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Abstract

The mammalian gastrointestinal tract and bloodstream are highly disparate biological niches that
differ in concentrations of nutrients such as iron. However, some commensal-pathogenic
microorganisms, such as the yeast Candida albicans, thrive in both environments. We report the
evolution of a transcription circuit in C. albicans that controls iron uptake and determines its
fitness in both niches. Our analysis of DNA-binding proteins that regulate iron uptake by this
organism suggests the evolutionary intercalation of a transcriptional activator called Sefl between
two broadly conserved iron-responsive transcriptional repressors, Sful and Hap43. Sefl activates
iron uptake genes and promotes virulence in a mouse model of bloodstream infection, whereas
Sful represses iron uptake genes and is dispensable for virulence but promotes gastrointestinal
commensalism. Thus, C. albicans can alternate between genetic programs conferring resistance to
iron depletion in the bloodstream versus iron toxicity in the gut, and this may represent a
fundamental attribute of gastrointestinal commensal-pathogens.

INTRODUCTION

The unique chemical properties of iron underlie its broad utility as a cofactor for essential
cellular processes as well as its toxicity (via hydroxyl radicals produced by the Fenton
reaction) to proteins, lipids, and nucleic acids (Pierre et al., 2002). Virtually all organisms
have evolved mechanisms to precisely regulate the uptake and storage of iron. This task is
particularly challenging for commensal-pathogens such as the yeast, Candida albicans, that
inhabit the mammalian gastrointestinal tract (Odds, 1988) but also enter the bloodstream
(Edmond et al., 1999). Gastrointestinal commensals are bathed in comparatively high levels
of iron (~15 mg or 0.27 mmol/day in humans) since the majority of dietary iron is not
absorbed (McCance and Widdowson, 1938; Miret et al., 2003). In contrast, bloodstream
pathogens face extraordinary iron depletion (~10724 M free Fe3*) because of active
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sequestration by the host (Martin et al., 1987). Only a handful of clinically important
commensal-pathogenic microorganisms are adapted to both environments.

To survive in the bloodstream, C. albicans maintains at least three systems of iron extraction
from the host (Figure 1). Iron is recovered from red blood cells by means of secreted
hemolysins (Luo et al., 2001; Manns et al., 1994) and the Rbt5 system of hemoglobin
utilization (Weissman and Kornitzer, 2004; Weissman et al., 2008). Iron bound to small
molecule siderophores is imported via the Sitl siderophore transporter (Ardon et al., 2001;
Heymann et al., 2002; Hu et al., 2002). High-affinity uptake of free or chelated Fe3* occurs
through sequential reduction and oxidation-internalization steps mediated, respectively, by a
family of cell surface ferric reductases (Hammacott et al., 2000; Knight et al., 2002) and
complexes of the Ftrl iron permease with any of several multicopper ferrous oxidases
(Knight et al., 2002). The reductive system is also used in tissues to extract iron from host
ferritin, in a process dependent on the cell surface adhesin Als3 (Almeida et al., 2008). In
contrast to this detailed understanding of C. albicans adaptation to iron limitation in the
bloodstream, comparatively little is known about how C. albicans defends against iron
excess in the gut.

In most ascomycetes and the basidiomycete, Cryptococcus neoformans, a simple switch
regulates the expression of iron homeostasis genes (Haas et al., 1999; Hortschansky et al.,
2007; Jung et al., 2010; Jung et al., 2006; Mercier et al., 2006; Pelletier et al., 2002). When
environmental iron is replete, a GATA family transcription factor directly represses genes
for iron acquisition as well as the gene encoding the regulatory component of the CCAAT-
binding complex. When environmental iron is low, the CCAAT-binding complex directly
represses the GATA factor gene as well as genes for noncritical iron-dependent processes.
C. albicans was thought to share this system because its GATA factor ortholog, called Sful,
can functionally substitute for the GATA factor of S. pombe (Pelletier et al., 2007), and
deletion of SFU1 leads to inappropriate expression of iron acquisition genes when
environmental iron is replete (Lan et al., 2004). Moreover, mutants affecting the C. albicans
regulatory component of the CCAAT-binding complex exhibit multiple abnormalities on
iron-depleted media, including defective growth (Baek et al., 2008; Homann et al., 2009;
Hsu et al., 2011), failure to upregulate the FRP1 ferric reductase gene (Baek et al., 2008),
and inappropriate expression of iron-utilization genes (Hsu et al., 2011). This hap4344
mutant is also defective for virulence in a mouse bloodstream infection model (Hsu et al.,
2011), like mutants affecting orthologs in the fungal pathogens Aspergillus fumigatus
(Schrettl et al., 2010) and C. neoformans (Jung et al., 2010).

