of Bas1 and adenine
We wondered whether Bas1 was required for induction of filamentation by LexA-Grf10.
To test this, we overexpressed LexA-Grf10 in the BAS1, bas1Δ, and BAS1-restored strains, and
assessed filamentation.

LexA-Grf10 overexpression triggered filamentation independent of

adenine (Figure IV-6). In the bas1Δ strain, LexA-Grf10 overexpression induced filamentation
when adenine was provided (Figure IV-6). When both adenine and Bas1 were absent, there were
fewer hyphae produced and this filamentation defect was reversed by restoration of BAS1. This
defect is likely a hyphal-slow growth phenotype, consistent with the slow growth of the yeast
form bas1Δ mutant under adenine limitation (Wangsanut, Ghosh et al. 2017). These data
indicate that filamentation due to overexpression of LexA-Grf10 is independent of Bas1,
provided there is sufficient adenine in the medium to support cell growth.

Residues D302 and E305 within the IR are important for activation by Grf10
Overexpression of LexA-Grf10 induces filamentation, and this requires its ability to bind
DNA through the homeodomain; interaction with partner proteins is necessary for high-affinity
DNA binding by ScPho2 (Pinson, Kongsrud et al. 2000, Bhoite, Allen et al. 2002, Hannum,
Kulaeva et al. 2002, Som, Mitsch et al. 2005). Therefore, we hypothesize that the IR of Grf10 is
important for the same function. Key amino acids within this region are predicted to be critical
for partner interaction. To test this, we generated substitution mutations in three conserved
amino acids within the IR core (see Figure IV-1B), changing D302, E305 and Q308 to alanine.
The mutations were examined (1) as LexA-Grf10 fusion proteins, and (2) as Grf10 isoforms,
integrated into the grf10Δ null mutant strain at the native locus and expressed from the native
promoter.
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In the LexA fusion context, the alanine substitutions did not alter the protein levels
(Figure IV-7A), indicating that these mutations do not affect protein stability. The LexAGrf10D302A and LexA-Grf10E305A proteins promoted transcription of lexAop-HIS1 reporter at
higher levels than LexA-Grf10, whereas the LexA-Grf10Q308A protein was no different than
LexA-Grf10 (Figure IV-7B). Interestingly, transcription of HIS1 by LexA-Grf10D302A was not
adenine-repressible at either moderate or induced levels of expression, but transcription
dependent on the LexA-Grf10E305A protein was still adenine repressible (see high expression at
24-hr and low expression at 48-hr). Deletion of BAS1 did not affect the high activation of lexAopHIS1 reporter by LexA-Grf10D302A (Figure IV-7C), supporting a critical role for D302 in
generating an adenine response in Grf10.
In the native protein context, we examined the ability of the Grf10 mutants to promote
growth on medium lacking adenine. The grf10-D302A allele failed to complement the growth
defect of the grf10Δ mutant when adenine was limited (Figure IV-8A, left). This result was
intriguing because of the results above that showed constitutive activation of lexAop-HIS1 by
LexA-Grf10D302A; this suggests that D302 is involved in additional activities beyond masking the
activation domain. Conversely, the grf10-E305A allele was able to restore the prototrophy of the
grf10Δ mutant (Figure IV-8A, right).
Second, we assessed the ability of the grf10-D302A and grf10-E305A alleles to restore
the filamentation defect found in the grf10Δ mutant. On solid spider medium, the grf10Δ mutant
forms a wrinkled central region but lacks the peripheral filamentous region seen in the wild type,
and the restored heterozygous strain exhibited shortened peripheral hyphae (Figure IV-8B), as
previously reported (Ghosh, Wangsanut et al. 2015). Under these conditions, the peripheral
hyphae of the restored strain contribute to ~39% of the macrocolony’s diameter. We found that
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the grf10-D302A restored strain lacked the peripheral hyphae (Figure IV-8B), indicating that this
allele behaved as a null allele with regard to filamentation. The grf10-E305A allele formed a
macrocolony with dramatically shortened peripheral hyphae that accounted for ~20% of the
diameter; thus, this allele partially restored the hyphal defect of the grf10Δ mutant (Figure IV8B). Together, these results showed different specific phenotypic effects of substitutions in the
IR and demonstrated a critical role for D302 in filamentation and ADE gene regulation.

Discussion

Grf10 is a homeodomain transcription factor unique among other fungal homeodomaincontaining transcription factors, such as Ste12 and Mata1/Matα2 (reviewed in (Hsueh and
Heitman 2008, Butler 2010, Hoi and Dumas 2010, Rispail and Di Pietro 2010)), because it
regulates both morphology (yeast vs hyphae) as well as metabolic pathways. In this study, we
characterized the functional domains of Grf10 and identified key residues that contribute to
responses to adenine limitation and filamentation cues. We mapped the Grf10 activation domains
to the C-terminal half of the protein, with two smaller regions, AD1 and AD2, that each contains
multiple activation domain motifs, one of which, AD1, showed temperature dependent activation
at 37ºC. This temperature effect may be due to altered conformational changes in Grf10 or in
another protein that affects Grf10’s ability to transactive. High temperature (37ºC) is well
known to be a critical factor for the dimorphic transition in C. albicans (reviewed in (O'Meara
and Cowen 2014)); however, the basis of this temperature effect on filamentation remains
enigmatic. Direct effects of temperature on transcription factors could be a cellular mechanism
that promotes the hyphal transition.
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Our data are consistent with a model in which LexA-Grf10 is folded into an inactive
transcription factor, bound to DNA though the strong LexA DNA binding domain: the CR region
(residues 152-270) inhibits transactivation by AD1 in the context of the LexA-NIRC protein and
might do so in the full-length protein. The IR also mediates inhibition; D302 is critical for
masking the activation domains, and E305 may play a similar but smaller role. In the native
protein, the roles for these amino acids of the IR are more pivotal and complex. The Grf10D302A
protein, and to a lesser extent the Grf10E305A protein, failed to respond to the adenine limitation
and hyphal inducing cues, consistent with roles for these amino acids in IR to interact with coregulators – Bas1 for adenine and unknown protein(s) during filamentation – in order to form a
stable ternary complex with DNA, similar to what was seen in S. cerevisiae (Pinson, Kongsrud et
al. 2000, Bhoite, Allen et al. 2002, Som, Mitsch et al. 2005, Pinson, Vaur et al. 2009).
We also found differences in the response to adenine levels between Grf10 and ScPho2 as
revealed by LexA fusion protein assays.

In S. cerevisiae, LexA-Pho2 confers constitutively

high levels of transcription, independent of adenine levels, as measured by β-galactosidase
reporter assays (Zhang, Kirouac et al. 1997). However, in this study, LexA-Grf10 in C. albicans
displayed adenine responsive activation of the HIS1-reporter, leading to growth differences.
Neither fusion protein required their Bas1 partner protein for expression of the reporter; the lack
of dependence on the Bas1 proteins is likely due to the strength of the LexA DNA binding
domain-lexAop interaction. The lack of growth on SC−His +Ade medium vs. the high expression
of the lacZ reporter, in the face of constitutive DNA binding, indicates that masking of the
activation domains in LexA-Grf10 occurs to a greater extent than in LexA-Pho2.
The alanine substitutions, homeodomain mutation, and BAS1 deletion analyses revealed
that Grf10 controls the filamentation and adenine limitation responses separately.
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Overexpression of LexA-Grf10 (Figures 5 and 6) or of Grf10 (Chauvel, Nesseir et al. 2012)
promote hyphal formation; because the GRF10 gene is normally upregulated under hyphalinducing conditions and during biofilm formation (Nobile, Fox et al. 2012, Ghosh, Wangsanut et
al. 2015), it is reasonable to think that overexpression of GRF10 mimics this upregulation to
further hyphal formation. In S. cerevisiae, ScBas1 and ScPho4 compete to interact with Pho2,
leading to coordinated regulation of de novo purine biosynthesis with phosphate homeostasis
(Zhang, Kirouac et al. 1997, Pinson, Vaur et al. 2009). By analogy, it is possible that Bas1 and
other unknown protein partner(s) compete for Grf10; increased expression of Grf10 during
filamentation could alter the competition dynamics allowing for coordinate expression of hyphal
growth and cellular nucleotide synthesis in C. albicans. Future studies will shed light on novel
GRF10 target genes and additional Grf10 protein partners that regulate filamentation, and reveal
if competition for Grf10 by protein partners leads to coordinated regulation of filamentation and
purine metabolism in C. albicans.
Interestingly, Grahl and colleagues demonstrated that the level of signaling through the
Ras/PKA pathway depends on intracellular ATP levels, such that low levels of ATP override
hyphal-inducing cues to prevent filamentation (Grahl, Demers et al. 2015). ATP levels also
modulate flux through the de novo purine biosynthesis pathway by feedback inhibition in S.
cerevisiae (Rébora, Desmoucelles et al. 2001).

Low ATP levels generate a biosynthetic

intermediate, AICAR (5-amino-4-imidazole carboxamide ribotide), that signals adenylate
limitation to increase ADE gene expression (Rébora, Desmoucelles et al. 2001, Pinson, Vaur et
al. 2009). AICAR stimulates interaction between ScBas1 and ScPho2 (Pinson, Vaur et al. 2009),
stabilizes ScPho2 binding to DNA (Som, Mitsch et al. 2005), and results in increased gene
expression (Rébora, Desmoucelles et al. 2001, Som, Mitsch et al. 2005). Grf10 is responsive to

99

the adenine-limitation signal and thus may coregulate filamentation with intracellular adenylate
pools to ensure sufficient nucleotides and cellular energy for hyphal growth.
We found that there are several ways for C. albicans to regulate Grf10, including
masking Grf10 activation domains, altering the ability to transactive by temperature, increasing
expression of GRF10, and changing interacting protein partners. The multiple layers of Grf10
activity regulation underscore the importance of Grf10 in precise regulation of C. albicans
cellular processes. Grf10 has orthologues in many fungal species, including other plant and
animal pathogens such as Aspergillus (both A. nidulans and A. fumigatus), rice blast fungus
(Magnaportha oryzae), gray mold disease (Botrytis cinerea), and corn smut (Ustilago maydis).
We suggest that the conserved IR in these orthologues is important for protein partner
interactions that could regulate morphogenesis and metabolism.

Thus, this study provides

fundamental knowledge that could potentially lead to the development of novel therapeutic
interventions not only for C. albicans, but also for other fungal pathogens.

Materials and Methods

Strains and growth media
Candida albicans strains were grown in YPD (containing 1% yeast extract, 2% peptone
and 2% dextrose) or SC medium (containing 2% dextrose, 0.5% ammonium sulfate, 0.17% yeast
nitrogen base and was supplemented with one of the following amino acid mixes: CSM−Met,
CSM−His−Ade−Met, CSM−Leu, CSM−His, CSM−Ade or CSM−Arg (Sunrise Science Products
or MP Biologicals)) (Sherman 1991); histidine (0.3 mM), methionine (0.3 mM) and adenine (0.3
mM) were added as indicated in the figures. Hyphal formation was monitored on solid spider
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medium (Liu, Köhler et al. 1994). Strains were maintained at room temperature on YPD plates
and re-streaked weekly from frozen stocks.
Strains of C. albicans used and generated in this study are listed in Supplemental Table
S1 (see in Wangsanut, et al. 2018; Birse, Irwin et al. 1993, Wilson, Davis et al. 1999, Davis,
Edwards et al. 2000). Derivatives of strain SC2H3 that express a LexA-fusion bait plasmid
(Supplemental Table S2 in Wangsanut, et al. 2018, construction described below) were
generated by linearizing each plasmid with NotI and transforming it into strain SC2H3; selection
was made on SC-Leu medium (Stynen, Van Dijck et al. 2010). Correct plasmid integration,
between genes XOG1 and HOL1 in selected transformants, was verified by diagnostic PCR using
bait integration primers (Supplemental Table S3) that yielded a 2.2 kb product.
Strains RAC259 and RAC260 express mutated grf10-D302A and grf10-E305A alleles,
respectively, at the native locus, and were constructed by restoring the allele into the grf10Δ
strain RAC117, as described (Ghosh, Wangsanut et al. 2015). Plasmids pGEM-D302A and
pGEM-E305A were linearized with Bpu10I and used to transform RAC117, selecting for
histidine prototrophy on SC-His medium. Correct plasmid integration was verified by diagnostic
PCR using primers US600-GRF10-F and HIS-R.
BAS1 was deleted from strain SC2H3 in two steps. The bas1∆::ARG4 allele was
amplified from genomic DNA of RAC108 using primers BAS1-DF and BAS1-DR (Wangsanut,
Ghosh et al. 2017); this DNA transformed SC2H3, selecting on SC−Arg medium. Confirmation
of the BAS1/bas1∆::ARG4 heterozygous genotype in RAC285 was made by using primers
BAS1-500-US-F and BAS1-500-DS-R. The bas1∆::SAT1 flipper allele was amplified from
plasmid pSFS2A (Reuss et al., 2004) using primers BAS1-KO-F and BAS1-KO-R, and used to
transform strain RAC285, selecting for nourseothricin resistance. Confirmation of bas1∆::ARG4
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/bas1∆::SAT1 flipper genotype in strain RAC286 was performed using primers BAS1-500-US-F
and BAS1-500-DS-R.
Strain RAC286 was transformed with plasmids pC2HB (empty bait), pC2HB-GRF10 and
pC2HB-grf10-D302A – selecting for leucine prototrophy and integration was confirmed as
described below – to generate strains RAC287, RAC288, and RAC289, respectively. The Sat1flipper cassette was excised from RAC2888 as described (Reuss, Vik et al. 2004), generating
strain RAC290. BAS1 was restored in strain RAC290 using PshAI-linearized pSFS2A-BAS1, as
described (Wangsanut, Ghosh et al. 2017), generating strain RAC291.

