1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Host Microbe. Author manuscript; available in PMC 2020 March 13.

-, HHS Public Access
«

Published in final edited form as:
Cell Host Microbe. 2019 March 13; 25(3): 432-443.e6. doi:10.1016/j.chom.2019.02.008.

Candida albicans morphogenesis programs control the balance
between gut commensalism and invasive infection

Jessica N. Witchleyl4, Pallavi Penumetchal+4, Nina V. Abon?!, Carol A. Woolford3, Aaron P.
Mitchell3, and Suzanne M. Noblel.2:5

1Dept. of Microbiology and Immunology, UCSF School of Medicine, San Francisco, CA 94143,
USA

2Division of Infectious Diseases, Dept. of Medicine, UCSF School of Medicine, San Francisco, CA
94143, USA

3Dept. of Biological Sciences, Carnegie Mellon University, Pittsburgh, PA 15213, USA
4These authors contributed equally

5Lead Contact

SUMMARY

Candida albicans is a gut commensal and opportunistic pathogen. The transition between yeast
and invasive hyphae is central to virulence but has unknown functions during commensal growth.
In a mouse model of colonization, yeast and hyphae co-occur throughout the gastrointestinal tract.
However, competitive infections of C. albicans homozygous gene disruption mutants revealed an
unanticipated, inhibitory role for the yeast-to-hypha morphogenesis program on commensalism.
We show that the transcription factor Ume6, a master regulator of filamentation, inhibits gut
colonization, not by effects on cell shape, but by activating the expression of a hypha-specific pro-
inflammatory secreted protease, Sap6, and a hyphal cell surface adhesin, Hyrl. Like a ume6
mutant, strains lacking SAP6 exhibit enhanced colonization fitness, whereas SAP6-overexpression
strains are attenuated in the gut. These results reveal a tradeoff between fungal programs
supporting commensalism and virulence in which selection against hypha-specific markers limits
the disease-causing potential of this ubiquitous commensal-pathogen.
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eTOC PARAGRAPH

C. albicans is a fungal commensal-pathogen of mammals. Witchley, Penumetcha et a/. show that a
filamentation program that promotes fungal virulence inhibits commensal fitness in the gut. This
effect is mediated, not by cell morphology, but by expression of hypha-specific virulence factors
that appear to trigger negative selection.

INTRODUCTION

As the most common fungal pathogen of humans, Candida albicans causes hundreds of
millions of symptomatic infections each year (Bongomin et al., 2017; Brown et al., 2012;
Pfaller and Diekema, 2007). Diseases range from superficial infections of the skin and
mucous membranes to highly morbid, invasive infections of internal organs (Brown et al.,
2012; Odds, 1987; Pfaller and Diekema, 2007). However, the vast majority of C. albicans-
host interactions are asymptomatic, as this fungus is a normal component of human gut
microbiota. Most individuals are colonized in childhood, and infecting fungal clones are
thought to persist quiescently over a lifetime (Odds et al., 2006). Colonization may even
benefit the host; for example, commensal C. albicans can stimulate development of the
mucosal immune system in gnotobiotic mice (Atarashi et al., 2015). How this organism
mediates such diverse interactions with mammalian hosts is an area of ongoing
investigation.
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The transition from yeast to hyphal cell morphology plays a central role in C. albicans
pathogenesis (Noble et al., 2017). Whereas yeast predominate under standard culture
conditions, hyphae can be induced by exposure to host-associated cues /n vitro or to animal
models of disease. Round-to-oval-shaped yeast separate after cell division, whereas highly
elongated hyphal cells remain attached and produce complex, branching, filamentous
networks. Hyphae are naturally invasive, able to penetrate through agar-based media /in vitro
and epithelial and endothelial barriers in the host. Hyphae also express cell type-specific
virulence factors such as degradative enzymes (e.g., the Sap family of secreted aspartyl
proteases), cell surface adhesins (e.g., Als3, Hwpl, and Hyr1), and the pore-forming toxin,
Candidalysin (Carlisle et al., 2009; Carlisle and Kadosh, 2013; Kadosh and Johnson, 2005;
Lane et al., 2001; Moyes et al., 2016; Nantel et al., 2002). The yeast-to-hypha transition is
controlled by the hyphal gene regulatory network, an environmentally-responsive gene
regulatory cascade. Mutants that disrupt this network are generally defective in animal
models of virulence (Lo et al., 1997; Lu et al., 2013; reviewed in Mayer et al., 2013).