We identified C. albicans SEF1, which encodes a predicted Zn(2)Cys(6) DNA-binding
protein, in a screen for candidate virulence factors (Noble et al., 2010). Our discovery that
SEF1 is also required for growth on iron-depleted media (Homann et al., 2009) suggested
that it may transcriptionally activate genes involved in iron acquisition—but this hypothesis
was at odds with the prevailing model of iron regulation, described above. We therefore
determined the gene regulatory activities of Sefl, Sful, and Hap43 using whole-genome
RNA expression and chromatin immunoprecipitation (ChlP) approaches. The results
combined with systematic comparisons of mutants in C. albicans, S. pombe, and
Saccharomyces cerevisiae suggest that C. albicans has evolved a unique, feed forward
transcriptional circuit in which Sefl is intercalated into the broadly conserved switch
between the GATA factor and the CCAAT-binding complex. In C. albicans, Sful (GATA
factor) represses SEF1 and iron uptake genes, Sefl activates HAP43 (CCAAT-binding
complex) and iron uptake genes, and Hap43 represses SFU1 and iron utilization genes (i.e.
genes for processes that require iron). We investigated the in vivo roles of SEF1 and SFU1
by profiling the respective deletion mutants in mouse models of virulence and
commensalism. Only SEF1 was critical for virulence in the bloodstream, whereas SFU1 was
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selectively required for persistence in the gastrointestinal tract. These results suggest that the
reciprocal abilities of C. albicans to activate iron uptake upon entry into the iron-depleted
bloodstream, while efficiently restricting it in the potentially iron toxic environment of the
gut, are critical to its success as a commensal-pathogen.

Sefl activates the machinery for iron uptake in C. albicans

We identified C. albicans sefl44 in two separate genetic screens (note that C. albicans is an
obligate diploid organism, necessitating the disruption of two copies of any gene): (1) an in
vivo screen for genes required in competitive bloodstream infections (Noble et al., 2010) and
(2) an in vitro screen for genes promoting growth under iron-limiting conditions (Homann et
al., 2009). The hap4344 mutant was also sensitive to iron limitation in the latter study and
previously (Baek et al., 2008; Homann et al., 2009; Hsu et al., 2011).

SEF1 encodes a predicted Cys(6)Zn(2) zinc binuclear cluster DNA binding protein without
a clear ortholog in S. pombe; its S. cerevisiae ortholog has not been characterized. To test the
hypothesis that Sefl regulates iron homeostasis, we compared global RNA expression
profiles of sefl44 and wild type C. albicans under iron-limiting conditions. Deletion of
SEF1 resulted in downregulation of 170 genes and upregulation of 53 genes relative to wild
type (minimum 2-fold change relative to wild type, 0.1% false discovery rate; Figure 2a and
Table Sla). Morever, GO term analysis supported a significant association between Sef1-
activated genes and iron homeostasis (6.5% of Sefl-activated genes vs. 0.5% in the genome,
p=1x10"7). Indeed, the Sefl-activated gene set encodes every iron uptake factor depicted in
Figure 1, as well as multiple components of the CCAAT-binding complex (Hap43, Hap2,
and Hap3; Table 1).

Sefl, Sful, and Hap43 regulate each other’s expression

Because C. albicans was previously understood to control iron homeostasis similarly to S.
pombe and other fungi (Baek et al., 2008; Hsu et al., 2011; Lan et al., 2004; Pelletier et al.,
2007), we analyzed RNA expression in mutants affecting C. albicans orthologs of the
GATA factor and a CCAAT-binding complex component. Under iron-replete conditions,
deletion of SFU1 (GATA factor) resulted in upregulation of SEF1, HAP43 (CCAAT-
binding complex), and 25 other genes largely associated with iron homeostasis (37% of
Sful-repressed genes vs. 0.5% in the genome, p=1.7x10"15; Figure 2a and Table S1a). Only
the gene encoding Irol was consistently ~2-fold downregulated in the sful44 mutant.
Although the molecular function of Irol is not known, ectopic expression of IRO1
complements the growth defect of a S. cerevisiae mutant with a defect in iron acquisition
(Garcia et al., 2001).

Our results with Sful differed from those of Lan et al. (2004), who previously profiled a
different sful44 mutant. Similar to us, these investigators observed upregulation of 22 genes
(as currently annotated) in their mutant, including SEF1, HAP43, and multiple genes
involved in iron uptake; however, a much larger set of 97 genes was downregulated. To
determine whether our microarrays had failed to detect bona fide Sful-activation targets, we
used RT-PCR to reassess the expression of the 5 genes that were most strongly
downregulated (9 to 14-fold) in the Lan et al. mutant. Comparison between RNA levels in
our sfuld4 mutant and wild type confirmed virtually identical expression of four of the
genes, whereas the fifth gene (orf19.1774) was 2-fold downregulated in the mutant (Figure
S1a). These results validate our microarray studies, which likely identified the vast majority
of Sful targets but may have missed some weakly regulated genes, in keeping with the
stringent 0.1% false discovery rate. An alternative explanation for the discrepant results may
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be that the “sful44” mutant profiled by Lan et al. was actually a sful44irol44 double
mutant, since the 3’ half of IRO1 is absent from the parental strain (Garcia et al., 2001).