Plasmids
Plasmid pC2HB (Stynen, Van Dijck et al. 2010) was modified to contain various GRF10
fragments or GRF10 point mutated alleles. To generate constructs IR5, IR6, IRC100, NIRC,
Cterm1, Cterm2, Cterm3 and full-length, GRF10 fragments were PCR amplified (PrimeStar
from Takara or OneTaq from NEB) using genomic DNA prepared from C. albicans strain
SC5314 and primers as listed in Supplemental Table S3 (see in Wangsanut, et al. 2018). The
grf10-D302A, grf10-E305A and GRF10-Q308A alleles were generated by fusion PCR
(PrimeStar), using overlapping mutagenic primers (Supplemental Table S3 in Wangsanut, et al.
2018) and pC2HB-GRF10 as DNA template. All PCR amplified GRF10 was ligated into pC2HB
at the AscI and NheI restriction sites and transformed into E. coli DH5α competent cells. The
LexA-GRF10 fusion plasmids were sequenced (Genewiz).
To generate plasmid pGEM-D302A and pGEM-E305A, the grf10-D302A and grf10E305A alleles generated by fusion PCR from previous step were moved into plasmid pGHPF
(Wangsanut, Ghosh et al. 2017) using a gap-repair cloning approach (Jacobus and Gross 2015).
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Briefly, plasmid pGHPF, which carries GRF10 (Ghosh, Wangsanut et al. 2015), was digested
with BstBI and PshAI and the large fragment was separated from the small 0.7-kb fragment by
gel electrophoresis and was purified (Qiagen Gel Extraction kit). This gapped pGHPF plasmid
was mixed with the mutated grf10 PCR fragments and transformed into E. coli DH5α competent
cells(Jacobus and Gross 2015). Plasmids were isolated and their sequence was determined
(Genewiz) before transformation.

Growth assays
To assay growth dependent on expression of lexAop-HIS1, strains were grown overnight
in 5 mL of YPD broth and normalized to an OD600 of 0.1 in sterile water. Ten-fold serial
dilutions were made in sterile water and 3 µl was spotted on SC medium, supplemented as
indicated. The plates were incubated at 30°C or at 37°C, as indicated in the figures. To assay
hyphal induction, strains were spotted onto spider medium, as previously described (Wangsanut,
Ghosh et al. 2017).

Protein extraction and western blot analysis
Strains were grown overnight in YPD at 30°C. The overnight culture was then inoculated
1:50 into fresh YPD medium, and grown to mid-log phase (OD600 = 0.5-1). The log phase culture
was normalized to OD600 = 1, and 5 mL of this culture was pelleted by centrifugation at low
speed (770 × g, 2 min), washed twice with SC−Met (for overexpression) or SC (for moderate
expression). This normalized culture was then suspended in the corresponding SC or SC−Met
medium, and incubated for 30 min at 30°C in a shaking incubator. After 30 min, the cultures
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were quickly chilled in an ice-water bath, pelleted by centrifugation at 4°C 770 × g for 2 min,
and stored at -80°C.
The protein extraction was performed as described previously (von der Haar 2007,
Chauvel, Nesseir et al. 2012). Briefly, the frozen cell pellet was resuspended in 200 µl of lysis
buffer (0.1M NaOH, 0.5M EDTA, 2%SDS, 2% β-mercaptoethanol, protease inhibitor cocktail
mix (Thermo Scientific)), and incubated for 10 min at 90°C. Five µl of 4 M acetic acid was
added to the cell lysate to neutralize the pH. After 10 min incubation at 90°C, 50 µl of loading
buffer (0.25 M Tris-HCl pH 6.8, 50% glycerol, 0.05% bromophenol blue) was added and
centrifuged at 16,000 x g for 2 min to obtain a clarified lysate. Proteins in the lysate were
separated on Mini-Protean precast TGX gel (BioRad), and transferred onto nitrocellulose
membranes. The HA epitope tag was detected using monoclonal anti-HA (Biolegend); antiPSTAIR (Sigma) was used as protein loading control. After primary antibody incubation, the
horseradish peroxidase-conjugated goat anti-mouse (BioRad) was added to the membrane and
the ECL detection kit (GE Amersham) was used for protein detection. Immunoblots were
imaged using the chemiluminescent option in ImageQuant LAS 4000 Imager.

In silico protein prediction assessments
Grf10 and ScPho2 protein sequences, retrieved from Candida Genome Database and
Saccharomyces Genome Database (Cherry, Hong et al. 2012, Inglis, Arnaud et al. 2012,
Skrzypek, Binkley et al. 2017), respectively, were aligned using the SIM Alignment tool
https://web.expasy.org/sim/ (Huang and Miller 1991), and a graphical representation of Grf10
and ScPho2 alignment was generated using the LALNVIEW program (Duret, Gasteiger et al.
1996). To identify homologues of GRF10 in other species or orthologues that carried the IR, the
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entire protein sequences corresponding to Grf10 or only the IR amino acid sequences from
ScPho2, as defined in (Bhoite, Allen et al. 2002) was compared with the nonredundant protein
sequences of selected fungal species, using the BLAST search tool (Altschul, Gish et al. 1990,
Cherry, Hong et al. 2012, Skrzypek, Binkley et al. 2017). The selected ascomycete species
chosen included only those species for which there are published reports on the putative ortholog
(Table IV-1), however, sequences corresponding to the outlier basidiomycetes are
uncharacterized. Protein sequence alignment of Grf10 homologous proteins was analyzed by
using ClustalX version 2.1 (Larkin, Blackshields et al. 2007). Phylogenetic tree was performed
by using Bootstrap N-J tree function in ClustalX2.1 with 1,000 Bootstraps, and viewed in
MEGA7 (Kumar, Stecher et al. 2016) using Root on midpoint parameter.
To analyze Grf10 activation domains, the Grf10 entire protein sequence or portions of the
sequence corresponding to the truncation fragments were characterized using the Motif Scan tool
under the MyHits website and the PROSITE profiles as the motif source, and the 9aaTAD
Prediction tools using the moderate stringency criteria (Pagni, Ioannidis et al. 2007, Piskacek,
Havelka et al. 2016). Website links are found in the figure legend (Supplemental Figure S2).
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Table IV-1. Fungal homeodomain proteins with a conserved interaction region
Phylum

Species

Candida albicans

Ascomycota

- Dimorphic yeast
- Human commensal
and opportunistic
pathogen

Gene

GRF10

Saccharomyces
cerevisiae

- Budding yeast
- Non-pathogen

PHO2

Schizosaccharom.
pombe

- Fission yeast
- Non-pathogen

phx1+

Neurospora
crassa
Podospora
anserine
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Botrytis cinerea
Yarrowia lipolytica

Magnaportha
oryzae

Aspergillus
nidulans
Ustilago maydis
Basidiomycota

Description

Coprinopsis
cinerea

- Filamentous fungus
- Non-pathogen
- Filamentous fungus
- Non-pathogen

MoHOX7

- MoHOX7 is required for normal appressoria formation.

Pah1

- Dimorphic yeast

HOY1

- Multicellular fungus
- Edible mushroom

pho2Δ has sporulation defect and abnormal bud morphology; Pho2
regulates genes in response to phosphate and adenine starvation;
Pho2 activates gene involving with the initiation of mating type
switching during vegetative cell division.

MoHOX2
(HTF1)

Kal-1

BcHOX8

- Filamentous fungus
- Non-pathogen
- Corn smut
- Plant pathogen

grf10Δ shows filamentation defect; overexpressed GRF10 enhances
filamentous growth; GRF10 is upregulated during biofilm development;
Grf10 is required for the transcription of genes in response to adenine
starvation.

Phx1 regulates long-term survival under nutrient starvation; phx1Δ
shows meiotic sporulation defect; Phx1 regulates transcription of
thiamine responsive genes.
Kal-1Δ exhibits delayed basal hyphal growth, defective conidiation;
Kal-1 may have a possible role in nutrient sensing.
Pah1 plays roles in hyphal morphogenesis and development of female
ascogonia (microconidiogenesis).
Bchox8Δ exhibits a deformed morphology (arabesque), decreased
conidia production, and attenuated virulence.
hoy1Δ abolishes hyphal growth while overexpressed HOY1 enhances
filamentation.
- MoHOX2 is required for conidogenesis, but not for appressoriumrelated pathogenic development; Mohox2Δ exhibits normal hyphal
growth.

- Plant pathogen

- Rice blast fungus
- Plant pathogen

Phenotypes

RfeB

RfeB plays roles in asexual development, including hyphal growth and
conidiation.

UMAG04928

Hypothetical protein; uncharacterized phenotype

CC1G_12380

Hypothetical protein; uncharacterized phenotype

Reference
(Chauvel, Nesseir et
al. 2012, Nobile, Fox
et al. 2012, Ghosh,
Wangsanut et al.
2015, Wangsanut,
Ghosh et al. 2017)
(Berben, Legrain et
al. 1988, Bhoite,
Allen et al. 2002,
Watanabe, Watanabe
et al. 2009)
(Kim, Kwon et al.
2012, Kim, Kim et al.
2014)
(Colot, Park et al.
2006)
(Arnaise, Zickler et al.
2001)
(Antal, Rascle et al.
2012)
(Torres-Guzmán and
Domínguez 1997)
(Kim, Park et al.
2009, Liu, Xie et al.
2010)

(Lee, Kwon et al.
2014)
(Kämper, Kahmann
et al. 2006)
(Stajich, Wilke et al.
2010)

Figure IV-1. Protein alignment of C. albicans Grf10 and fungal orthologues reveals
conserved regions. A. C. albicans Grf10 was aligned with S. cerevisiae Pho2. The aligned
region, shaded in tan, has an overall identity of 40.1% in 334 amino acids; the amino and
carboxy termini do not align. The degree of sequence conservation is indicated by the scale at the
top. The brackets indicate the regions of Grf10 defined based on the corresponding functional
domains from ScPho2: HD = DNA binding homeodomain; CR = Central Region; IR =
Interaction Region. B. Conservation of the IR region in multiple fungal species. Top line:
Sequence of the IR from ScPho2; arrows indicate positions of point mutations that inhibit
interactions with its three co-regulators and red letters indicate the core of the Pho2 interaction
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region (Bhoite et al., 2002). Below: Alignment of the IR from multiple fungal species,
abbreviated: Sp: Schizosaccharomyces pombe, Yl: Yarrowia lipolytica, Nc: Neurospora crassa,
Pa: Podospora anserine, Bc; Botrytis cinerea, An: Aspergillus nidulans, Mo: Magnaporthe
oryzae, Um: Ustilago maydis, Sc: Saccharomyces cerevisiae, Ca: Candida albicans, and Cc:
Coprinopsis cinerea. The phylogenetic tree from this analysis is found as Supplemental Figure
S1 (see in Wangsanut, et al. 2018). The number indicates the position of the first listed amino
acid.

Protein sequence alignment was performed using ClustalX2.1. Amino acids are

highlighted based on their biochemical characteristics and conservation: blue, hydrophobic;
magenta, acidic; green, polar; orange, glycine; yellow, proline; cyan, aromatic.
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Figure IV-2. Grf10 contains two activation domains. A. Schematic (top) depicts the conserved
regions (in green, see Figure IV-1) and newly mapped functional domains (in yellow) of Grf10;
numbers below the box indicate the amino acid number. Below, schematic representations of the
Grf10 fragments cloned into pC2HB. LexA-HA is depicted as striped box. AD = Activation
Domain 1 or 2. B. Immunoblot assay to determine protein stability. Left panel: LexA is the
empty vector; 8 and 3 indicate the full-length LexA-Grf10 and IRC100 constructs from panel A,
respectively. The presence or absence of methionine in the SC growth medium is represented by
+ or −, respectively, and the temperature for growth of the strains is indicated by 30 for 30ºC or
37 for 37ºC. The thin vertical line indicates position of lanes deleted by Photoshop to allow
juxtaposition of control and experimental lanes.

Experiments were performed twice, band

intensities were quantified using ImageJ software, normalized to PSTAIRE and averaged; a
representative immunoblot is shown. Right panel: Lanes marked 1 to 7 correspond to the same
numbers in panel A to indicate the LexA fusions with portions of Grf10. Anti-HA (top) detects
the LexA-Grf10 fusion proteins and anti-PSTAIR (bottom) was used to detect the cyclindependent kinase Cdc28 as a protein loading control. C. Growth on medium lacking histidine to
detect expression of the HIS1 reporter gene. Strains were grown overnight in YPD medium,
diluted in sterile water (see Materials and Methods), serially diluted 1:10, and spotted on SC
medium (containing histidine) or on SC−His medium with or without methionine, as indicated;
the absence of methionine induces expression of LexA proteins. The plates were incubated at
30°C (top) or at 37ºC (bottom), and photographed at 48 hr. Representative plates are shown; at
least three transformants of each construct were assayed.
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Figure IV-3. LexA-Grf10 displays adenine-responsive transactivation. Strains expressing
LexA, LexA-Grf10 or IRC100 were grown as described in Figure IV-2. Ten-fold serial dilutions
were spotted onto SC, SC−His−Met with and without adenine, as indicated. A. The plates were
incubated at 30°C and photographed at 48 hr. B. The plates were incubated at 37°C and
photographed at 24 hr.
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Figure IV-4. Adenine-dependent activation by LexA-Grf10 does not require Bas1. A.
Strains RAC201, RAC216, RAC290 and RAC291, with their relevant genotypes indicated, were
assessed for adenine prototrophy on SC medium containing or lack adenine, as indicated. Plates
were incubated at 30ºC for 33 hr. B. Strains RAC201, RAC287, RAC216 and RAC290 were
grown and diluted as described in Figure IV-2, and plated on the media as indicated. These
experiments were performed with at least three independent transformants.
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Figure IV-5. LexA-Grf10 overexpression triggers filamentation and requires a functional
DNA-binding homeodomain. A. Strains harboring the truncation and full-length LexA-Grf10
fusion constructs, as in Figure IV-2, were grown on SC−Met or SC−Met−Ade media for
overexpression, as indicated. Yellow arrowheads indicate hyphal growth. Plates were incubated
at 30°C and photographs were taken at 72 hr. B. (Left) Strains expressing LexA-Grf10W83A,N86A
(#1, RAC300), LexA (#2, RAC201), LexA-Grf10 (#3, RAC216), or were grown overnight in
YPD, normalized to an OD600 of 0.1, and 3 µl were spotted onto solid SC−Met medium. Plates
were incubated at 30°C and pictures were taken at 96 hr. (Right) Single colony of each strain
was inoculated into SC−Met medium and incubated for 16 hr at 30°C. Samples were examined
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by light microscopy at 100× magnification. C. Strains numbered as in panel B were spotted on
solid media as indicated and as described in Figure IV-2. Plates were incubated at 30°C and
pictures were taken at 48 hr. At least three biological replicates were performed per each
experiment.
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Figure IV-6. Filamentation produced by LexA-Grf10 overexpression is independent of
Bas1 and adenine levels. BAS1 (RAC201, RAC216), bas1∆ (RAC290), and BAS1-restored
(RAC291) strains harboring LexA and LexA-Grf10 were prepared as in Figure IV-2 and spotted
onto the indicated media. Plates were incubated at 30°C and pictures were taken at 96 hr. At least
three biological replicates were performed per each experiment.
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Figure IV-7. The Grf10 IR residues are important for adenine limitation sensing and
activation by LexA-Grf10.