The roles of hyphae and yeast in commensalism are less well-defined. The mammalian
digestive tract is replete with signals that trigger yeast-to-hypha morphogenesis in the
laboratory, including hypoxia (Lu et al., 2013; Saltzman and Sieker, 1968; Zheng et al.,
2015), hypercarbia (Kalantar-Zadeh et al., 2018; Lu et al., 2013; Rune and Henriksen, 1969),
and N-acetylglucosamine (reviewed in Tailford et al., 2015; Castilla et al., 1998; Naseem
and Konopka, 2015; Simonetti et al., 1974). Consistent with the presence of hyphae in this
niche, hypha-associated transcripts have been detected in animal models of gut colonization
(Rosenbach et al., 2010; White et al., 2007). However, based on direct visualization of
organisms washed from intestines of colonized mice, two groups reported that yeast
compose more than 90% of the commensal fungal population (Vautier et al., 2015; White et
al., 2007). A third group recently reported that hypha-like shapes predominate (~70%) in the
sectioned intestines of conventionally reared animals after colonization with C. albicans,
whereas yeast-like shapes predominate (~90%) in animals that had been reared under
gnotobiotic conditions (Perez et al.). To date, no studies have quantified C. albicans yeast
and hyphae /n situ (e.g. by FISH or immunostaining) or in relationship to host anatomy.

To gain insight into commensal interactions between C. albicans and mammalian hosts, we
performed competitive infections of ~650 C. albicans homozygous gene disruption mutants
in a mouse model of stable gastrointestinal (GI) colonization. Four mutants lacking
transcriptional activators of the hyphal gene regulatory network displayed hypercompetitive
phenotypes, suggesting an unanticipated role for this program in inhibiting commensalism.
Similarly, disruption of UMEB, which encodes a ‘master regulator’ of filamentation,
conferred enhanced commensal fitness, whereas overexpression of UMEG produced a
commensal defect. To determine whether these fitness changes are associated with changes
in cell morphology, we developed a fluorescence /n situ hybridization (FISH) technique to
visualize C. albicans in the host digestive tract. Wild type was found to colonize as a mixed
population of yeast and hyphae, with yeast predominating in the stomach and small
intestines and hyphae predominating more distally. Surprisingly, ume6 colonized with a near
identical pattern of yeast and hyphae, in striking contrast to its filamentation defect under /n
vitro conditions. These results indicate that Ume6 is dispensible for morphogenesis in the
gut, and that a variable other than cell morphology fosters the hypercommensal phenotype of
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the ume6 null mutant. Using mRNA-Seq, we performed comparative transcriptomics of
commensally-propagated wild-type and ume6 strains to identify ~50 hypha-associated genes
that require Ume6 for normal expression in the gut. Remarkably, disruption of one of these
genes, encoding a hypha-specific secreted aspartyl protease that is known to elicit pro-
inflammatory responses from host immune cells (Sap6; Gabrielli et al., 2015; Gabrielli et al.,
2016; Pietrella et al., 2013; Pietrella et al., 2010), confers a commensal fitness advantage
similar to that of ume6, whereas overexpression attenuates fitness. Thus, expression of Sap6
and other hypha-specific genes, an asset for tissue invasion, is a liability for successful
commensalism. We propose that this antagonistic relationship is central to the balance
achieved by C. albicans between commensal and pathogenic infection of mammals.