We evaluated the role of HAP43 under iron-limiting conditions, where deletion of this gene
has been shown to impair cellular proliferation (Baek et al., 2008; Homann et al., 2009; Hsu
etal., 2011), activation of FRP1 (Baek et al., 2008), and repression of 9 genes associated
with iron-dependent processes (shown by RT-PCR of selected targets in Hsu et al., 2011).
We observed upregulation of 286 genes in hap4344 relative to wild type (Figure 2a, Table
S1a). These included SFU1, FRP1 and other iron homeostasis genes (2.8% of Hap43-
repressed genes vs. 0.5% in the genome, p=0.023), as well as genes involved in a variety of
iron-dependent processes (including the 9 identified by Hsu et al., 2011) such as aerobic
respiration (7.7% vs. 0.9% in the genome, p=1.9x10713), the respiratory electron transport
chain (4.5% vs. 0.4%, p=2.2x1078), heme biosynthesis (2.8% vs. 0.2%, p=4.6x1075), and
iron-sulfur cluster assembly (2.1% vs. 0.2%, p=0.013). Another 223 genes were
downregulated in hap4344 (Figure 2a, Table S1a), with a slight bias towards those
associated with cytokinesis (4.5% vs. 1.0% in the genome, p=0.020). In aggregate, these
experiments suggest important roles for all three transcription factors (Sefl, Sful, and
Hap43) in the regulation of iron homeostasis in this species.

DNA-binding analysis of Sefl, Sful, and Hap43 reveals a tightly knit circuit

To dissect the direct versus indirect regulatory roles of Sefl, Sful, and Hap43, we
performed chromatin immunoprecipitation experiments using Myc epitope-tagged versions
of the three transcription factors. Fusion proteins were fully (Sef1-Myc and Sful-Myc) or
partially (Hap43-Myc) functional when expressed as the only copy in the cell (Figure S1b).
Matched pairs of strains differing only by the presence of the epitope tag were grown in
iron-depleted (Sefl, Hap43) or iron-replete (Sful) medium. Whole cell extracts were
incubated with monoclonal antibodies to the Myc epitope, and immunoprecipitated DNAS
were amplified, fluorescently labeled, and hybridized to C. albicans genomic tiling
microarrays. Shown in Figure 2b is a representative peak of highly specific binding of Sefl-
Myc to the HAP43 promoter. Dark and light blue plots depict two independent experiments
using Sefl-Myc extracts, and orange and yellow plots depict results with the untagged
controls. Similar strong peaks of specific binding were observed across the genome for
Sefl-Myc and Hap43-Myc, whereas Sful-Myc produced somewhat lower signal to noise
(Table S1b). Sful targets were validated with four additional ChIP experiments, using gPCR
to quantify levels of the 9 putative direct targets vs. 4 controls; every target but no control
was at least 2-fold enriched in the Sful-Myc extracts (Figure S1c).

We defined a gene regulatory event to comprise: (1) a significant and specific peak of DNA
association by a given transcription factor (Table S1b) and (2) significant dependence on the
associated transcription factor for normal expression of the regulated gene (Table Sla).
Gene regulatory events mediated by Sefl, Sful, and/or Hap43 are depicted in Figure 2c (full
dataset in Table 2), where black lines indicate transcriptional activation and grey lines,
repression. Interactions among Sefl, Sful, and Hap43 themselves are marked with arrows
(activation) and bars (repression). Examination of Figure 2c reveals Sefl to function
primarily as a transcriptional activator, with a large direct regulon of 64 genes, whereas
Hap43 and Sful are primarily transcriptional repressors, with smaller direct regulons of 25
and 10 genes, respectively. Sefl and Sful control most of the iron uptake genes (red),
whereas Hap43 controls genes involved in iron-utilizing processes (e.g. aerobic respiration,
heme biosynthesis, etc.; blue). In addition, Sefl and Hap43 each regulate at least one other
transcription factor (grey), potentially accounting for much larger number of (directly plus
indirectly) regulated genes observed in the RNA expression studies (Figure 2a and Table 1).
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A simplified interaction network focused on iron homeostasis is presented in Figure 2d.
Under iron-replete conditions, Sful directly represses Sefl and iron uptake genes. Under
iron-limiting conditions, Sefl directly activates Hap43 and iron uptake genes, and Hap43
directly represses Sful and iron utilization genes. The intercalation of Sefl into this network
reconfigures the reciprocal switch between the GATA factor (Sful) and the CCAAT-
binding complex (Hap43) that is found in most other ascomycetes; however, the overall
logic is unchanged, with iron uptake genes being repressed and iron utilization genes
expressed under iron-replete conditions, and the reverse when environmental iron is low.

Putative DNA binding motifs recognized by Sefl and the Hap43-associated CCAAT-
binding complex were determined by MEME analysis of the highest-confidence DNA
binding targets. As shown in Figure 2e, the top MEME hits strongly resemble consensus
sequences of orthologs in other species. The Sefl motif contains three CGG repeats (one
inverted). Such repeats are characteristic of fungal zinc binuclear finger proteins, with
spacing that is specific to individual family members (MacPherson et al., 2006). The Hap43-
associated motif contains the signature CCAAT sequence of the CCAAT-binding complex,
as defined in multiple eukaryotic species (Chodosh et al., 1988). Although unbiased searches
of putative Sful targets did not reveal a unifying motif, the conserved HGATAR motif (H
represents A, T, or G; (Scazzocchio, 2000)) appears at least once in 7 of the 9 targets (Table
S1b).