A. Immunoblot to detect stability of the alanine substitution

mutations in LexA-Grf10. Cells were grown in SC−Met medium. Immunoblots were performed
as described in Figure IV-2. Top, immunoblot assay using anti-HA monoclonal antibody;
bottom, anti-PSTAIR antibody as protein loading control. B. Strains expressing LexA-Grf10 or
mutated proteins LexA-Grf10D302A, LexA-Grf10E305A, and LexA-Grf10Q308A were grown, diluted
and plated on the indicated medium, as described in Figure IV-2. The top set shows growth after
24-hr and the bottom set shows growth after 48-hr at 30°C. C. Strains expressing LexA116

Grf10D302A in the BAS1 or bas1∆ background were plated on SC media as indicated. Plates were
incubated at 30°C and photographed at 48 hr. Three biological replicates were performed per
each experiment in B and C.
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Figure IV-8. The IR residues are necessary for native Grf10 activity during the response to
adenine limitation and filamentation. A. The diploid GRF10 strain (DAY286), the grf10Δ
null strain (RAC117), the heterozygous GRF10 restored strain (RAC120), and heterozygous
restored strains carrying either the grf10-D302A allele (left, RAC259) or the grf10-E305A allele
(right, RAC260) were grown overnight in YPD and the serially diluted cultures as described in
Figure IV-2. Cells were spotted on SC with or without adenine, and the plates were incubated at
30°C and pictured at 16 hr. B. The same strains were grown overnight in YPD and spotted on
solid spider medium. The plates were incubated at 37°C and photographed weekly for up to 14
days. Representative samples are shown; repeated in duplicate. Measurements of the central and
peripheral regions were performed as previously described (Ghosh et al. 2015).
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Chapter V: Transcriptomic analysis reveals the expanded Grf10 (Pho2)-dependent target
genes in Candida albicans: Implication of Grf10 in the response to copper

Introduction

d

Candida albicans is a ubiquitous commensal of human microbiome and a major human
fungal pathogen. In health and disease, C. albicans can reside in and infect multiple niches,
including the gastrointestinal tract, female reproductive tract, skin and mouth (Odds 1987).
Morphological plasticity allows C. albicans to adapt to each niche, thus the ability to change
morphologies and physiology increases its survival and virulence (Noble, Gianetti et al. 2017).
The ability of C. albicans to shift from yeast to filamentous forms is one of the bestcharacterized modes of cell-type switching, and several studies demonstrate strong association
between yeast-to-hyphae transition and pathogenicity (Lo, Köhler et al. 1997, Carlisle, Banerjee
et al. 2009). In addition to morphological plasticity, metabolic flexibility is essential for C.
albicans during commensalism, infection, and disease progression. Versatile metabolic adaption
of C. albicans allows the fungus to assimilate the available micronutrients that vary depending
upon specific host niches and host immunological defense (Miramón and Lorenz 2017).
Complex transcriptional regulatory networks control morphological switching and
metabolic adaptation in C. albicans (reviewed in (Brown, Brown et al. 2014, Noble, Gianetti et
al. 2017)). We previously characterized the Grf10 transcription factor as an important regulator
of both morphogenesis and of metabolism. Grf10 is necessary for filamentation, filamentationrelated processes such as chlamydospore and biofilm formation, and for virulence (Chauvel,
Contributing authors for this chapter: Tanaporn Wangsanut, Sylvia Arnold, Robert C. Monsour,
and Ronda J. Rolfes.
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Nesseir et al. 2012, Nobile, Fox et al. 2012, Romanowski, Zaborin et al. 2012, Ghosh,
Wangsanut et al. 2015). Grf10 and Bas1 regulate expression of the ADE regulon, which includes
purine nucleotide biosynthetic genes (ADE genes), a nucleoside permease-encoding gene (NUP),
and one-carbon metabolic genes, important for yeast growth when limited for adenine (Homann,
Dea et al. 2009, Wangsanut, Ghosh et al. 2017). Recent functional characterization demonstrates
that Grf10 separately controls morphogenesis and adenine-regulated transactivation (Wangsanut,
Tobin et al. 2018). However, other genes regulated by Grf10 in an adenine-independent manner
have not yet been identified.
Here, we used RNA sequencing (RNA-seq) to identify Grf10-dependent target genes in
C. albicans growing under yeast- and hyphal-promoting conditions. Under conditions that
promote filamentation, expression of several hyphal- and biofilm-specific genes is affected in the
grf10∆ mutant. In addition, genes regulating phosphate, iron, and copper assimilation are
expressed at lower levels in the grf10∆ mutant. Among these novel Grf10-dependent target
genes, we paid particular attention to copper and iron homeostasis genes because transition
metals, such as copper and iron, are essential micronutrients that play important roles for
nutritional immunity (reviewed in (Hood and Skaar 2012, Ding, Festa et al. 2014)). Our
experiments demonstrated that under high levels of copper, the deletion of GRF10 conferred
increased resistance to copper but not to other metals or oxidative stressors. Prolonged
incubation of the grf10∆ mutant under high copper levels triggered filamentous growth. Finally,
we showed that the conserved residues D302 and E305, necessary for activity by Grf10 during
adenine limitation and filamentation (Wangsanut, Tobin et al. 2018), are critical for Grf10 to
regulate copper toxicity. Overall, our study expands the repertoire of Grf10 target genes and
emphasizes that Grf10 controls multiple pathways through protein interaction in C. albicans.
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Results

Identification of global GRF10 target genes under yeast- and hyphal-inducing conditions
To identify Grf10 target genes, we isolated RNA from grf10D and isogenic wild-type
(OHWT) strains and performed RNA-seq analysis. C. albicans strains were grown in yeastpromoting conditions (YPD broth at 30°C) and under hyphal-inducing conditions (YPD + 10%
FBS broth at 37°C), and harvested at 1-hr, as described by (Bruno, Wang et al. 2010) so we
could compare datasets. We also harvested cells at 4-hr to represent late filamentation. Under
these growth conditions, the grf10Δ has a weaker morphological difference from the isogenic
wild-type strain than previously seen (Ghosh, Wangsanut et al. 2015); however, these data
survey the global Grf10-dependent target genes when C. albicans exists in hyphal form. In
summary, we have four RNA sample sets: Y1 and Y4 for RNA extracted from yeast samples
growing at 1-hr and 4-hr, and F1 and F4 for RNA extracted from filamentous samples growing at
1-hr and 4-hr, respectively.
The relative change of each transcript across the sets of yeast and hyphal growth
conditions were compared and are presented as hierarchical clustering heatmaps. Not
surprisingly, each replicate for the OHWT or the grf10Δ strains forms one cluster, and cells
grown under the same conditions exhibited similar transcription profiles and also clustered
together (Figure V-1A). We found that gene expression profiles from cells growing under F1
conditions showed the most distinct gene expression patterns and formed an outgroup, indicating
that C. albicans underwent intensive transcriptional reprograming during early yeast to hyphae
morphological switching.
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GRF10 target genes were identified in two ways. First, clusters (Figure V-1A) were
examined to identify genes that were differentially expressed in the grf10Δ mutant under all
growth conditions using the hierarchical clustered heatmaps (Supplemental Table V-S1).
Second, pairwise comparisons were carried out by comparing the average RPKM values for each
gene from each particular growth condition and time between the grf10D and wild-type strains;
i.e., four pairwise comparisons of mutant to wild-type at Y1, Y4, F1 and F4. In this second
analysis, GRF10-dependent target genes were defined as genes with averaged altered expression
of 2-fold or more and a p-value of less than 0.05, and we then used the web-based tool GO Term
Finder available at candidagenome.org or manual inspection to sort functions for differential
expressed genes in the grf10D mutant (Supplemental Table V-S2).
Overall, clustering analysis or pairwise comparison coupled with GO-term analysis
revealed similar sets of GRF10 target genes under yeast and hyphal growth conditions. To verify
the differentially expressed genes obtained from transcriptomic data, we performed quantitative
real-time PCR (qRT-PCR). There was high correlation (r = 0.98) between the fold-change in
expression determined from RNA-seq and qRT-PCR (Figure V-1B). We highlight some of the
key differentially expressed genes identified the grf10Δ mutant below.

Grf10 regulates ADE regulon in both yeast and hyphal forms
We found that expression of the gene NUP, which encodes nucleoside permease, was
strongly downregulated in the grf10D mutant at 4-hr under both yeast and hyphal (Y4 and F4)
conditions (Table V-3; Figure V-2A); we had previously identified NUP as a target gene of
Grf10 during adenine-limitation (Wangsanut, Ghosh et al. 2017). Several ADE and one-carbon
metabolic genes were also modestly expressed at lower levels (between 1.5- and 2-fold) in the
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grf10D mutant under these conditions (Table V-3); this result is expected because YPD medium
contains adenine and would lead to partial repression. We were able to verify these gene
expression changes using qRT-PCR (Figure V-2B). These results extend our previous findings to
show that Grf10 is required for the full transcription of AMP biosynthesis, the purine salvage
pathway, and one-carbon metabolic genes in both yeast and hyphal forms.

Grf10-dependent target genes are involved with hyphal growth and cell-adhesion
Several well-characterized hyphal-specific genes required for filamentation, biofilm
formation, cell adhesion and virulence, were differentially expressed in the grf10D mutant (Table
V-4 and Figure V-3). In the wild-type, the expression profiles of hyphal-specific genes such as
BRG1, UME6, HYR1, ECE1, HWP1, SAP and the ALS gene families, were clustered together;
these genes were highly induced at 1-hr and then showed a strong decrease in expression at 4-hr,
as was reported previously (Kadosh and Johnson 2005, Bruno, Wang et al. 2010).
Unexpectedly, in the grf10D mutant, these hyphal-specific genes were expressed at higher levels
at 4-hr, indicating a loss of the normal down-regulation (Figure V-3).

Some of these

misregulated genes are associated with adhesion (by GO Term analysis) and were found in the
F4 pairwise comparison (Supplemental Table V-S2). These results suggest that Grf10 negatively
affects hyphal-specific gene expression.
Many genes showed a loss of expression in the grf10Δ mutant under hyphal-promoting
conditions (F1 and F4); however, most of these genes are uncharacterized. Among the genes
that have been characterized, UCF1 showed decreased expression in the grf10Δ mutant at F4 and
Y1 conditions (Figure V-3; Table V-4). In the wild-type, expression of UCF1 is up-regulated in
hyphal conditions (Figure V-3), likely through the Ras/cyclic AMP (cAMP)/protein kinase A
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(PKA) signaling pathway (Bahn, Molenda et al. 2007); expression of GRF10 is upregulated by
Efg1, an effector of this pathway (Maidan, De Rop et al. 2005). Thus, it is possible that
upregulation of Grf10 promotes UCF1 expression during filamentation. Together, these results
demonstrate that Grf10 affects both induced and repressed expression of hyphal-specific genes.

Expression of PHO regulon is downregulated in the grf10D mutant
Several studies have established that Grf10 is not required for C. albicans to grow under
phosphate limitation conditions (Homann, Dea et al. 2009, He, Zhou et al. 2017, Wangsanut,
Ghosh et al. 2017). To our surprise, clustering analysis and pairwise comparisons revealed that
several genes involved with phosphate scavenging pathway were significantly downregulated in
the grf10D mutant, including PHO100, PHO89, PHO87, PHO84, PHO8, and GIT1 (Table V-4;
Figure V-4A). The changes in expression of these phosphate-responsive genes were uncovered
when using YPD medium that contains a low abundance of inorganic phosphate. PHO100 is a
predicted inducible acid phosphatase, the highest upregulated gene during phosphate starvation
in C. albicans, and is required for virulence (MacCallum, Castillo et al. 2009, Ikeh, Kastora et al.
2016). PHO100 was the most affected gene in this analysis, exhibiting ~13- and ~31-fold lower
expression at Y1 and Y4, respectively; we were able to verify PHO100 downregulation in the
grf10D mutant using qRT-PCR (Figure V-5).

Grf10-dependent target genes are associated with copper and iron uptake
Many genes (16 genes in the clustered analysis) involved with the uptake of copper and
iron had very low expression in the wild-type during early filamentation (see F1 in Figure V-4B)
and are upregulated during yeast-growth (see Y1 and Y4 in Figure V-4B). However, the grf10D
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mutant could not fully upregulate copper and iron uptake genes during yeast growth (Table V-4;
Figure V-4B). Consistently, analysis of our previous DNA microarray data showed that several
copper and iron uptake genes are downregulated while the metallothionein CRD2 gene is
upregulated in the grf10D mutant (Supplemental Table V-S3; (Wangsanut, Ghosh et al. 2017)).
We performed qRT-PCR on several genes from this cluster – CFL2, FTR1, FET31, FRE7, and
FRE30 – and confirmed lower expression in the grf10D mutant (Figure V-5).
The SOD5 gene was strongly dysregulated in the grf10Δ strain. SOD5 encodes the
copper-dependent superoxide dismutase (Gleason, Galaleldeen et al. 2014). In wild-type cells,
its expression was strongly induced during filamentation, increasing 12-fold at 1-hr and 36-fold
at 4-hr (Figure V-4B), in agreement with previous reports (Fradin, De Groot et al. 2005,
Martchenko, Levitin et al. 2007). Interestingly, SOD5 was induced to even higher levels in the
grf10D mutant during yeast to hyphal switching, 58- and 71-fold upregulation at 1-hr and 4-hr,
respectively. Overall, our data indicate that Grf10 is necessary for proper regulation of genes
involved with copper and iron uptake and the response to superoxide stress.

Expression of nutrient membrane transporters depends on Grf10
The grf10D mutant was unable to up-regulate expression of several nutrient transporters
(9 of 131 total transmembrane transporter genes). We observed that genes encoding transporters
for nucleosides (NUP), phosphate (PHO87), oligopeptides (OPT1, OPT3), nicotinic acid
(TNA1), iron (FTR1), and other nutrients are downregulated in the grf10D mutant (Table V-6).
These genes were identified by GO-term analysis, and account for 9 of 38 genes that are
downregulated at Y4 (Supplemental Table V-S2). The downregulation of OPT3, TNA1, NUP
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and FTR1 was verified by qRT-PCR (Figures 1B, 2B and 5, respectively). These results indicate
a role for Grf10 in regulation of nutrient transporters to support cell growth.