Identification of four Candida albicans mutants with enhanced commensal fithess

We previously reported the construction of >650 C. albicans homozygous gene disruption
strains (Homann et al., 2009; Noble et al., 2010). Because the genome is diploid, two
selectable markers (Candida dubliniensis HIS1, Candida maltosa LEUZ) were used to
replace the two alleles of each target ORF. Individual mutants were also barcoded with one
of 48 oligonucleotide sequences to allow for quantitation of strains in competition
experiments. The number of barcodes was selected based on the number of mutants that
could be successfully co-infected in a mouse tail vein model of virulence.

To facilitate screens of larger pools of mutants, we recently developed a protocol to
sequence stretches of genomic DNA that abut C. dubliniensis HIS1 marker. Because this
marker replaces the disrupted ORF in each mutant, adjacent genomic sequences are unique
and can serve as functional ‘barcodes.” As described in the Methods, the relevant genomic
sequences are amplified by linear PCR, following by high-throughput sequencing. The
relative abundance of each mutant in a pool is calculated from the reads of its ORF-flanking
sequence compared to all sequencing reads.

We used this method to quantify the competitive fitness of ~650 C. albicans mutants in a
mouse model of persistent GI commensalism (Figure 1A). Mutants and an isogenic wild-
type control were propagated individually in liquid fungal medium (YPD), then pooled,
washed, and introduced directly into three BALB/c mice by gavage. Because commensally
colonized animals remain healthy, the progress of each competition experiment could be
monitored through serial analysis of feces. Samples of the inocula (“1”") and feces recovered
(“R™) after 3-5 and 10 days of colonization were plated on Sabouraud agar (with ampicillin
and gentamicin), followed by purification of genomic DNA and preparation of sequencing
libraries, as described above. The competitive index of each strain was defined as a log(2)
function of relative strain abundance in the recovered pool compared to the inoculum.

Results of the initial screen (Screen 1) are presented in Figures 1B, 1C, and Table S1A.
Figure 1B depicts the competitive indexes of all strains in a single, representative animal.
Here, efg (shown in red) outcompeted every other mutant (gray) and wild-type C. albicans
(WT, black). As shown in Figure 1C, this result was reproduced in all three test animals
(Figure 1C). efg1 has previously been reported to exhibit enhanced commensalism in
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smaller studies (Pande et al., 2013; Pierce et al.; Pierce and Kumamoto). To identify
additional fungal commensalism factors, we repeated the screen using an inoculum
containing every strain except for efg1. To our surprise, two additional hyperfit mutants,
brg1and robl1, were identified in the second screen (Screen 2; Figure 1C and Table S1B).
The recovery of three enhanced fitness mutants in our commensalism screen contrasts with
previous screens of the same mutants in a disseminated infection model, in which only loss-
of-fitness mutants were obtained (Noble et al., 2010; Perez et al.). The presence of hyperfit
strains distorts the abundance of other strains in a pool, thereby precluding the ability to
identify loss-of-fitness mutants. We reasoned that, if efgZ, brg1, and rob1 are the only
hypercommensal mutants in our collection, then testing the remaining strains might reveal
attenuated strains that lack activators or effectors of commensalism. However, as shown in
Figure 1C and Table S1C, a third screen (Screen 3) of every mutant except for efg1, brgl1,
and robI identified tecl as a fourth hyperfit mutant. These results suggest that C. albicans
expresses multiple factors that restrain its own capacity for gut colonization.