Seflis uniquely important in C. albicans

We questioned whether the prominence of Sefl in C. albicans iron homeostasis is unique to
this species vs. existing unrecognized among other fungi. Reciprocal amino acid sequence
comparisons revealed no clear Sefl ortholog in the S. pombe fungal lineage (Figure 3a). To
exclude the presence of a functional homolog that is divergent in sequence, we tested
mutants affecting 29 of 31 predicted zinc binuclear finger proteins for sensitivity to iron
depletion (deletions of SPBC1773.12 and SPCC965.10 were not recovered and may be
inviable). None of the mutants was highly sensitive to iron depletion (Figure S2a), arguing
against the presence of a functional Sefl homolog.

In contrast to S. pombe, the S. cerevisiae lineage has maintained a Sefl ortholog that is
recognizable at the amino acid level (Figure 3a). However, this lineage (along with the C.
albicans lineage, Figure 3a) also acquired Aft family transcription factors that are known to
regulate iron uptake in S. cerevisiae (Courel et al., 2005; Yamaguchi-lwai et al., 1995;
Yamaguchi-lwai et al., 1996).

To clarify the iron-related roles of orthologous transcription factors among C. albicans, S.
pombe, and S. cerevisiae, we profiled knockout mutants in each species on media containing
low, standard, or elevated levels of iron, as well as high copper medium (that promotes iron
uptake through enhanced assembly of iron permease/oxidase complexes; phenotypes are
presented in Figure 3b). On standard medium, all mutants grew similarly to wild type except
for S. cerevisiae aftl4 (Aft factor), which exhibited a mild defect. On iron-depleted media,
S. cerevisiae aftl4, C. albicans sefl44 and hap4344 (CCAAT-binding complex), and S.
pombe php44 (CCAAT-binding complex) exhibited substantial growth defects, indicating
roles for the deleted genes in resistance to iron depletion. On ferrichrome-supplemented
media (“high iron”), only C. albicans sful44 GATA factor and S. pombe fepld (GATA
factor) exhibited growth defects, suggesting roles for these factors in resistance to iron
toxicity; these phenotypes were enhanced on copper-supplemented media.

These results emphasize the importance of the GATA factor and CCAAT-binding complex
in S. pombe and C. albicans iron homeostasis (whereas Aftl is the major player in S.
cerevisiae). The GATA factor protects against toxicity when environmental iron is
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abundant, and the CCAAT-binding complex prevents deficiency when environmental iron is
scarce. The central role of Sefl under iron-limiting conditions appears restricted to C.
albicans, since this factor is not conserved in S. pombe and since the S. cerevisiae ortholog
is not required for growth (nor is S.c.SEF1 expression upregulated, Figure S2b) under such
conditions. These observations are integrated into an updated comparison of the three fungal
regulatory circuits in Figure 3c.

SEF1 and SFUL1 are differentially expressed in the bloodstream and gut

Given the divergent roles of Sefl and Sful in protection from iron depletion vs. iron toxicity
in vitro, we considered whether they might also play specialized roles in the host. We
compared SEF1 and SFU1 expression in wild type C. albicans grown for 1 hour at 37°C in
human plasma or propagated for 5 days in the murine gastrointestinal tract (see below for
description of this model). RT-PCR revealed a 2-fold induction of SEF1 vs. 3-fold
repression of SFU1 in the plasma relative to the gut (Figure 4a), with concomitant induction
of iron uptake genes (Figure 4b, black bars). Disparate effects on the expression of iron
uptake genes were seen in sefl44 and sful44 mutants grown in the same environments
(Figure 4b). Deletion of SEF1 attenuated the expression of iron uptake genes primarily in
plasma (white bars), whereas deletion of SFU1 enhanced expression especially in the gut
(crosshatched bars). These results suggest that Sefl activates iron uptake genes in iron poor
niches such as the bloodstream, whereas Sful restricts expression of these genes,
particularly in iron replete niches such as the gut.

Sefl but not Sfulis required for virulence

To determine whether Sefl or Sful contributes to virulence, we performed intravenous
infections of BALB/c mice with sef144, sful44, or wild type C. albicans and determined
the time to illness (Figure 5a). As shown in Figure 5b, sefl44 but not sful44 displayed a
significant virulence defect (p<0.0001, log-rank test); the defect was complemented by
restoration of a copy of wild type SEF1, confirming genetic linkage.

We next investigated the abilities of the mutants to compete with wild type C. albicans for
persistence in host tissues. BALB/c mice were infected intravenously with 1:1 mixtures of
wild type and sefl44 or sful44, followed by euthanasia when they developed signs of
clinical illness. C. albicans was recovered from kidneys (the primary target organ in this
model), and the relative abundance of each strain was determined by qPCR (Figure 5c). As
shown in Figure 5d, sefl44 was significantly outcompeted by wild type C. albicans in
mouse kidneys (p<0.0001, unpaired t-test), whereas sful44 displayed a significant
competitive advantage (p<0.0001). These experiments indicate that C. albicans Sefl but not
Sful is required for virulence and persistence in a mammalian bloodstream infection model.