The grf10D mutant shows increased copper toxicity resistance
Given the decreased expression of the copper and iron uptake genes in the grf10Δ mutant,
we wanted to determine if there are growth phenotypes associated with these changes. Figure V6A depicts the copper and iron utilization pathway that is differentially downregulated in the
grf10D mutant (Ding, Festa et al. 2014, Smith, Logeman et al. 2017). Transcriptional
downregulation of copper influx genes is one of the mechanisms allows microbes to survive in
the excess copper (Labbé, Zhu et al. 1997). Thus, growth of the grf10D mutant was assessed on
high copper-containing solid YPD medium. The grf10D mutant grew better than the isogenic
wild-type in two different strain backgrounds indicating copper resistance (Figure V-6B). To
quantify the effect of copper on growth, we measured doubling times of each strain growing in
YPD liquid medium with or without addition of 12 mM copper sulfate. Doubling times were the
same for all strains in YPD (~1.1 hr), and that high copper was toxic to the cells as all strains
increased their doubling times (Table V-5, Figure V-6C). The wild-type strain grew at least 11fold slower in the presence of copper (doubling times increased to ~12 hr) and cell growth
ceased, plateauing at an OD600 of ~0.2 (Table V-5, Figure V-6C). Strikingly, the grf10D mutant
grew much better than the wild-type strains in the presence of copper, showing incomplete
dominance: the heterozygous restored strain doubled at ~5 hr and the null mutant doubled ~1.8
hr, only 1.6-fold slower than when copper was not present. These results are in agreement with a
previous report (Homann, Dea et al. 2009) and further quantified the effect of copper toxicity on
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the grf10D mutant strains. These growth data are consistent with the lower expression of copper
and iron uptake genes that might link copper resistance in the grf10D mutant strains.

The grf10D mutant does not show a growth difference in response to other metals
We wondered whether the strong copper resistance phenotype of the grf10D mutant
would lead to a general defect in overall metal homeostasis. To test this, we assessed growth of
the grf10D mutant on YPD solid medium supplemented with iron, calcium, manganese, and zinc
as well as spermidine (Ikeh, Kastora et al. 2016); spermidine is organic cation and was included
to determine if growth differences would be due to metal cations or cations in general. The wildtype and grf10D mutant exhibited no growth difference on these cation-containing media (Figure
V-7). Thus, the growth resistance is specific to copper and not to other metal cations. The
growth of the grf10D mutant on ZnSO4 further verified that the grf10D mutant showed specific
increase resistance to the copper cation, not the SO4 anion. We previously reported that the
grf10D mutant in the yeast form is not sensitive to oxidative stress, using menadione, hydrogen
peroxide, and t-butyl hydroperoxide (Wangsanut, Ghosh et al. 2017); we reassessed sensitivity to
menadione at higher concentrations, 300 µM instead of 100 µM (Ikeh, Kastora et al. 2016), and
found that the grf10D mutant grew the same as the wild-type (data not shown). Overall, the
grf10D mutant showed strong resistance to excess copper while did not show phenotypic
differences in response to other excess metals and or oxidative stressors.

Copper toxicity response is dependent on Grf10 conserved residues D302 and E305
Grf10 contains a conserved interaction region (IR), located from amino acids 270-353,
that is important for it to activate expression, likely due to co-regulator interaction (Wangsanut,
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Tobin et al. 2018). The grf10-D302A mutant is completely defective in adenine regulation and
in the response to filamentation, and the grf10-E305A mutant is partially defective for
filamentation and normal for adenine regulation (Wangsanut, Tobin et al. 2018); neither
mutation affects protein stability. We examined whether conserved residues D302 and E305 are
important for the copper-sensitivity of the GRF10 strain.
To test this hypothesis, we grew the wild-type strain, the grf10Δ, and the grf10D mutant
restored with one allele of either GRF10, grf10-D302A or grf10-E305A on YPD and YPD
containing 10 mM copper sulfate media. We found that both of the grf10 mutated alleles
completely failed to reverse the copper sensitivity, i.e., the substitutions behaved as a
nonfunctioning null allele (Figure V-8A). This result indicated that regulation of copper toxicity
is dependent on both D302 and E305 of Grf10, and suggested that these residues mediate the
interaction between Grf10 and a specific protein partner in response to excess copper.
Interesting, the Grf10E305A mutation showed variation in its effects on all three tested phenotypes
whereas the Grf10D302A was fully defective for all phenotypes.
We observed that with prolonged incubation on YPD + CuSO4 plates (30°C for ≥ 7
days), hyphae were produced from the colonies containing the defective alleles grf10D, grf10D302A and grf10-E305A, and this was not observed in the wild-type strain or in the strain
expressing a restored functional GRF10 allele (Figure V-8B). This intriguing result suggests that
Grf10 normally inhibits hyphal formation when copper levels are high.
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Discussion

Grf10 is a homeodomain transcription that plays a dual role in regulating morphogenesis
(yeast vs hyphae) and metabolism (purine and one-carbon metabolism) (Ghosh, Wangsanut et al.
2015, Wangsanut, Ghosh et al. 2017). In this study, we performed RNA-seq to identify novel
Grf10 target genes. In addition to the predicted targets in the ADE regulon, Grf10 was required
for full expression of phosphate scavenging, copper and iron uptake, nicotinic acid, amino acid
and oligopeptide transport. Thus, our results underscore that Grf10 is important for not only
adenine responsive transcription, but also for the regulation of transporters to assimilate other
nutrients.
Grf10 has a newly identified role in regulating the cellular response to copper toxicity.
The grf10∆ mutant was defective in upregulating genes involved in copper and iron uptake, and
was resistant to high levels of copper. The Grf10 residues D302 and E305, which are in the
interaction region, are required for Grf10 to control this copper response. While the D302A
mutation was defective in all phenotypes tested, the E305A mutation exhibited variable
phenotypes (like the null for copper resistance, partially defective for filamentation, and was
normal for Ade prototrophy), consistent with a model that Grf10 regulates these phenotypes with
different co-regulators (Wangsanut, Tobin et al. 2018).
Mac1 and Cup2 are the characterized transcription factors that regulate copper responsive
genes during copper depletion and copper excess, respectively (Marvin, Mason et al. 2004,
Schwartz, Olarte et al. 2013, Smith, Logeman et al. 2017). Grf10 likely works separately from
Mac1 and Cup2, because deletion mutations in these three genes show distinct copper
phenotypes. Unlike the grf10∆ mutant that exhibits a resistance to excess copper, the mac1∆

129

mutant shows growth sensitivity under copper limitation, and the cup2∆ mutant shows growth
sensitivity under copper excess (Homann, Dea et al. 2009). An extensive phenotypic analysis of
transcription factor mutants revealed several transcription factors conferred a similar copper
resistance phenotype to that seen in the grf10∆ mutant: rlm1∆, crz2∆, pho4∆, cph2∆, wor2∆,
orf19.2961∆, isw2∆, hap31∆, efg1∆, hap2∆, and hap5∆ strains (Homann, Dea et al. 2009).
Grf10 can potentially form a transcriptional network with these transcription factors to regulate
the copper response.
Grf10 may play important role in linking the response to copper with the hyphal
developmental program by working downstream of or with Efg1 in Ras/cAMP/PKA pathway.
The G-protein subunit Gpa2, cAMP, Efg1 and Grf10 are each required for both filamentation
and the copper toxicity response (this study and (Maidan, De Rop et al. 2005, Homann, Dea et al.
2009, Schwartz, Olarte et al. 2013, Azadmanesh, Gowen et al. 2017)). Likewise, Marvin and
colleagues demonstrated that perturbation of copper acquisition due to mutations in the copper
transporter gene CTR1 promoted filamentation in C. albicans (Marvin, Williams et al. 2003),
consistent with our observation that filaments were produced in the grf10D mutant after
prolonged incubation with excess copper. Importantly, Efg1 induces GRF10 expression during
biofilm formation (likely during hyphal formation), and induces expression of copper and iron
uptake genes (Stichternoth and Ernst 2009, Nobile, Fox et al. 2012). Thus, Grf10 may work with
Efg1 through the Ras/cAMP/PKA pathway to coordinate a copper response with hyphal growth.
Interestingly, there is also a connection between phosphate metabolism and metal
homeostasis. In C. albicans, C. glabrata, and Cryptococcus neoformans, the transcription factor
Pho4 regulates the PHO regulon during phosphate limitation and genes involved with nutrient
transporters and metal homeostasis under phosphate repletion conditions (Toh-e, Ohkusu et al.
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2015, Ikeh, Kastora et al. 2016, He, Zhou et al. 2017, Lev and Djordjevic 2018). It has been
suggested that an expanded set of Pho4 targets, beyond the PHO regulon, could have evolved
from a reduced requirement for the co-activator Grf10/Pho2 (Kerwin and Wykoff 2009, He,
Zhou et al. 2017). We unexpectedly found that Grf10 regulates many PHO genes and copper and
iron uptake genes, a transcriptional response pattern that is strikingly similar to Pho4. Thus, our
results highlight the need to reconsider the relationship between Grf10 and Pho4 in C. albicans:
Grf10 and Pho4 may work together to regulate nutrient uptake and the response to copper
toxicity. An expansion of Grf10 and Pho4 target genes may be driven by environmental factors
rather than the absence of a specific interaction between Grf10 and Pho4.
We found that Grf10 is important for the repression of hyphal-specific genes (RNA-seq
data) or repression of hyphal growth under copper excess; this was unexpected because its
described role is to promote hyphal formation: (i) overexpression of GRF10 drives filamentation
in yeast-promoting conditions (Chauvel, Nesseir et al. 2012), (ii) the grf10D mutant exhibits a
decrease in hyphal growth under several hyphal-inducing conditions (Ghosh, Wangsanut et al.
2015), and (iii) GRF10 gene is upregulated during filamentation and biofilm formation (Yeater,
Chandra et al. 2007, Nobile, Fox et al. 2012, Desai, Bruno et al. 2013, Ghosh, Wangsanut et al.
2015). Interestingly, other transcriptional regulators – e.g., Efg1, Tup1 – show these dual
opposing roles during hyphal formation in a condition-specific manner. Efg1 promotes
filamentation; however, the efg1 mutant is hyperfilamentous under hypoxic conditions in
temperature-dependent manner (Sonneborn, Bockmühl et al. 1999, Desai, van Wijlick et al.
2015). Similarly, Tup1 represses the hyphal transition; however, the tup1D mutant also shows
filamentation defects under certain hyphal-inducing conditions (e.g., YPD+10% serum, solid
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spider medium) as well as delayed chlamydospore formation (Murad, Leng et al. 2001). The
grf10Δ behaves similarly in having these opposing effects.
In summary, we have expanded the understanding of Grf10-dependent target genes to
multiple pathways: purine biosynthesis and uptake, yeast to hyphae switching, and uptake of
inorganic phosphate, copper and iron. Many genes in these pathways are required for virulence
in murine models of C. albicans infection (Ramanan and Wang 2000, Donovan, Schumuke et al.
2001, Jezewski, von der Heide et al. 2007, Carlisle, Banerjee et al. 2009, MacCallum, Castillo et
al. 2009, Correia, Lermann et al. 2010, Jiang, Zhao et al. 2010, Mackie, Szabo et al. 2016). It is
possible that the combination of effects on these multiple pathways in the grf10D mutant have
led to strong attenuated virulence in mouse models of infection (Romanowski, Zaborin et al.
2012, Ghosh, Wangsanut et al. 2015). The involvement of Grf10 in the copper response is novel,
as this phenotype had not been reported in S. cerevisiae, providing new exploratory areas for
orthologues of Grf10 in other fungal species. Since copper availability lies at the center of the
host-pathogen interface, Grf10 may play an essential role in sensing host nutrient levels and
governing defenses against host nutrient immunity. Overall, our results add to the emerging
concept that metabolism, morphogenesis and nutritional immunity are intricately linked in C.
albicans and that Grf10 participates in this transcriptional coordination.

Materials and Methods

C. albicans strains and culturing conditions
The strains of C. albicans used in this study are listed in Table V-1. Strains DAY185 and
DAY286 were obtained from A. Mitchell (Davis, Edwards et al. 2000, Davis, Bruno et al. 2002),
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and strains OHWT and TF021∆ were obtained from the Fungal Genetics Stock Center (Homann,
Dea et al. 2009). RAC strain series were described (Ghosh, Wangsanut et al. 2015, Wangsanut,
Ghosh et al. 2017, Wangsanut, Tobin et al. 2018).

All strains were maintained at room

temperature on yeast extract-peptone-dextrose (YPD: 2% dextrose, 2% Bacto Peptone, 1% yeast
extract) plates and cultured every 7-10 days from frozen glycerol stocks. YPD was supplemented
with 10% fetal bovine serum (FBS, GIBCO) for hyphal induction. For growth assessment in the
presence of metals and spermidine, the following compounds were cast into YPD plates, as
previously described (Ikeh, Kastora et al. 2016): 10 mM CuSO4, 1 mM ZnSO4, 10 mM MnCl2, 5
mM FeCl2, 450 mM CaCl2, and 0.32 µg/ml spermidine.

RNA-seq and data analysis
Three isolates of each C. albicans strains wild-type (OHWT) and grf10Δ (TF021) were
grown in yeast-promoting conditions (YPD broth at 30°C) or under hyphal-inducing conditions
(YPD + 10% FBS broth at 37°C) for either 1- or 4-hr, and harvested as described (Kadosh and
Johnson 2005, Bruno, Wang et al. 2010). Briefly, a saturated overnight culture (OD600 ~ 10) in
YPD medium was used to inoculate a 1:10 dilution for 1-hr cultures or a 1:50 dilution for 4-hr
cultures, into 5 mL of fresh YPD medium in the presence or absence of 10% FBS, and cultures
were grown in a tube roller at 30°C (YPD) or at 37°C (YPD + serum). Cell morphology was
examined by microscopy before cell harvesting. Cultures were quickly chilled in an ice water
bath, cells were pelleted by centrifugation, and pellets were immediately stored at -80°C.
RNA was extracted from frozen pellets using the Ribopure Yeast Kit (Ambion). cDNA
libraries were prepared from 1 µg of DNase I-treated RNA sample using TruSeq Stranded
mRNA Sample Prep Kit, following the manufacturer’s directions (Illumina, RS-122-2101 set A).
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RNA samples were checked for quality using an Agilent Bioanalyzer, and DNA concentration of
the cDNA libraries was determined using Qubit. The cDNA libraries (10 nM) were prepared for
sequencing using the MiSeq Reagent Kit, following the manufacturer’s instructions (Illumina,
MS-102-3001), and sequenced on a MiSeq instrument (Illumina). The raw FASTQ files were
submitted to NCBI, accession number X.
For bioinformatics analysis, DNA sequences pertaining to the genome of C. albicans
strain SC5314 were retrieved from NCBI and used as reference genome. FASTQ files for singleend reads from each sample were paired, mapped to C. albicans reference genome and calculated
for Reads Per Kilobases Per Million (RPKM) using Geneoius version 10.2.3 (Kearse, Moir et al.
2012).