Transcriptional activators of filamentation inhibit commensalism in the gut

Remarkably, the four mutants identified in our commensalism screens affect transcription
factors with previously described roles in C. albicans morphogenesis (Braun and Johnson,
2000; Doedt et al., 2004; Du et al., 2012; Homann et al., 2009; Lo et al., 1997; Lu et al.,
2012; Nobile et al., 2012; Ramage et al., 2002; Schweizer et al., 2000; Stoldt et al., 1997)
and virulence (Du et al., 2012; Lo et al., 1997; Schweizer et al., 2000). As shown in the
schematic in Figure 1D, Efgl, Robl, Brgl, and Tecl activate the expression of genes
associated with yeast-to-hypha morphogenesis (Lassak et al., 2011; Leng et al., 2001; Lu et
al., 2012; Nobile et al., 2012). In addition, Efgl, Brgl, and Tecl promote filamentation
indirectly by activating expression of the ‘master regulator’, Ume6 (Lassak et al., 2011;
Nobile et al., 2012; Nobile and Mitchell, 2005). Null mutants targeting £FG1, RBG1,
ROBI1, TECI1, and UMEG are defective for filamentation /n vitro (Banerjee et al., 2008;
Braun and Johnson, 2000; Du et al., 2012; Homann et al., 2009; Lo et al., 1997; Schweizer
et al., 2000), and efg1, brg1, tecl, and ume6 exhibit virulence defects in animal models of
disseminated infection (Banerjee et al., 2008; Du et al., 2012; Lo et al., 1997; Schweizer et
al., 2000).

The recovery of four key components of the hyphal gene regulatory network in our gut
colonization screens suggested a potential role for this network in the control of fungal
commensalism. To validate the primary screens, we retested two independent isolates of
each transcription factor mutant in 1:1 commensal competitions with wild type (Figure 2A).
As shown in Figure 2B-E and Figure S1A-D, all four mutants reproduced their original
hyperfit phenotypes.

Following euthanasia of the animals, we also evaluated strain abundance in samples
recovered directly from the digestive tract. Results were virtually identical regardless of
whether feces, gut tissue, or luminal contents were analyzed (Figure S2), supporting our use
of feces as a proxy for the gut.

As the terminal transcriptional activator of the hyphal gene regulatory network (Figure 1D),
Ume6 is considered most specific to morphogenesis. To further explore the relationship
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between gut commensalism and the filamentation program, we generated ume6 null and
UMEB-overexpression (UMEGEPE) strains for testing in the Gl colonization model. Two
independent isolates of ume6 exhibited hypercompetitive phenotypes (Figure 2F and Figure
S1E), whereas UMEGPE exhibited reduced commensal fitness (Figure 2G and Figure S1F).
Of note, competition experiments can expose fitness differences that may not be apparent
when strains are tested separately. This is the case for ume6and wild-type C. albicans,
which accumulate to similar levels in individually colonized animals (Figure S3). Taken
together, our findings support an inhibitory role for the hyphal gene regulatory network
towards C. albicans fitness in the mammalian gut.

C. albicans colonizes the Gl tract as a mixed population of yeast and hyphae

Given previous reports that C. albicans yeast predominate in the murine digestive tract
(Vautier et al., 2015; White et al., 2007), we hypothesized that mutants with morphogenesis
defects may possess a fitness advantage in this niche. In other words, if yeast are superior
colonizers of the gut, then strains ‘locked’ into yeast morphology might outcompete strains
that transition between yeast and hyphae. To test this hypothesis, we adapted a fluorescence
in situhybridization (FISH) protocol (Earle et al., 2015; Johansson and Hansson, 2012) to
visualize fungal morphology in the gut. The stomachs, small intestines, ceca, and large
intestines of animals colonized for ten days with C. albicans were fixed in methacarn, a
solution that preserves the architecture of luminal contents. Sectioned tissues were
hybridized to a Cy3-coupled DNA oligonucleotide against C. albicans 28S rRNA, which is
distributed throughout the fungal cytoplasm. Examples of FISH-stained yeast and hyphae
are presented in Figure 3A. Gut specimens were additionally treated with 4’,6-diamidino-2-
phenylindole (DAPI) to stain host epithelial cells and FITC-coupled lectins (UEA-1 from
Ulex europaeus, WGA-1 from Triticum vulgaris) to stain mucus.