Sefl and Sful promote commensalism

To assess the roles of Sefl and Sful in commensalism, we utilized a mouse model of
gastrointestinal infection. In this model, infected mice remain healthy despite persistent,
high-grade colonization with C. albicans (~10” CFUs/g stool; data not shown). BALB/c
mice were infected by gavage with 1:1 mixtures of wild type C. albicans and either sef144
or sfuld4, and the abundance of each strain in fecal pellets over 15 days was monitored by
gPCR (Figure 5e). Both mutants exhibited competitive defects compared to wild type
throughout the time course (p<0.002, unpaired t-test; Figure 5f). Comparison between the
competitive indices of each mutant on Day 15 revealed sfulA4 to have the more substantial
defect (p=0.002, unpaired t-test). These results indicate that both transcription factors
contribute to commensalism, with Sful perhaps playing the more prominent role.
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DISCUSSION

C. albicans is a ubiquitous commensal of the human microbiome, as well as the most
common cause of disseminated fungal infections. Our detailed analysis of the regulatory
system governing iron homeostasis in this microorganism underscores its intense adaptation
to the mammalian host. Unlike the bipartite system used by most ascomycetes, the C.
albicans system hinges on three transcriptional regulators, Sefl, Sful, and the Hap43-
associated CCAAT-binding complex. These compose a tightly wired network in which each
component directly regulates the expression of another transcription factor in the circuit as
well as genes for iron uptake (Sful and Sefl) or iron utilization (Hap43). Functional
profiling of sef144 and sful44 mutants in mouse models of bloodstream and gastrointestinal
infection revealed a tradeoff of importance between these regulatory components that
depends on the microenvironment of the host.

The C. albicans system for regulating iron homeostasis (Figure 2d) was deduced from
global RNA expression and chromatin immunoprecipitation experiments. What
distinguishes this system from that of most ascomycetes is the intercalation of Sefl between
the GATA factor (Sful) and the CCAAT-binding complex (Hap43). In other fungi,
orthologs of Sful and Hap43 create a simple switch, in which each component represses a
discrete set of genes as well as the other transcription factor. In C. albicans, Sful regulates
Hap43 only indirectly via Sefl, and Sefl directly activates target genes that are also directly
repressed by either Sful or Hap43. Our comprehensive analysis of mutants affecting
transcription factor orthologs in C. albicans, S. pombe, and S. cerevisiae supports the idea
that Sefl plays a unique role in C. albicans iron homeostasis and was not simply missed in
the other fungi.

Despite substantial rewiring of this transcriptional circuit among the three species, the
overall logic has been preserved. That is, high-affinity iron uptake genes are expressed only
under circumstances of environmental iron depletion. Nevertheless, specific features of each
system likely impart additional properties that may be adaptive for the organism. In
engineering parlance, the C. albicans mode of iron homeostasis in which one transcription
factor (Sful) regulates the expression of a second transcription factor (Sefl)—and both
regulate a common target (iron uptake genes)—is known as a feed forward loop (Mangan
and Alon, 2003). An emergent feature of such loops is that expression of coregulated genes
is buffered against transient perturbations of the activating signal, such that the level of
expression of Sefl-Sful coregulated iron uptake genes should be stabilized relative to short-
term fluctuations in environmental iron, and therefore guarded against “spurious” activation
or repression. The ability to maintain continuous expression of survival factors or
continuous repression of toxicity factors in the appropriate setting could conceivably be of
selective advantage.

Our findings that Sefl but not Sful is critical for virulence and competitive infection,
whereas Sful has a more important role in commensalism, suggest that extreme contrasts in
iron availability within the mammalian host may have helped to shape the C. albicans iron
regulatory circuit. A requirement for upregulation of high-affinity iron uptake genes in the
host bloodstream is a common and well-recognized feature of many bacterial pathogens,
some of which also use iron depletion to cue the expression of virulence genes (Mey et al.,
2005). In keeping with this precedent, Sefl directly activates multiple genes with known or
suspected roles in virulence (Table 2).

Far less is known about microbial adaptations to the mammalian gastrointestinal tract, yet
the microbiome is a primary source of pathogens causing disseminated disease. Our studies
are a starting point for understanding such adaptations in C. albicans. The findings that Sful
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promotes competitiveness in the gut and resistance to iron toxicity in vitro suggest that iron
toxicity is an important selective pressure on gut commensals. Iron depletion is likely also
important, at least in certain microniches, since sef144 was also defective in the commensal
model. In more general terms, our results emphasize that different host niches differ
dramatically in ways that must be sensed by microbes. We hypothesize that successful
commensals, whether bacterial or fungal, have evolved signaling and regulatory
mechanisms to promote success in the commensal habitat, whereas commensal-pathogens
that also enter the bloodstream must be capable of rapid cellular reprogramming to survive
in this environment. An understanding of these mechanisms will be needed to decipher the
transition between the commensal and pathogenic lifestyles.

Strains are described in Table S2a, and primers are listed in Table S2b. C. albicans mutants,
complemented strains, and Myc-tagged alleles of Sefl, Sful, and Hap43 were created as
described (Nobile et al., 2009; Noble et al., 2010; Noble and Johnson, 2005).