RPKM values were exported from Geneoius into Excel for further data analyses.

Normalized log2 RPKM values for each sample were generated by dividing each value for the
gene under a particular conditions by that gene’s average RPKM value across all tested
conditions, then transforming to log2 base values, as previously described (Bruno, Wang et al.
2010); these data are found in Supplemental Table V-S1. Transformed log2 RPKM values were
used to construct heatmaps and for hierarchal clustering analysis using Multiple Experiment
Viewer (MeV) software, Manhattan distance metric with optimized gene leaf as the parameter
(Saeed, Sharov et al. 2003), and arranged in Photoshop.
Secondly, the average RPKM values of the grf10Δ mutant were normalized to average
RPKM values from the OHWT strain for all conditions (Y1, Y4, F1 and F4). Significant
differentially expressed genes in the grf10D mutant (fold-change values of ≥ 2 (up or down) and
a p-value ≤ 0.05) were classified using the GO Term Finder tool available at the Candida
Genome Database website (candidagenome.org; (Skrzypek, Binkley et al. 2017)).
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To verify differentially expressed genes, qRT-PCR was performed on the same RNA
samples used for RNA-Seq experiment, as previously described (Ghosh, Wangsanut et al. 2015).
Primers used for qRT-PCR are listed in Table V-2, and primers for ADE13, NUP and reference
gene TEF1 were described previously (Wangsanut, Ghosh et al. 2017). The p-values for qRTPCR were calculated using Student’s t-test function in Excel. Pearson correlation coefficients (r)
comparing relative fold-changes obtained from RNA-Seq and qRT-PCR were calculated and
graphed using Prism software.

Spot assay
C. albicans strains were grown overnight in 5 ml YPD broth at 30°C and normalized to
OD600 0.2 in sterile water. The cultures were serially diluted 1:10 into sterile water and 3 µl of
each dilution was spotted onto YPD plates with or without metal compound addition, as
described above. For macroscopic colony spot assay, cultures were diluted to an OD600 of 0.2
and 5 µl of each culture were spotted onto YPD plates containing the indicated compounds. The
plates were incubated at 30°C and photographed daily with an ImageQuant Imager. At least three
biological replicates were performed for each spot assay.

Growth rate and doubling time determination
C. albicans strains were grown overnight at 30°C in 5 ml YPD broth and inoculated into
96-well plate containing 200 µl of YPD or YPD + 12 mM CuSO4 at an OD600 of 0.01 as
previously described (Schwartz, Olarte et al. 2013). The cultures were grown at 30°C with
orbital shaking in a thermo-controlled GloMax plate reader. The OD600 of each well was
measured every 30 min over 24 h, and samples were standardized to wells containing sterile
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media. Doubling times for each strain at each growth condition were calculated from the growth
curve, and standard deviation was calculated in Excel. Three biological replicates with three
technical replicates were tested for each C. albicans strain and growth medium.
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Table V-1. C. albicans strains used.
Name

Genotype

Reference

DAY185

ura3Δ::λimm434/ura3Δ::λimm434 his1::hisG::pHIS1/ his1::hisG

Davis et al., 2000

ARG4::URA3::arg4::hisG/ arg4::hisG
DAY286

ura3Δ::λimm434/ura3Δ::λimm434 his1::hisG/ his1::hisG

Davis et al., 2002

ARG4::URA3::arg4::hisG/ arg4::hisG
RAC117

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

Ghosh et al., 2015

his1::hisG/his1::hisG grf10Δ::ARG4/grf10Δ::URA3
RAC120

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

Ghosh et al., 2015

his1::hisG/his1::hisG grf10Δ::ARG4/grf10Δ::URA3::<GRF10, HIS1>
OHWT

arg4Δ/arg4Δ leu2Δ/leu2Δ::CmLEU2 his1Δ /his1Δ::CdHIS1 URA3/ura3Δ

Homann et al., 2009

IRO1/iro1Δ
TF021

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ IRO1/iro1Δ

Homann et al., 2009

grf10Δ::CdHIS1/grf10Δ::CmLEU2
RAC256

arg4Δ/arg4Δ leu2Δ/leu2Δ his1Δ/his1Δ URA3/ura3Δ IRO1/iro1Δ

Wangsanut et al., 2017

grf10Δ::CdHIS1/grf10Δ::CmLEU2::<GRF10, SAT1 flipper>
RAC259

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG

Wangsanut et al., in
press

his1::hisG/his1::hisG grf10Δ::ARG4/grf10Δ::URA3::<GRF10D302A, HIS1>
RAC260

ura3Δ::λimm434/ura3Δ::λimm434 arg4::hisG/arg4::hisG
his1::hisG/his1::hisG grf10Δ::ARG4/grf10Δ::URA3::<GRF10 E305A, HIS1>
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Wangsanut et al., in
press

Table V-2. Primers used.
Name
Type
PHO100
Forward
Reverse
FRE7
Forward
Reverse
FRE30
Forward
Reverse
FET31
Forward
Reverse
FTR1
Forward
Reverse
CFL2
Forward
Reverse
OPT3
Forward
Reverse
TNA1
Forward
Reverse

Sequence 5’ à 3’
TCCAGGTGTTGCTTTCTCTG
GCGTAAATGGTAGATGGTTCTTTG
CTATCCCTAAGCCCAAATACTG
CCATCACTTACCGTGGAATC
CAAGGTCCCATTCAAATTCAC
CCTAATAACGACGCACCATAG
GCCGGTGTCTTAGGTTTAG
CATCAAAGTCGACATCCAAATC
CCACCTCTTTCCCAATTCC
GGACATACTGGAACCAAAGTAG
TCATTGTCCACGCCATTAC
ACCAGCACAAATGGTAGC
GTCCTTCTGGAGAGTAATTAAGG
CATTCTGGAACTTCAGGGTAG
GTGCTCCTTGGCCTATTTC
CATTGATTTGCTCACGTTCTG
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Table V-3. ADE genes, NUP gene and one-carbon metabolic genes are downregulated in
the grf10D mutant in both yeast and hyphal forms. Shown here are RNA sequencing data
with fold-change ≥ 1.5 and p-value < 0.05 in the grf10D mutant compared to wild type; - refers
to no significant fold-change under that particular conditions.
Gene

Function

Purine salvage
NUP

Nucleoside permease

-3.49

-2.03

Adenylosuccinate lyase
5-Aminoimidazole-4-carboxamide ribotide transformylase
Phosphoribosylamine-glycine ligase and
phosphoribosylformylglycinamidine cyclo-ligase
5-Phosphoribosylformyl glycinamidine synthetase
Phosphoribosylaminoimadazole carboxylase
Phosphoribosylpyrophosphate amidotransferase

-1.80
-1.52
-1.50

-1.60
-

-1.50
-

-1.50
-1.50

Methylenetetrahydrofolate dehydrogenase
Mitochondrial C1-tetrahydrofolate synthase

-1.60
-1.50

-1.90
-

Purine metabolism
ADE13
ADE17
ADE5,7
ADE6
ADE2
ADE4
One-carbon
metabolism
MTD1
MIS11
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Fold-change
Y4
F4

Table V-4. Representative novel Grf10-dependent target genes identified by RNA
sequencing analysis. Shown here are RNA sequencing data with fold-change ≥ 2 and p-value <
0.05 in the grf10D mutant compared to wild type; - refers to no significant fold-change under that
Function

Filamentation
SAP5
HYR1
ALS4
UME6
SAP6
UCF1

Aspartyl protease
GPI-anchored protein
GPI-anchored protein
Transcription factor
Hyphal cell wall protein
Upregulated by cAMP

- 2.66

-

+2.63
-

+3.33
+2.85
+2.14
+2.32
-2.02

Copper and iron uptake
FRE7
FRE30
FET31
CTR1
FET99
FTR1
CFL2
FRE10
FET34

Cupric reductase
Ferric reductase
Multicopper oxidase
Copper transporter
Multicopper oxidase
High-affinity iron permease
Ferric reductase
Ferric reductase
Multicopper ferroxidase

- 2.25
- 2.08
- 1.83a
- 1.70a
-

- 2.98
- 5.40
- 2.10
- 2.00
- 1.80a
- 1.50a

-

- 2.07
-

Phosphate metabolism
PHO100
PHO87
PHO8
GIT1

Inducible acid phosphatase
Phosphate permease
Alkaline phosphatase
Glycerophosphoinositol permease

- 12.80
- 3.85

- 31.13
- 2.24
- 2.03
- 5.84

-

-

Y1

particular conditions.
a

Fold-Change
Y4
F1

Group/Gene

fold-change ≥ 1.5 and p-value < 0.05 in the grf10D mutant compared to wild type
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F4

Table V-5. Doubling time. The grf10∆ mutant shows growth enhancement when growing in the
presence of copper cation. Three biological replicates were performed.
Strain
Doubling time (hr ± SD)
YPD
YPD + Cu2+
OHWT
1.12 ± 0.04
12.52 ± 2.02
grf10∆
1.14 ± 0.10
1.81 ± 0.09
grf10∆ + GRF10
1.16 ± 0.16
5.35 ± 2.67
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Table V-6. Gene ontology (GO) of Grf10-dependent genes related to transport.
GO IDs
a

0006810
0055085

a
b

Gene ID
C5_03060C
C2_06590C
C1_02110C
C7_01560C
CR_02220C
CR_02020C
C1_05940W
C6_01060C
C1_14130W

Gene

Function

TNA1
GIT1
HGT2
NUP
OPT3
OPT1
PHO87
CAN2
FTR1

Nicotinic acid transporter
Glycerophosphoinositol permease
Glucose transporter
Nucleoside permease
Oligopeptide transporter
Oligopeptide transporter
Phosphate permease
Basic amino acid permease
High-affinity iron permease

GO ID#0006810 is Transport, and GO ID#0055085 is Transmembrane Transport
Fold-change in the grf10∆ mutant(TF021) compared to wild type (OHWT)
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b

Foldchange
-11.44
-5.84
-3.74
-3.49
-2.94
-2.63
-2.24
-2.19
-2.10

p-value
4.62E-02
2.81E-03
1.71E-03
6.78E-03
2.49E-02
6.94E-03
1.35E-05
2.63E-02
1.01E-05
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Figure V-1. Clustering analysis of transcriptomic data and validation of gene expression by
qRT-PCR. RNA was extracted from OHWT and the grf10∆ mutant (TF021) growing under
yeast-promoting conditions (YPD at 30°C) and hyphal-inducing conditions (YPD+10% serum at
37°C) for 1-hr and 4-hr. RNA-seq was performed in three biological replicates. A. Heatmap
depicts the results of hierarchal cluster analysis of the normalized log2 ratio RPKM data across
all samples. Each column represents an individual sample (n=24) as indicated above the
dendrogram. Each row represents a different gene. Blue indicates gene downregulation and
yellow indicates gene upregulation. Hierarchal clustering of gene expression data was performed
using MeV software with Manhattan distance metric. B. Fold-change ratios (grf10∆/wild type) of
selected genes were calculated using average RPKM data generated by RNA-seq, and were
plotted against calculations done for the same gene using qRT-PCR. Same RNA samples used in
RNA-seq experiment were assayed for qRT-PCR. Relative gene expression from qRT-PCR data
was calculated by the ∆CT method using TEF1 as the reference gene. r = Pearson correlation
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Figure V-2. ADE regulon is downregulated in the grf10∆ mutant under both yeast and
hyphal growth conditions. A. Subcluster for ADE regulon was depicted. A heatmap shows log2
of average normalized RPKM values in each of experimental samples. Order for each sample is
followed dendrogram shown in Figure V-1A. Gene that its fold-change ≥ 1.5 and p-value ≤ 0.05
in the grf10∆ mutant is shown in Table V-3. B. The relative expression levels of ADE13 and
NUP genes were verified by qRT-PCR using RNA extracted from OHWT and the grf10∆ mutant
growing under yeast- (Y4) and hyphal- (F4) inducing conditions. Fold-change ratios
(grf10∆/wild type) were shown in log2 values. Error bars indicate the standard deviation; all
relative gene expression levels are significantly different from wild type (p-value <0.05,
calculated by Student’s t-test in excel).
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Figure V-3. Hyphal-specific genes are differentially expressed in the grf10∆ mutant.
The subcluster for hyphal-specific genes is depicted. A heatmap shows log2 of average
normalized RPKM values in each of experimental samples. Order for each sample is followed
dendrogram shown in Figure V-1A. Gene that its fold-change ≥ 2 and p-value ≤ 0.05 in the
grf10∆ mutant is shown in Table V-4.
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Figure V-4. Phosphate, copper and iron scavenging genes are downregulated in the grf10∆
mutant. The subclusters for PHO regulon (A.) and copper and iron uptake genes (B.) were
depicted. A heatmap shows log2 of average normalized RPKM values in each of experimental
samples. Order for each sample is followed dendrogram shown in Figure V-1A. Gene that its
fold-change ≥ 2 and p-value ≤ 0.05 in the grf10∆ mutant is shown in Table V-4.
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Figure V-5. Transcription of phosphate, copper, and iron scavenging genes is
downregulated in the grf10∆ mutant. The relative expression levels of phosphate, copper, and
iron scavenging genes were verified by qRT-PCR using RNA extracted from OHWT and the
grf10∆ mutant growing under conditions as indicated. Fold-change ratios (grf10∆/wild type)
were shown in Log2 values. Error bars indicate the standard deviation; all relative gene
expression levels are significantly different from wild type (p-value <0.05, calculated by
Student’s t-test in Excel).
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Figure V-6. Loss of Grf10 confers copper resistance. A. Copper and iron uptake system in C.
albicans. Shown here are components that gene expression analysis by qRT-PCR validated to be
altered in the grf10Δ mutant. B. Overnight cultures of isogenic wild-types (DAY286 for BWP17
background and OHWT for SN152 background) and grf10Δ mutants were spotted on YPD plates
with or without 10 mM copper addition. The plates were incubated at 30°C for two days and
images were taken daily. Shown here are pictures taken at 16-hr. RAC117 = grf10Δ/Δ; RAC120
has restored one allele of GRF10 in the RAC117 null strain. C. Overnight cultures of wild-type
and grf10Δ mutants (SN152 background) were inoculated into YPD broth with or without 12
mM CuSO4 addition. The OD600 was measured hourly over the 25-hr time-course using GloMax
plate reader. Three biological replicates were performed and growth quantification (doubling
time) of each strain was shown in table V-5.
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Figure V-7. The grf10Δ mutant shows normal growth on media containing metal cations.
Representative pictures are from the SN152 strain background. Overnight cultures of wild types
and grf10Δ mutants were spotted on YPD with or without indicated metal or organic cation
addition; 1 mM ZnSO4, 10 mM MnCl2, 5 mM FeCl2, 450 mM CaCl2 and 0.32 ug/ml spermidine.
The plates were incubated at 30°C for two days and images were taken daily. Shown here are
pictures taken at 16-hr. Note, growth on YPD without metal addition was the same picture as
depicted in figure V-6B because this growth assay was performed in the same time.
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Figure V-8. Grf10 with point mutations D302A and E305A fails to restore the copper
sensitivity and yeast morphology of the WT strain. Spot assay to examine the critical role of
conserved residues in response to excess copper levels. Overnight cultures of the wild types,
grf10Δ mutant, and GRF10 complemented strains were spotted on YPD with or without copper
supplementation (10 mM). The plates were incubated at 30°C and images were taken at 18-hr
(A.) and at 7 days (B.) grf10-D302A = alanine substitution in residue D302; grf10-E305A =
alanine substitution in residue E305.
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Chapter VI: Conclusions and future directions