Our findings for wild-type C. albicans are presented in Figure 3B and 3C. Consistent with
previous reports (Vautier et al., 2015; White et al., 2007), we observed a preponderance of
yeast in murine stomachs (~60% yeast) and small intestines (~80% yeast; Figure 3B-C).
However, hyphal forms predominated in the ceca (~60% hyphae) and large intestines (~60%
hyphae). In retrospect, differences in the choice of gut compartment may account for some
of the discrepancies in previously reported commensal cell morphology (e.g. distal ileum in
White et al., 2007 vs. large intestines in Bohm et al., 2017). Our results suggest that yeast
and hyphae both inhabit the mammalian digestive tract, with hyphae more numerous in
distal compartments that contain are enriched in hypha-inducing signals such as hypoxia
(reviewed in Zheng et al., 2015), hypercarbia (Kalantar-Zadeh et al., 2018; Rune and
Henriksen, 1969), and N-acetylglucosamine (Naseem and Konopka, 2015; Tailford et al.,
2015).

Results the for ume6 mutant are also presented in Figure 3. In contrast to our expectation,
the distribution of umeé6 yeast and hyphae was nearly identical to that of wild type. Yeast
predominated in the stomach (~60% yeast) and small intestines (~80% yeast), whereas
hyphae were enriched in the cecum (~55% hyphae) and large intestines (~60% hyphae). The
preserved ability of ume6to undergo morphogenesis in the mammalian Gl tract contrasts
with its filamentation defect in the laboratory (Banerjee et al., 2008).
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To verify that our ume6 mutant is comparable to previously published strains, we profiled it
in four types of hypha-inducing media and under hypha-inducing anaerobic conditions. As
shown in Figure S4 (upper panels), our isolate formed filamentous structures under several
hypha-inducing conditions; however, these structures were short and misshapen compared to
the true hyphae formed by wild type. Likewise, colonies formed by umeé6 (Figure S4, lower
panels) contained fewer surface wrinkles (indicating a lower proportion of hyphae) and
exhibited less agar invasion than wild-type colonies. Thus, our isolate reproduced the
published /n vitro defects of umeé.

We next asked whether propagation in the host digestive tract also suppresses the
filamentation defects of efgZ, brg1, rob1, and tec1, using FISH to visualize each strain in
individually colonized animals. In contrast to ume6, efg1 and rob1 colonized all evaluated
compartments almost exclusively as yeast (Figure S5). brgI formed a small number of
hyphae, particularly in large intestines, whereas fec? exhibited near wild-type proportions of
yeast and hyphae. It is unclear why Ume6 and Tecl are required for hypha formation in vitro
but not in the commensal niche, but we speculate that the gut environment contains a signal
or combination of signals that activate compensatory mechanisms in the fungus.

Overall, the FISH experiments revealed that 1) the mammalian GI tract is colonized by C.
albicans yeast and hyphae; 2) filamentation occurs normally in this niche in the absence of
Ume6; and, therefore, 3) the inhibitory activity of Ume6 on commensal fitness is likely
mediated by a mechanism other than cell morphology.

NanosString reveals induction of hypha-specific genes throughout the Gl tract

If commensalism is not controlled by fungal cell morphology per se, we reasoned that
differences in gene expression must underlie the fitness gains of umeé, efg1, brgl1, robl, and
tec1. To assess fungal transcript levels in commensally growing strains, we utilized a
NanoString nCounter platform (Xu et al., 2015) that can quantify low abundance fungal
transcripts amid excess host, bacterial, archaeal, and viral RNAs. We initially profiled wild-
type C. albicans in different Gl compartments over a 10-day time course (Figure 4A, Table
S2). Total RNA was prepared from the contents of stomachs, small intestines, ceca, and
large intestines after 1, 4, or 10 days of colonization (3 animals per time point). 182
previously described NanoString primer sets (Woolford et al., 2016) were used to probe the
expression of genes associated with filamentation, pH-related processes, nutrient acquisition
and metabolism, adhesion and cell wall structure, the cell cycle, stress response, and other
processes.