S. pombe deletion mutants affecting Fepl1, Php4, and zinc binuclear finger proteins were
created by homologous recombination in reference strain SP286 using gene disruption
fragments containing KanMX6 (G418 resistance) flanked by 700-900 bp of DNA
homologous to sequences upstream and downstream of the target ORFs. Colony PCR was
used to screen G418-resistant transformants for the expected 5’ and 3’ recombination
junctions, and absence of the targets ORFs was confirmed using primers internal to the
disrupted ORFs.

Liquid “iron replete” medium was YPD (Guthrie and Fink, 1991), and “low iron” medium
was YPD plus 500 uM bathophenanthrolinedisulfonic acid (BPS). Solid “iron replete”
medium for C. albicans and S. cerevisiae was SC/2% agar (Guthrie and Fink, 1991); “low
iron” was SC/2% agar with 350 uM BPS; “high iron” was SC/2% with 25 uM ferrichrome;
and “high copper” was YPD/2% agar with 6 mM (C. albicans) or 800 uM (S. cerevisiae)
CuSQy. For S. pombe, solid “iron replete” medium was YES/2% agar (Forsburg, 2003);
“low iron” was YES/2% agar with 140uM 2,2'-dipyridyl (DIP); “high iron” was YES/2%
agar with 25 uM ferrichrome; and “high copper” was YES/2% agar with 800 uM CuSOQOy.

Gene Expression Analysis

Saturated overnight cultures of sef144 (SN330), hap4344 (SN694), sful44 (SN515), and
isogenic wild type C. albicans (SN250) were inoculated into YPD to ODggo=10"* and
incubated with shaking at 30°C. The next morning, logarithmically growing cells were
diluted to ODggg 0.01 in iron-replete (wild type and sful44) or low iron (wild type, sefla4,
and hap4344) medium and incubated at 30°C for 5-6 hours before harvesting at
ODgng=0.5-0.6. 5-6 biological replicates were performed per strain per condition. Total
RNA was prepared using a hot phenol method (Miller and Johnson, 2002). 10 ug of each
RNA was treated with DNase | (Turbo DNA-free kit, Ambion) and reverse transcribed using
aminoallyl-dUTP and Superscript Il (Invitrogen) according to manufacturers’ instructions.
cDNA was labeled with Cy3 and Cy5 (Amersham), and 0.5 pg of each channel was
hybridized to custom Agilent C. albicans ORF arrays (15,000 spots/array, 70-mer probes).

Fluorescently labeled cDNAs from mutants were directly hybridized against those from wild
type grown under the same conditions; dye flip controls were included. 6 additional arrays
were performed using wild type grown under iron-replete vs. iron-limiting conditions.
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Arrays were scanned using a Genepix 4000A Axon scanner, and spots were filtered using
GenePix Pro software. Data were normalized using Goulphar (LOWESS normalization) and
subjected to One-class Significance Analysis of Microarrays (SAM) analysis with a median
false discovery rate of 0.1%. Candidates meeting SAM criteria were also required to exhibit
median 2-fold changes among 5-6 experiments. Primary data are available at the Geo
Expression Omnibus (GEO) website (http://www.ncbi.nIm.nih.gov/geo/) under accession
number GSE30593.

GO Term analysis was performed using the GO Term Gene Ontology Finder tool on the
Candida Genome Database website (Skrzypek et al., 2010).

Whole Genome Chromatin Immunoprecipitation Analysis

Saturated cultures of untagged wild type C. albicans (SN250), Sefl-Myc (SN423), Hap43-
Myc (SN840), and Sful-Myc (SN646) were inoculated into low iron (untagged, Sefl-Myc,
Hap43-Myc) or iron replete (untagged, Sful-Myc) liquid medium to ODggp=0.05. Cultures
were incubated with shaking at 30°C until ODggq 0.4, when formaldehyde was added to 1%
final (with shaking, room temperature, 15 minutes), followed by glycine to 125mM final
(with shaking, room temperature, 5 minutes). Cells were collected by centrifugation at 4°C
and washed twice with 20 mM Tris-HCI pH 7.5/150 mM NacCl, followed by freezing in
liquid N and storage at —80°C. Cell lysis, DNA shearing, and ChIP-Chip were performed
as described (Nobile et al., 2009).

12 independent hybridization experiments were performed on 6 biological replicates of the
untagged control and 2 biological replicates each of Sefl-Myc, Sful-Myc, and Hap43-Myc.
Agilent Chip Analytics software v1.2 (Agilent Technologies) was used for initial data
normalization and analysis (Tuch et al., 2008), followed by visualization and additional
analysis using MochiView v.1.39 (http://johnsonlab.ucsf.edu/). High confidence regulatory
events were associated with Agilent segment p-values of >4 (—logo p-value based on the
enrichment statistic for each probe in the region) and minimum 2-fold (Sef1-Myc and
Hap43-Myc) or 1.5-fold (Sful-Myc) enrichment in both biological replicates of the epitope-
tagged strains (Table S1b). Genes with enrichment peaks in untagged controls were
excluded. Primary data are available at the GEO website (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE30593.

Identification of DNA recognition motifs

MEME v.3.5.7 software (Bailey and Elkan, 1994) was applied to 250 bp sequences centered
at the midpoints of the most significant binding peaks of Sefl, Sful, and Hap43. Analysis
was performed using minw=6, maxw=20, and nmotif=3.