This dissertation has investigated the role of CaGrf10 as a regulator of multiple traits
related to metabolism and morphogenesis in C. albicans. These pathways include purine and
one-carbon metabolism, yeast to hyphae switching, and copper and iron homeostasis. Many
genes in these pathways have been shown to dramatically affect C. albicans virulence during
infections (Ramanan and Wang 2000, Donovan, Schumuke et al. 2001, Jezewski, von der Heide
et al. 2007, Carlisle, Banerjee et al. 2009, MacCallum, Castillo et al. 2009, Correia, Lermann et
al. 2010, Jiang, Zhao et al. 2010, Mackie, Szabo et al. 2016). As reviewed intensively in Chapter
I, ScGrf10 is a well-characterized transcription factor that regulates transcriptional activation in
multiple pathways by interacting with many distinct protein partners. ScGrf10 with ScBas1
regulates adenine responsive genes under adenine limitation; ScGrf10 with ScPho4 regulates
phosphate responsive under phosphate starvation; and ScGrf10 with Swi5 regulates HO gene
during yeast mating type switching. By using comparative analyses between ScGrf10 and
CaGrf10, I explored whether CaGrf10 in C. albicans (i) controls similar pathways, (ii) controls
novel pathways, and (iii) might potentially interact with different partners to control each
pathways. My dissertation reveals both conserved and unique features related to CaGrf10
functions in C. albicans.
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Grf10 together with Bas1 regulates conserved pathway involved in adenine limitation
response

My interest in exploring a potential role for CaGrf10 in adenine limitation response was
initially sparked by our transcriptomic analysis result showing most of ADE genes and onecarbon metabolic gene expression is downregulated in the grf10∆ mutant growing in minimal SD
medium. As ScGrf10 and ScBas1 are the key regulators that control expression of adenine
responsive genes in S. cerevisiae, I examined the ability of both grf10∆ and bas1∆ mutants in
regulating transcription of ADE genes and one-carbon metabolic genes, and in growing under
adenine repletion and depletion conditions. As shown in Chapter III, I found that CaGrf10 and
CaBas1 are required for transcription of adenine responsive genes and growth under adenine
limitation. In Chapter IV, I demonstrated that LexA-CaGrf10 exhibited adenine-dependent
transactivation that could function independently from CaBas1. Overall, these experiments on
gene expression, phenotypic analysis, and functional characterization provide strong evidence
that CaGrf10 is responsive to adenine levels and controls transcription of ADE genes and onecarbon metabolic gene under adenine limitation.
I found that the role of Grf10 in adenine starvation response is conserved in C. albicans
and S. cerevisiae, yet, there differences between these two species. First, adenine auxotrophy due
to deletion of CaBas1 and CaGrf10 is much weaker in C. albicans than in S. cerevisiae. Second,
loss of ScBas1 and ScGrf10 leads to histidine auxotrophy in S. cerevisiae (Arndt, Styles et al.
1987); however, the C. albicans grf10∆ and bas1∆ mutants grew normally in the absence of
histidine (Appendix A). Third, CaGrf10 is required for the transcription of nucleoside permease
gene, a gene that lacks an ortholog in the S. cerevisiae genome.

154

Grf10 regulates novel pathways involved with yeast to hyphae morphological switching and
copper toxicity response

CaGrf10 is involved in two additional pathways that are unique for C. albicans compared
to S. cerevisiae. First, CaGrf10 plays a strong role in filamentous growth (Chapter II). The
grf10∆ mutants are defective in hyphal growth, chlamydospore formation, and biofilm
formation. The overexpression of GRF10 also triggers filamentation under yeast-promoting
conditions. The phenotypic analyses in the GRF10 overexpressed mutants are consistent with the
results that GRF10 gene is normally upregulated under hyphal-inducing conditions by about 4fold.
Second, CaGrf10 is implicated in copper toxicity response (Chapter V). RNA-seq
analysis in the grf10∆ mutant under yeast- and hyphal-promoting conditions demonstrated that
expression of several genes related to copper and iron homeostasis is downregulated in the
mutant. Phenotypic analysis revealed that the grf10∆ mutant confers resistance to high levels of
copper. Thus, lower expression of copper and iron homeostasis genes in the grf10∆ mutant likely
impacts the ability of C. albicans to uptake, utilize copper bioavailability, or detoxify copper;
hence, the deletion mutant is resistant to high levels of copper.

Evidence that CaGrf10 uses combinatorial manner to control multiple traits

There are several pieces of evidence to support the idea that CaGrf10 controls three
pathways using protein combinatorial mechanism. First, Grf10 separately controls filamentation

155

and adenine metabolism. Adenine supplementation does not fully restore the filamentation
defect in the grf10∆. Also, the grf10∆ and bas1∆ mutants affect morphogenesis and virulence to
different extents: the bas1∆ mutant moderately affects these two phenotypes as opposed to the
strong filamentation defects and attenuated virulence seen in the grf10∆ mutant. Thus, the
adenine metabolic defect is not the only sole origin for the morphological defect or attenuated
virulence. Furthermore, filamentation induced by LexA-Grf10 overexpression is independent
from adenine levels and does not require Bas1. Filamentation induced by LexA-Grf10
overexpression requires the DNA-binding homeodomain (Chapter IV). These results indicate
that Grf10 regulates additional target genes related to filamentation. Together, Grf10
independently regulates adenine metabolism and filamentation.
Secondly, amino acids in the IR, known to be required for multiple protein-protein
interactions for ScGrf10 ortholog, are important for CaGrf10 functions in the responses to
adenine limitation, filamentation and copper toxicity. The data in Chapters IV and V are
consistent with the interpretation that disruption of IR residues by alanine substitutions results in
mutated Grf10 proteins that are unable to interact with co-regulators, which is the reason why the
GRF10 IR mutants exhibit adenine auxotrophy, filamentation defects, and copper resistance. I
find the E305A to be especially interesting given that it is pleiotropic in its phenotypic effects in
these pathways.
Overall, my dissertation demonstrated that CaGrf10 regulates multiple pathways, which
are either conserved or novel pathways in comparison with ScGrf10. Importantly protein-protein
interactions seem to be the conserved strategy utilized by both ScGrf10 and CaGrf10 to control
the transcriptional activation of specific target genes.
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Experimental limitations and future directions

What genes are affected by Grf10 overexpression and drive filamentation?
In Chapter V, I described the analysis of RNA-seq data from the grf10D and reference
wild type strain (in the SN152 background) to identify Grf10-dependent target genes when C.
albicans exists in yeast and hyphal forms. Even though I demonstrated that Grf10 regulates
distinct but overlapping sets of target genes during yeast growth and filamentation, I could not
identify primary target genes that Grf10 controls during the yeast to hyphae transition. There
were several technical difficulties associated with using the grf10D mutant to identify Grf10
primary target genes. First, transient or early transcriptomic changes cannot be differentiated
from secondary or late regulatory events (such as metabolic changes) occurring during long-term
adaptation when comparing transcriptome between the grf10D vs wild type. Second, there are
limited choices for hyphal-inducing conditions when using the grf10D mutant. In C. albicans,
different hyphal-inducing conditions and medium states (solid vs liquid) require different genetic
components to trigger varied transcriptional responses (Azadmanesh et al., 2017). For
convenience, samples for RNA-Seq experiments were prepared from cultures grown in liquid
media. YPD and YPD + 10% serum are commonly used because this medium pair allows for a
direct comparison between yeast and hyphal growth with minimal changes in the components of
the overall media. However, the grf10D mutant did not show strong filamentation defects in YPD
+ 10% serum liquid medium compared with the wild type. While I was able to demonstrate that
the grf10D mutant showed filamentation defects on solid spider and on chlamydospore-inducing
solid plates, these were not convenient conditions to prep cells for the RNA-seq experiment.
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Due to the above reasons, future direction will focus on the GRF10 overexpression
(GRF10 OE) strategy (Table B1 in Appendix B). Because overexpression of GRF10 triggers
filamentation under yeast-promoting conditions, performing RNA-seq in the GRF10 OE mutant
would be valuable to identify new target genes (Chauvel, Nesseir et al. 2012). By using a GRF10
OE strategy, we would be able to detect transcripts following the rapid induction of Grf10,
allowing us to dissect early (primary) vs late (secondary) Grf10 target genes. Additionally,
choices for hyphal-inducing conditions are not a concern here because filamentation is actually
dependent on conditions that induce GRF10 overexpression. Choices for GRF10 OE strains and
overexpression strategy are listed in Appendix B. Interestingly, under the TET promoter GRF10
expression levels can be controlled in a dose-dependent manner (as opposed to only “ON” and
“OFF” expression). As discussed previously, GRF10 gene is upregulated under hyphal-inducing
conditions therefore taking advantage of the titratable TET promoter to find Grf10 expression
levels that mimic upregulated physiological levels would be useful before performing RNA-Seq
experiment. Findings from this transcriptomic analysis could reveal the primary Grf10 target
genes that trigger filamentation in the GRF10 OE mutant, and may provide clues for the
physiological role of upregulated GRF10 levels.

What are the Grf10 interacting protein partner(s)?
My data thus far are consistent with the interpretation that Grf10 has several protein
partners. I showed that alanine substitutions in the Grf10 conserved IR residues affect Grf10
functions in multiple pathways, including responses to adenine limitation (Chapter IV), hyphalinducing cues (Chapter IV) and copper excess (Chapter V). In Chapter IV, I attempted to
perform Candida two-hybrid assays to show interaction function of IR region and identify novel
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Grf10 protein partners. However, I could not detect Grf10-protein interactions using this
approach even when using Bas1 as a known positive interacting partner. This may have been due
to two major limitations. First, intrinsic limitations of fusion proteins such as instability or the
occlusion of epitope tag, LexA or VP16 could have led to failure to detect interactions. Second,
because we performed all Candida two-hybrid assay in the reference wild type strain SC2H3, the
Grf10 fusion protein was likely competing with the native protein for interacting partners,
hindering detection of authentic protein interaction.
In the future, the Grf10 purification followed by mass spectrometry analysis is proposed
to identify novel Grf10 protein partners. A full list of tagged-Grf10 proteins that could be used
for protein purification steps can be found in Appendix B. First, Grf10 is tagged with ProtATEV-CBP (Grf10-TAP tag) at the C-terminus. TAP protein purification protocol can be
performed as previously described (Blackwell and Brown 2009). In this strain, the Grf10-TAP
protein can be overexpressed from PCK1 promoter under gluconeogenic conditions (YNB + 2%
casamino acid). As described previously, the overexpression of Grf10-TAP from the PCK1
promoter drives filamentation. Thus, using this Grf10-TAP overexpression strategy will be
beneficial to identify potential protein partner during filamentation. However, this strategy has
limitation in identifying protein partners in other conditions such as copper excess or yeast
growth. To accommodate identification of Grf10 protein partners in non-overexpression
conditions, I generated a C. albicans strain that expressed GRF10-TAP from native GRF10 locus
at natural expression levels; strain construction strategy is described in materials and methods of
Appendix B.
Second, a synthetic cross-link strategy could be used to both assess if Grf10 IR residues
make direct physical contact with protein partners and stabilize transient protein complex
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formations during the protein purification process (Palzer, Bantel et al. 2013). This strategy can
be performed by following a described method (Palzer, Bantel et al. 2013). An unnatural amino
acid p-azido-L-phenylalanine (AzF) will be inserted into a position of choice in Grf10. This is
done by mutating the codon to an amber (UAG) stop codon (using fusion PCR), and using AzFtRNA synthetase and a suppressor tRNA. When exposed to UV light, AzF can be photoactivated
to form a covalent bond with any proteins in close proximity (3-4 Å). My Grf10 residues of
choices are the IR residues. Currently, there are no antibodies against Grf10 protein in C.
albicans, and therefore, this method requires constructing tagged-Grf10 protein. In Palzer et al.,
2013 work, the authors added V5-Hisx6 or HA tags at the C-terminus of tested proteins. Thus,
choices of tags for Grf10 protein can be V5-His6, HA, or TAP. The full list of primers, strains,
and plasmids required for the synthetic cross-linking strategy are described in Appendix B.
Grf10 is implicated in multiple pathways, and our longstanding hypothesis is that different
protein partners direct Grf10 to regulate different sets of target genes. Thus, identification of
Grf10 interacting protein partners for each specific pathway will provide valuable insight into the
mechanisms that control the diverse cellular functions of Grf10.

What is the role of Grf10 in copper homeostasis and nutritional immunity?
As stated in Chapter V, the human host modulates copper levels, to prevent invasion of C.
albicans and other microbial pathogens. Several studies have demonstrated that C. albicans can
respond to these extreme levels of copper, and mutants that are unable to control copper
homeostasis are less virulent in animal models of infection (Mackie et al., 2016; Marvin et al.,
2003). However, we still lack a comprehensive understanding into how C. albicans regulates
copper responsive mechanisms (reviewed in Smith et al., 2017)
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In Chapter V, we showed preliminary data for a novel role of Grf10 in copper toxicity
response. We showed that the grf10∆ mutants decreased copper and iron uptake gene expression
while demonstrating increased growth under excess copper compared to the wild type. These
results are intriguing, but raise more questions. For example, we do not know if Grf10 directly
regulates copper responsive genes or if Grf10 indirectly impacts copper homeostasis through
ADE genes, PHO genes, or filamentation related genes. Interestingly, ADE genes have been
demonstrated in S. cerevisiae to modulate toxicity by cisplatin, a chemotherapeutic agent that is
brought into S. cerevisiae and C. albicans cells through the copper transporter Ctr1 (Kowalski,
Pendyala et al. 2008, Schwartz, Olarte et al. 2013). Also, regulation of PHO genes is important
for the modulation of metal homeostasis (Rosenfeld, Reddi et al. 2010). If Grf10 directly
regulates copper responsive genes, it would be interesting to study if Grf10 works alone or works
with other protein partners. Finally, as copper responsive mechanisms facilitate C. albicans to
counterattack host immunity, it would be of great interest to explore the role of Grf10 in the
context of host immunological defenses. For instance, macrophage or neutrophil-mediated
killing assays could be performed in the grf10∆ or GRF10 overexpression mutants to determine
the role of Grf10 during host immunological response. Results stemming from these future
directions will give insight into how Grf10 regulates copper homeostasis and mediates the hostimmunity response in C. albicans.

What is the role of Grf10 during biofilm formation?
C. albicans can develop surface-associated growth forms called biofilms on both abiotic
surfaces such as dentures, intravenous catheters, or other implanted medical devices, and biotic
surfaces such as mucosa, leading to complicated pathogenic infections (Lohse, Gulati et al.
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2018). In particular, fungal biofilms are one of the most serious medical problems, as biofilms
are inherently resistant to both drug treatment and host immunity. Once established, biofilmbased infections are nearly impossible to cure, and therefore chronic infections ensue with high
morbidity and mortality
GRF10 is one of the core target genes induced during biofilm formation (Nobile, Fox et al.
2012). The promoter of GRF10 is bound by 5 out of 6 biofilm master regulators - Efg1, Bcr1,
Brg1, Ndt80, and Tec1- and overexpression of GRF10 restores biofilm defects in the bcr1∆ and
tec1∆ mutants. The GRF10 gene is upregulated during biofilm formation in several in vitro
models (see table I-1 in Chapter I). The grf10∆ mutant from SN152 background was shown to
form a normal biofilm using in vitro spider liquid medium whereas the grf10∆ mutant from the
BWP17 background was defective in biofilm formation using in vitro YNB liquid based medium
(Nobile, Fox et al. 2012, Desai, Bruno et al. 2013, Ghosh, Wangsanut et al. 2015). Together,
these results showed that GRF10 is a downstream target of the biofilm master regulators, and
that it is essential for the regulation of biofilm development perhaps depending on conditions or
other genes.
The contribution by Grf10 during biofilm formation remains largely unknown. In Chapter
II, we showed that the grf10∆ mutant (BWP17 background) had significantly decreased biofilm
formation using in vitro assay. Therefore, following up on the ability of the grf10 mutants
(deletion or overexpression mutants) to form biofilms on both abiotic and biotic in vivo models
would be valuable. In addition, identifying Grf10-dependent target genes during biofilm
formation would be beneficial. I showed by transcriptomic sequencing analyses in Chapter III
and Chapter V that Grf10 mainly regulates the transcription of genes in AMP biosynthesis, onecarbon metabolism and hyphal-specific genes during yeast and hyphal growth. RNA-seq could
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be performed to determine if Grf10 regulates a similar or different set of target genes during
biofilm formation. If Grf10 regulates ADE genes and one-carbon metabolic genes, it would be
interesting to investigate how these metabolic pathways contribute during biofilm development.
Answers to these questions will provide valuable insights into the mechanisms that allow Grf10
to regulate the biofilm formation process.

Conclusion and significance

C. albicans is part of human microbiota that can live as a benign commensal or an
aggressive fungal pathogen. Transcriptional regulation plays an essential role in controlling the
switch between the commensal and pathogen, and accommodating its ability to successfully
adapt to each lifestyle. My dissertation characterizes how Grf10 transcription factor contributes
to regulation of C. albicans growth and virulence. Grf10 regulates many aspects of growth and
pathogenic traits, including adenine starvation response, morphogenesis, and copper toxicity
response. Grf10-protein partner interaction is one of the mechanisms allowing Grf10 to control
multiple traits. Thus, I have strengthened our understanding on transcriptional regulation in C.
albicans commensalism and pathogenesis. The Grf10 working model is summarized in Figure
VI-1.
As Grf10 has orthologs in other fungal species, for example the human fungal pathogen
A. fumigatus and the plant fungal pathogen M. grisea, the knowledge from my dissertation can
be expanded into other fungal pathogens. Importantly, transcription factors have been proposed
to serve as novel antifungal drug targets because they are evolutionarily divergent between fungi
as well as between fungal pathogens and humans (Bahn 2015). Potential mechanisms for the
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chemical modulation of transcription factors include the inhibition of (i) transcription factorprotein interactions, (ii) transcription factor-DNA binding elements, (iii) transcription factor
DNA-binding domains, and (iv) transcription factor-modulator protein interactions. I
characterized several of the critical functional regions that are specific to C. albicans (activation
domains) as well as residues (homeodomain and IR residues) that are commonly found across
fungal species. Thus, my dissertation provides fundamental knowledge that could potentially
lead to the development of novel therapeutic interventions not only for C. albicans, but also for
other fungal pathogens.
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Figure VI-1. Working model shows the roles of Grf10 in coregulating fitness and virulence
attributes in C. albicans. Grf10 separately regulates adenine responsive genes and filamentation
genes through specific protein partner interaction.
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Appendix A: Preliminary data supporting lack of connection between adenine and
histidine metabolic crosstalk in C. albicans

In S. cerevisiae, ScBas1 and ScGrf10 coregulate the expression of HIS and ADE genes
under histidine and adenine limitation. Loss of ScBas1 and ScGrf10 leads to both histidine and
adenine auxotrophy (Arndt, Styles et al. 1987). Since HIS1 was used as a reporter gene for
Candida one- and two-hybrid assays, and all experiments were performed under histidine and
adenine limitation (Chapter IV), I examined if deletion of CaBas1 and CaGrf10 (in SN152
background) would lead to histidine auxotrophy. I also tested if HIS1 gene would be coupregulated with ADE genes under adenine limitation (CAI10 strain). These experiments served
as a control for the Candida one- and two-hybrid assays, and ensured that histidine limitation did
not lead to a confounding effect on LexA-Grf10 activity. These results showed that in C.
albicans, (i) HIS1 gene was not upregulated with ADE genes under adenine limitation, and (ii)
loss of CaBas1 and CaGrf10 did not lead to histidine auxotroph.
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Figure A-1. Histidine and AMP biosynthesis pathways are not coregulated in C. albicans
and deletion of BAS1 and GRF10 does not affect C. albicans growth under histidine
limitation. A. qRT-PCR was performed in C. albicans strain CAI-10 to determine if the HIS1
gene was induced under adenine starvation. C. albicans strain CAI-10 was grown in SC+Ade
and shifted into media containing (+Ade) or lacking (-Ade) adenine; cells were harvested and
RNA was extracted (see materials and methods in Wangsanut et al, 2017 for details). Gene
expression was normalized to CAI-10 strain growing under repressing conditions (+Ade). Error
bars indicate the standard deviation. * indicates p-value <0.05; NS indicates no significance pvalue. p-value is calculated by using Student’s t test function in Excel. B. The wild type, bas1∆,
BAS1 complemented (bas1∆ + BAS1), grf10∆ and GRF10 complemented (grf10∆ + GRF10)
strains from C. albicans in the SN152 background were grown overnight in YPD medium and
were spotted at a starting OD600 of 0.2 on indicated plates. The plates were incubated for up to 48
h at 30°C. DAY286 strain shows histidine auxotrophy as the strain contains his1∆ background,
and was used as control for histidine supplementation.
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Appendix B: Strain construction for studying CaGrf10 overexpression and protein
interaction

To identify Grf10 interacting protein partners using protein purification and mass
spectrometry, several Grf10 constructs were requested or generated (see Chapter VI for proposed
methods). The following constructs were fully or partially generated: (i) C. albicans strains
expressing Grf10-TAP tag from inducible PCK1 promoter, (ii) C. albicans strains expressing
Grf10-TAP tag from native locus, (iii) E. coli strains containing plasmids that express GRF10,
GRF10D302A, GRF10E305A and GRF10Q308A from inducible TET promoter, (iv) C. albicans and
plasmid systems to construct Grf10 synthetic-crosslink strains. Appendix B describes the strain
construction and verification.
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Figure B-1. Overexpression of GRF10 drives filamentation under yeast-promoting
conditions. C. albicans strains RAC211, RAC212 and RAC213, containing CIp-PPCK1-GRF10TAPtag, CIp-PPCK1-GFP-TAPtag and CIp-PPCK1-UME6-TAPtag, respectively, were grown in
YNB + 2% casamino acid+His+Arg broth overnight to induce construct overexpression.
Representative images were taken at 18-hr incubation at 30°C, using 40X magnification.
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Figure B-2. Diagnostic PCR was performed to verify GRF10-TAP fragment integration at
native GRF10 locus. gDNA was extracted from RAC257 strains isolates A (lane 1), B (lane 2),
C (lane 3), and E (lane 4). gDNA extracted from RAC114 parental strain (lane 5) was used as
negative control. Upstream and downstream integration of GRF10-TAP fragment was checked
(see materials and methods).
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Figure B-3. Integration of GRF10-TAP allele in C. albicans strain RAC257 isolate C does
not interfere with its ability to induce filamentation and grow under adenine limitation.
RAC257 isolate C strain was grown overnight in YPD broth and spotted on spider plate (A.) or
SC with or without adenine supplementation (B.). Plates were incubated and photographed as
indicated.
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Materials and Methods

Construction of Grf10-TAP derived strains
The plasmids CIp-ppck1-GRF10, CIp-ppck1-GFP and CIp-ppck1-UME6, containing TAP tag
at C-terminus and expressing the constructs under PCK1 promoter, were obtained from
Christophe d’EnFert’s laboratory (Table B2). These plasmids were transformed into C. albicans
BWP17 strain and selected on SC-Ura medium, using URA3 marker, generating strains RAC211,
212 and 213 (Table B3). Plasmid was linearized at StuI site, integrated at RPS1 locus, and
verified by diagnostic PCR, using primers CIpUL and CIpUR (Table B4). Fresh colonies were
inoculated into YNB 2% casamino acid + His + Arg liquid medium and grown at 30°C to induce
construct overexpression, and morphology of each strain was examined under microscope after
18h incubation. As shown in Figure B1, under overexpression conditions, strains harboring the
UME6 and GRF10 grown in filamentous form while strain harboring the GFP exists in yeast
form; this result validates previous published findings (Chauvel, Nesseir et al. 2012).
To construct C. albicans strain that expresses the Grf10-TAP tag protein at natural levels
under native promoter, 500bp downstream of GRF10 orf was amplified from gDNA isolated
from C. albicans strain SC5314 using primers NotI_500bp_DS and 500bp_DS_SacII (Table B4).
This fragment was cloned into the plasmid pSFS2A, using NotI and SacII restriction sites,
creating plasmid pSFS2A-DSG10. Partial 1.3 kb of GRF10 with TAP tag was amplified from
plasmid CIp-ppck1-GRF10 using primers 436-560_PspOMI and TAP_GRF10-ApaI (C-terminus
end of GRF10), and ligated into plasmid pSFS2A-DSG10 using PspOMI single restriction site,
creating plasmid pG10TAP. After verified by plasmid sequencing (Genewiz), plasmid pG10TAP
was cleaved by BssHII (2,000 ng) to release GRF10-TAP knock-in fragment. Digested
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pG10TAP was transformed into C. albicans strain RAC114 (GRF10/grf10∆) and selected on
YPD + Nourseothricin, creating RAC257 strain (Reuss, Vik et al. 2004). Integration of the
GRF10-TAP knock-in fragment was verified by diagnostic PCR using primers
US_600bp_GRF10 and SAT1_before_excision for upstream check and primers DS_forward and
DS_615 for downstream check (Figure B2). Figure B3 showed that RAC257 strain exhibited
normal growth under adenine limitation and induced normal filamentation under hyphalinducing conditions, demonstrating that TAP tag does not interfere with Grf10 normal functions.
*These strains have not yet been verified for existence of the TAP tag by Western blot. Nor
have they been examined for levels of the GRF10 gene or protein by qRT-PCR or Western blot,
respectively.*

Construction of D302A, E305A, and Q308A in CIp-PTET-GRF10 overexpression plasmids
To generate plasmid CIp-PTET-GRF10 D302A, CIp-PTET-GRF10 E305A, CIp-PTET-GRF10
Q308A

, the GRF10-D302A, GRF10-E305A and GRF10-Q308A alleles generated by fusion PCR

as previously described (see Chapter IV) were moved into plasmid CIp-PTET-GRF10 using a gaprepair cloning approach (Jacobus and Gross 2015). Briefly, plasmid CIp-PTET-GRF10 was
digested with SphI and XhoI and the large fragment was separated from the small 0.5-kb
fragment by Qiagen Gel Extraction kit. This gapped CIp-PTET-GRF10 plasmid was mixed with
mutated GRF10 PCR fragments and transformed into E. coli DH5α competent cells (Jacobus and
Gross 2015). Plasmids were isolated and their sequences were determined (Genewiz).
*These plasmids along with the pNIMX plasmid (expressing a C. albicans-adapted reverse Tetdependent transactivator that binds to tetO sequences in the TET promoter) have not yet been
transformed into BWP17 C. albicans strain*
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Table B-1. Summary of GRF10 overexpression triggers filamentation in various GRF10
constructs and yeast-promoting conditions.
Promoter Background
Overexpression
Plasmid/Referen
Protein
/Marker
ce
strategy at 30°C
Pck1
BW17/URA3 YNB + 2% casamino CIp-ppck1-GRF10
Grf10-TAP
acid Only liquid
(Chauvel, Nesseir
medium
et al. 2012)
Tet

BW17/URA3

Met3

SC2H3/
CmLEU2

YPD + 3ug/mL
tetracyclin
Only solid medium

CIp-ptet-GRF10
(Chauvel, Nesseir
et al. 2012)

Grf10

SC - methionine on
liquid and solid media

pC2HB-Grf10
(Wangsanut,
Tobin et al. 2018)