Phylogenetic analysis

Protein sequences of iron homeostasis regulators in C. albicans, S. pombe, and S. cerevisiae
were BLASTed (Altschul et al., 1997) against a database of all fungal ORFs. Matching
ORFs with E-values <107 were extracted from the database and multiply aligned with
MUSCLE (Edgar, 2004), followed by inference of an NJ tree using ClustalW (Higgins and
Sharp, 1988). The resulting gene tree was inspected and gain/loss/duplication events were
mapped to a fungal species tree inferred previously (Tuch et al., 2008). The results of this
analysis (summarized in Figure 2a) are consistent with those in the YGOB (Byrne and
Wolfe, 2005) and CGOB (Fitzpatrick et al.) databases, which cover a narrower range of
species but also account for conservation of gene synteny. Whereas Sful and components of
CBP clearly existed prior to divergence of the ascomycetes studied here, evidence for an
early origin of Sefl and Aft1/2 is lacking.
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In vitro growth assays

Freshly streaked C. albicans, S. cerevisiae, and S. pombe strains were inoculated into YPD
(C. albicans, S. cerevisiae) or YES (S. pombe) and incubated overnight at 30°C. Saturated
cultures were diluted with sterile water to Agpp=0.8, serial 10-fold dilutions were made, and
5-10 ul of each dilution series was applied to solid test media, followed by incubation at
30°C for 2-4 days.

In vivo assays

Procedures involving animals were approved by the UCSF Institutional Animal Care and
Use Committee. Virulence analysis was conducted by tail vein injection of groups of 8-10
week old female BALB/c with 5 x 10° CFUs of wild type (SN425), sefl44 (SN452),
seflAA/SEF1 (SN436), sfuld4 (SN668), or sefl44/SFU1 (SN664). Mice were monitored
twice daily and euthanized when morbidity criteria were met (weight loss>15%, hunched
posture, inactivity).

Competitive bloodstream infections were performed with wild type (SN250), sef144
(SN330), and sful44 (SN515) as previously described (Noble et al., 2010).

The mouse model of C. albicans commensalism was adapted from published protocols (Koh
et al., 2008; White et al., 2007). Groups of 8-10 week female BALB/c mice received
penicillin 1500 un/ml and streptomycin 2 mg/ml in their drinking water for 3-5 days prior to
gavage with 108 CFUs of a 1:1 mix of wild type (SN250) and sefl44 (SN330) or sfuld4
(SN515). Antibiotics were continued, and fecal pellets were collected at specified intervals.
C. albicans recovery and quantification were performed as described (Noble et al., 2010).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Iron acquisition in C. albicans

Shown are key factors mediating the three known pathways of high-affinity iron uptake in
this organism: reductive iron uptake, siderophore-iron uptake, and hemoglobin-iron uptake.
Gene families encode ferric reductases and multicopper oxidases of the reductive pathway,
and only a subset are expressed in an iron-dependent fashion. Ccc2 is a copper transporter
required for proper assembly and function of Fet3/iron permease complexes. Genes for each
depicted protein are directly activated by Sefl, and genes for Ftrl, Sitl, and Rbt5 are
directly repressed by Sful.
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Figure 2. Transcriptional regulatory activities of Sefl, Sful, and Hap43

a) Gene sets controlled by Sefl, Sful, and Hap43, based on whole genome ORF microarray
analysis of the respective knockout mutants. Activation was defined by a minimum 2-fold
decrease of gene expression in the deletion mutant relative to wild type, and repression by a
minimum 2-fold increase. sefl44 and hap4344 were assessed in low iron medium, and
sfula in iron replete medium. Expression of the lone Sful-activated gene (IRO1) was
unaffected by mutation of SEF1 or HAP43.

b) Sefl binds to the HAP43 promoter. ChIP enrichment profiles of duplicate Sef1-Myc
extracts are plotted in dark and light blue, and results from untagged controls are in yellow
and orange. Genes are transcribed from left to right above the baseline, and from right to left
below.

c) Direct gene regulation by Sefl, Sful, and Hap43. Gene activation is indicated by a black
line and repression by a grey line. Targets involved in iron uptake are shaded red, iron
utilization targets are blue, transcription factors are grey, all others are yellow. Targets
lacking common names are depicted by the unique numerical components of their standard
names; i.e. “123” for orf19.123.

d) Simplified scheme of C. albicans iron homeostasis.

e) Sefl and Hap43 DNA recognition motifs compared to consensus sequences of orthologs
in other species
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See also Figure S1 and Tables S1a and S1b.
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Figure 3. Analysis of transcription factor orthologs in C. albicans, S. cerevisiae, and S. pombe

a) Phylogeny of iron-related transcription factors, based on amino acid sequence.
Transcription factors present in each boxed lineage are shown on the left. Notably, Sefl and
Aft factors were gained by the C. albicans and S. cerevisiae lineages, and the GATA factor
was lost by the S. cerevisiae lineage. Although the Hap2, Hap3, and Hap5 components of
the CCAAT-binding complex are conserved at the sequence level in all three lineages,
orthologs of the “HapX” regulatory component could not be unambiguously identified based
on amino acid sequence and were instead defined functionally (Baek et al., 2008; Forsburg
and Guarente, 1989; Hortschansky et al., 2007; Mercier et al., 2006).