LexA-HA-Grf10
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Table B-2. Plasmids for Grf10 overexpression.
Plasmid Name
CIp-PPCK1-GRF10TAPtag

Vector

CIp-PTET-GRF10

CIp10

CIp-PPCK1-GFP-TAPtag

CIp10

CIp-PTET-GFP

CIp10

CIp10

CIp-PPCK1-UME6-TAPtag CIp10
CIp-PTET-UME6

CIp10

CIp-PPCK1-GTW-TAPtag

CIp10

CIp-PTET-GTW

CIp10

pDONR207

-

pNIMX

-

pSFS2A

-

pSFS2A-DSG10
pG10TAP
CIp-PTET-GRF10D302A
CIp-PTET-GRF10E305A
CIp-PTET-GRF10Q308A

pSFS2A
pSFS2A-DSG10
CIp-PTET-GRF10
CIp-PTET-GRF10
CIp-PTET-GRF10

Source
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Chauvel, Nesseir et
al. 2012)
(Reuss, Vik et al.
2004)

Marker

Wangsanut T

camR
camR
ampR
ampR
ampR

Wangsanut T
Wangsanut T
Wangsanut T
Wangsanut T

176

ampR
ampR
ampR
ampR
ampR
ampR
ampR
ampR
Gentamycin
ampR
camR

Table B-3. TAP tag derived C. albicans strains.
Name

Genotype

Reference

BWP17

ura3::imm434/ura3:: imm434 his1::his1::hisG/

(Wilson, Davis et al. 1999)

his1::hisG::arg4::hisG/ arg4::hisG

a

(Ghosh, Wangsanut et al.
2015)
Wangsanut T/Mlynek K

RAC114

BWP17 GRF10/grf10∆::URA3

RAC211

BWP17:: a <CIp-PPCK1-GRF10-TAPtag, URA3>

RAC212

BWP17:: a <CIp-PPCK1-GFP-TAPtag, URA3>

Wangsanut T

RAC213

BWP17:: a <CIp-PPCK1-UME6-TAPtag, URA3>

Wangsanut T

RAC257

RAC114 GRF10-TAPtag::SAT1 FLIP/grf10∆::URA3

Wangsanut T

Integration at RPS1 locus
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Table B-4. Primers for GRF10-TAP tag strain construction.
Name
Type
Sequence 5’ à 3’
Check CIp plasmid integration at RPS1
CIpUL
CIpUR

Forward
Reverse

ATACTACTGAAATTTCCTGACTTTC
ATTACTATTTACAATCAAAGGTGGTC

Cloning
NotI_500bp_DS
500bp_DS_SacII

Forward
Reverse

AATTTGCGGCCGCGTTTGCTCCAATGAAACAATA
AAATATCCGCGGTTCGTTGCATTTGAGCTAG

436-560_PspOMI
Forward
TAP_GRF10-ApaI
Reverse
Check pG10TAP integration
US_GRF10_Check Forward
SAT1 before
Reverse
excision
DS_forward
Forward
DS_615bp_check
Reverse
Check pNIMX integration
ADH1 verify
Forward
NIM1 verify
Reverse

TAAGCAGGGCCCTTAAAGGATACCAACGCCACCACCACCACC
TGCTTAGGGCCCTCAGGTTGACTTCCCCGCGGAATTC
TTTGTTTACCTAGAATAACTTCAGTGTTGCTAGTGA
GGTACAGATGGTACTAGACAAAAATATCAAACCAATCA
GCAGGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCAG
GGACGGTAGGATAGTTAATAATTCTGGTCGCTGTTC
ACAAGCTCATTGAGTGACGAAAAG
TTTACGGGTTGTTAAACCTTCGAT

ApaI and PspOMI recognize same restriction sequences, but cut differently.

178

Table B-5. Plasmids for synthetic-crosslink protein interaction.
Plasmid
Name

Original Name

Vector

pR506

pSFS2A CT

pSFS2A

pR507

pSFS2A CT HA

pSFS2A

pR508

pSFS2A CT TSA1
N141X

pSFS2A

pR509

pSFS2A CT TUP1 L63X

pSFS2A

pR510

pSFS2A CT TUP1 A66X pSFS2A
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Source
(Palzer, Bantel et al.
2013)
(Palzer, Bantel et al.
2013)
(Palzer, Bantel et al.
2013)
(Palzer, Bantel et al.
2013)
(Palzer, Bantel et al.
2013)

Marker
camR
camR
camR
camR
camR

Table B-6. Synthetic cross-link C. albicans strains.
Rolfes lab

Original

Name

Name

RAC271

SPC43

RAC272

SPC46

RAC273

SPC55

RAC274

YBC6

RAC275

YBC9

Genotype

Reference

ACT1 /act1 Δ::FRT AzF-RS 1 SNR52/snr52 Δ::4 EcTyrtRNA
CUA

(Palzer, Bantel
et al. 2013)

as SPC43 and TSA1 /tsa1 Δ::FRT TSA1 V5 His6

(Palzer, Bantel
et al. 2013)
(Palzer, Bantel
et al. 2013)
(Palzer, Bantel
et al. 2013)
(Palzer, Bantel
et al. 2013)

as SPC43 and TSA1 /tsa1 Δ::FRT TSA1 N141X V5 His6
as SPC43 and TUP1 /tup1 Δ::FRT TUP1 L63X V5 His6
as SPC43 and TUP1 /tup1 Δ::FRT TUP1 A66X V5 His6
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Table B-7. Primers to generate stop amber codon in IR residues for synthetic-crosslink
protein interaction.
Name
C
299Am
C
299Am
E
305Am
E
305Am
Q
308Am
Q
308Am
V
275Am
V
275Am
F
329Am
F
329Am
G
289Am

Type
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

G

Reverse

289Am

Sequence 5’ à 3’
ACAAACAATCAATGGTCTATTTAGGATGATTTTAGTGAGGGTCAA
TTGACCCTCACTAAAATCATCCTAAATAGACCATTGATTGTTTGT
TCTATTTGTGATGATTTTAGTTAGGGTCAACAAGTGAGTTGTGCT
AGCACAACTCACTTGTTGACCCTAACTAAAATCATCACAAATAGA
GATGATTTTAGTGAGGGTCAATAGGTGAGTTGTGCTTTTGCT
AGCAAAAGCACAACTCACCTATTGACCCTCACTAAAATCATC
TTGTGTCAAAAACCCAAATTTCTGTAGTATTTTTTCAATGGAAGTAATACA
TGTATTACTTCCATTGAAAAAATACTACAGAAATTTGGGTTTTTGACACAA
TCAAATGGAAAAAACCAATCATAGTCAAATACCATCCCACATGTT
AACATGTGGGATGGTATTTGACTATGATTGGTTTTTTCCATTTGA
CCCAAATTTCTGGTGTATTTTTTCAATTAGAGTAATACAAACAATCAATGG
TCTATT
AATAGACCATTGATTGTTTGTATTACTCTAATTGAAAAAATACACCAGAAA
TTTGGG
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Appendix C: Strain construction to study the role of AICAR and ADE gene expression
In S. cerevisiae, ScGrf10 is responsive to AICAR levels. High AICAR accumulation
under adenine limitation stimulates ScGrf10-ScBas1 protein interaction, derepressing ADE gene
expression (Chapter I). Any ade mutants that block AICAR synthesis are unable to derepress
ADE genes while the ade17 mutant that accumulates AICAR constitutively derepresses ADE
genes (Chapter I). Because LexA-CaGrf10 is responsive to adenine levels (Chapter IV), I
hypothesized that in C. albicans, CaGrf10 is responsive to AICAR levels and AICAR
accumulation also stimulates ADE gene expression under adenine limitation. To test this
hypothesis, I examined if the ade2Δ mutant (CAI-7 strain), which is genetically unable to
synthesize AICAR, was able to upregulate ADE genes in the absence of adenine. Gene
expression analysis using qRT-PCR demonstrated that the ade2Δ mutant was unable to derepress
ADE genes, consistent with results seen in S. cerevisiae.
To determine whether or not the ade17Δ mutant constitutively upregulated ADE
genes, I used CRISPR method to delete ADE17 gene from OHWT strain (SN152 background).
The ade17Δ mutant was generated and verified for adenine auxotrophy; however, ADE gene
expression analysis has not been performed.
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Figure C-1. Diagnostic PCR was performed to verify deletion of ADE17 orf. gDNA was
extracted from ade17∆ candidates; lane 1: isolate 2, lane 2: isolate 7, lane 3: isolate 8, lane 4:
isolate 9, and lane 5: isolate 10. gDNA extracted from AHY940 (lane 6; Nguyen et al, 2017 )
was used as control. Primers binding upstream and downstream of ADE17 locus were used to
amplify and checked for ADE17 orf deletion (see materials and methods).
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Figure C-2. The ade17∆ mutants exhibit adenine auxotroph. Colonies of C. albicans mutants
were streaked on SC plates with or without adenine supplementation (colonies were previously
grew on YPD + adenine + Nourseothricin). The plates were incubated at 30°C and photographed
at 48-hr. Numbers indicate isolate number of ade17∆ candidates.
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Figure C-3. The ade2∆ mutant, lacking AICAR metabolite, could not fully derepress ADE
genes under adenine limitation. C. albicans strains CAI10 (ADE2/ADE2) and CAI7 (ade2∆)
were grown overnight in SC+ Ade and shifted into media containing (+Ade) or lacking (-Ade)
adenine; cells were harvested and RNA was extracted (see materials and methods in Wangsanut
et al, 2017 for details). qRT-PCR was performed to detect ADE gene expression in each sample.
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Gene expression of each sample was then normalized to CAI-10 strain growing under repressing
conditions (+Ade). Error bars indicate the standard deviation.
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Materials and Methods

Construct ade17∆ mutant (details can be found in supplemental text of (Nguyen, Quail et al.
2017).
To generate ADE17 gRNA expression cassette, “A” fragment was amplified PCR
(Phusion Polymerase, Thermo Scientific F534) using primers AHO1096 and AHO1098 (Table
C1), and plasmid pADH110 (Table C2) was used as DNA template. The “B” fragment was PCR
amplified using primers AHO1097 and ADE17_gRNA-2, and plasmid pADH139 was used as
DNA templated. To stitch the “A” and “B” fragments, primers AHO1237 and AHO1453 were
used in PCR reaction, generating “C” fragment. Donor DNA (dDNA) for ade17 orf deletion was
prepared by annealing oligos ADE17_KO. Sequences for ADE17-specific gRNA were retrieved
from Fink’s study (Vyas, Barrasa et al. 2015).
Plasmid pADH140 carrying CAS9, was linearized by digesting 2000 ng with MssI
(Thermo Scientific FERFD1344). Digested pADH140, “C” fragment containing ADE17 gRNA
expression cassette, and dDNA for ade17 orf deletion were co-transformed into competent
OHWT strain, exactly following yeast transformation protocol by Nguyen et al, 2017. The
gRNA cassette, CAS9 fragment and reconstituted NAT marker were integrated at CmLEU2 orf,
and transformants were selected on YPD + Nourseothricin supplemented with adenine. Correct
ADE17 deletion was checked by diagnostic PCR using primers ADE17_US_check and
ADE17_DS_check. The ade17∆ mutant was checked for adenine auxotroph by growing on SCade.
Deletion of ADE2 gene was carried out as positive CRISPR system control. dDNA
for ade2 orf deletion was prepared by annealing oligos AHO1492 and AHO1493. Plasmid
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pADH143-2, expressing ADE2 gRNA and plasmid pADH140 were double digested by MssI
(2,000 ng each). The gRNA cassette, CAS9 fragment and reconstituted NAT marker were
transformed and selected as described above. Correct ADE2 deletion was checked by diagnostic
PCR using primers AHO1196 and AHO1304. The ade2∆ mutant was checked for adenine
auxotroph by growing on SC-ade and screening for pink/red colony color accumulation.
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Table C-1. Oligos for ADE2 and ADE17 deletion using CRISPR system.
Name
Type
Sequence 5’ à 3’
dDNA for ade2orf deletion with mini add-tag
AHO1492

Forward

TAATCTATTCATCTTATTCTCATCACACACGCATATACAAGCACTAC
ACATAggTATAGATATCAATAGCATATTAAACAAGTAAACGTTATG
AHO1493
Reverse GTGCAAT
ATTGCACCATAACGTTTACTTGTTTAATATGCTATTGATATCTATAcc
TATGTGTAGTGCTTGTATATGCGTGTGTGATGAGAATAAGATGAAT
AGATTA
Diagnostic PCR for ade2orf deletion
AHO1196
Forward AAATGGCATGCAAACAGAATGAC
AHO1304
Reverse TCATCTCACCTTAACACTAAGTTCTC
dDNA for ade17orf deletion with mini add-tag
ADE17 KO
Forward CAATTGATTACCATTATCGAGTTTTTAATAATTGGAGTAATTACTgg
AAATACTATGCTTTTTTACTTTAGTAGTAGTTTAACTTTGTATTC
ADE17 KO
Reverse GAATACAAAGTTAAACTACTACTAAAGTAAAAAAGCATAGTATTTc
cAGTAATTACTCCAATTATTAAAAACTCGATAATGGTAATCAATTG
Fusion PCR for gRNA to target ADE17
AHO1096
AHO1098

Forward
Reverse

GACGGCACGGCCACGCGTTTAAACCGCC
caaattaaaaatagtttacgcaag

ADE17 gRNA-2

Forward

AHO1097
AHO1237
AHO1453

Reverse
Forward
Reverse

CGTAAACTATTTTTAATTTGCATGCTCCAGAGATGTTAGGGTTTTAG
AGCTAGAAATAGC
CCCGCCAGGCGCTGGGGTTTAAACACCG
aggtgatgctgaagctattgaag
attttagtaacagcttcgacaatcg

Diagnostic PCR for ade17orf deletion
ADE17 US check
ADE17 DS check

Forward
Reverse

CTGTATCGTCCTGTCATTTTGATT
GATAACAACGCCAACACAAAGAAT
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Table C-2. Plasmids for Hernday Lab C. albicans CRISPR System.
a

Plasmid Name
pADH99
pADH100
pADH100-2
pADH110
pADH118
pADH118-2
pADH118-17
pADH118-18
pADH119
pADH137
pADH139
pADH140

Marker
ampR
ampR
ampR
ampR
ampR
ampR
ampR
ampR
ampR
ampR
ampR
ampR

pADH143

ampR

pADH143-2

ampR

pADH147

ampR

a

Plasmids were requested from Hernday Lab and referred to the following source (Nguyen, Quail et al.
2017).
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