b) Phenotypic comparison of orthologous mutants in C. albicans, S. cerevisiae, and S.
pombe. Strains were plated on low iron medium (with iron chelators), iron replete medium
(standard), high iron medium (with ferrichrome), or high copper medium (with copper
sulfate) and incubated at 30°C. Note that densely growing C. albicans is darkly pigmented
on high copper medium.
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c¢) Updated comparison of iron homeostasis among three model fungi. The schematic
integrates published information with our current analysis of C. albicans, S. pombe, and S.
cerevisiae. S. pombe Php4/CBP has been implicated in repression of iron utilization genes
(Mercier et al., 2006), but direct regulation has not yet been demonstrated.

See also Figure S2. Strains and primers are described in Tables S2a and S2b, respectively.
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Figure 4. Analysis of C. albicans gene expression in host niches that differ in iron content

a) SEF1 is induced in the bloodstream, and SFU1 is induced in the gut. RT-PCR was used to
analyze RNA extracted from wild type C. albicans grown for 1 hour in human plasma or for
5 days in the mouse gastrointestinal infection model. Transcript levels were normalized to
levels of 16S ribosomal RNA. Error bars indicate the standard deviation.

b) Expression of iron uptake genes in wild type, sefl44, and sful44 after growth in human
plasma or the murine gastrointestinal tract. P stands for plasma and G for gut. Numerical
values (with standard deviation) are presented for results that exceed the scale of the chart.
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Figure 5. Roles of C. albicans Sefl and Sful in virulence and commensalism

a) Virulence experiment. BALB/c mice were infected by tail vein injection with individual
C. albicans strains (wild type, sef144, sful44, or gene addback strains), and time to illness
was monitored.

b) Sefl but not Sful is essential for virulence. Only the sef144 mutant exhibited a
significant decrease in virulence compared to wild type (asterisk indicates p<0.0001, log
rank test).

c) Persistence experiment. BALB/c mice were infected by tail vein injection with 1:1
mixtures of wild type and sefl44 or sful44). After mice developed clinical disease, the
abundance of each strain in the inoculum (I) vs. mouse kidneys (R) was determined by
gPCR.

d) Sefl but not Sful is required for persistence in host kidneys. Compared to wild type,
sefl44 was significantly depleted from kidneys (p<0.0001, unpaired t-test), whereas sful44
was significantly enriched (p<0.0001).

e) Commensalism experiment. BALB/c mice were infected by gavage with 1:1 mixtures of
wild type and sefl44 or sful44. The abundance of each strain in the inoculum (1) and after
recovery from fecal pellets (R) was determined by qPCR.

f) Sful and Sefl promote commensalism. sefl44 and sful44 were progressively depleted
from fecal pellets relative to wild type (sefl44: p=0.0017 at day 5, p=0.0047 at day 10,
p=0.0012 at day 12; sful44: p<0.002 at day 5, p<0.0003 at day 10, p<0.0001 at day 15;
unpaired t-test). Comparison between the competitive indices of each mutant on day 15
indicated a more severe defect for sful44 (p=0.002, unpaired t-test).
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Sefl activation targets that encode iron uptake factors or components of the CCAAT-
binding complex

Fold expression changes were calculated from microarray analysis of sef144 and wild type strains grown in
iron-limiting medium.

Systematic name

Gene name

Predicted protein

Expression sefld4 vs. WT

REDUCTIVE IRON UPTAKE

0rf19.1263 CFL1 Putative ferric reductase —4.8
0rf19.1930 CFL5 Putative ferric reductase -32.8
orf19.1264 CFL2 Putative ferric reductase -7.1
0rf19.3538 FRE9 Putative ferric reductase —4.4
orf19.5634 FRP1 Putative ferric reductase -5.8
orf19.7112 FRP2 Putative ferric reductase —4.4
orf19.7219 FTR1 High-affinity iron permease -2.9
0rf19.7231 FTR2 High-affinity iron permease —2.4
orf19.4211 FET3 Multicopper oxidase -10.5
orf19.4328 CCccC2 Copper-transporting P-type ATPase of Golgi that is required for wild-type -3.5
iron assimilation
SIDEROPHORE UPTAKE
0rf19.2179 SIT1 Transporter of ferrichrome siderophores -3.2
HEMOGLOBIN UPTAKE AND UTILIZATION
0rf19.5636 RBT5 GPl-anchored cell wall protein involved in hemoglobin utilization —2.4
orf19.5674 PGA10 Plasma membrane protein involved in heme-iron utilization -3.4
orf19.6073 HMX1 Heme oxygenase -4.5
0rf19.2501 FLC1 Putative FAD transporter involved in uptake of heme -2.1
CCAAT-BINDING COMPLEX
0rf19.1228 HAP2 Component of the CCAAT-binding complex -3.3
orf19.4647 HAP3 Putative component of the CCAAT-binding complex -23.2
orf19.681 HAP43 Component of the CCAAT-binding complex required for iron-limitation -3.1

response
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