High quality results were obtained from the stomach, cecum, and large intestines samples,
but small intestines yielded insufficient fungal RNA for analysis. Overall, C. albicans gene
expression remained stable over time and was similar across different GI compartments
(Table S2). Genes associated with hyphae and pH-related processes were significantly
regulated in the gut compared to standard /n vitro conditions (Table S2, =5-fold difference
compared to YPD; p=3.0x107% for hypha-associated genes, p=1.1x1073 for pH-related
genes). Heatmaps depicting all significantly (p<0.05) regulated genes in these two categories
are presented in Figure 3B-C. In addition, a small number of genes was differentially
expressed in the stomach compared to other gut compartments, including PHRZ2, which
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encodes a glycosidase that is active in low pH environments (Figure 3C; De Bernardis et al.,
1998).

To determine whether Ume6 is required for gut-associated differences in fungal gene
expression, we compared the NanoString profiles of wild type and umeé6 after 10 days of
colonization (n = 3 animals per strain). Apart from the absence of UMEG expression in the
null mutant, however, we observed no significant differences between the two strains (Table
S3).

mMRNA-seq reveals Ume6-dependent regulation of certain hypha-specific genes in the gut

A disadvantage of NanoString is that the relatively high cost of custom primers limits the
number of transcripts that can be monitored. To obtain a more global view of gene
expression in commensally propagated strains, we turned to mRNA-Seq, which can
theoretically quantify any cellular transcript that is expressed above a certain threshold.
Animals were colonized with wild type or ume6 (n=5 animals/strain) for ten days, and RNA
was recovered from large intestines, where UMEG is maximally expressed by wild type
(Witchley and Noble, unpublished observations). For comparison, strains were also
propagated /n7 vitro under standard (YPD liquid, 30°C, n=3 cultures) and hypha-inducing
conditions (YPD liquid plus 10% bovine serum, 37°C, n=3 cultures). From each sample, a
minimum of 35 million mMRNA-Seq reads mapped to the C. albicans genome (Figure 5B).

Using mMRNA-Seq, we detected expression of 5169 C. albicans genes or roughly 85% of the
predicted genome under at least one experimental condition (Table S4). Wild-type C.
albicans exhibited >2-fold regulation of 2201 genes in large intestines compared to growth
under standard /n vitro conditions (p<0.05; Table S4); these include all examples of
regulation detected with NanoString. GO-term analysis of the 1238 upregulated genes was
unrevealing, whereas the 963 downregulated genes were associated with terms such as
“oxoacid metabolic process” (p=2.68x10719), “response to stimulus” (p=9.53x10713), and
“RNA export from nucleus (p=1.53x10798). Prompted by the regulation of hypha-associated
genes observed in our NanoString dataset, we focused on 334 genes that are consistently
upregulated under /n vitro hypha-inducing culture conditions ((=5 independent conditions;
Azadmanesh et al., 2017) and represented in our dataset (Table S4). 205 of these genes,
including UMEB, were upregulated by >2-fold in the murine model, a significant
overrepresentation (p=9.69x10752, hypergeometric test).

To identify genes that require Ume6 for normal expression in the gut, we compared the
transcriptomes of commensally propagated wild-type and ume6 strains. Besides UME6
itself, 409 genes were differentially expressed by 2-fold or more in the umeé mutant
(p<0.05, Table S4). Seeking a smaller number of regulatory targets to test in animals, we
focused on the 52 Ume6-dependent genes that are associated with hyphae (Figure 5C and
Table S4; Azadmanesh et al., 2017). A volcano plot of all hypha-associated genes in our
MRNA-Seq dataset is presented in Figure 5D, with relative expression in ume6 vs. wild type
plotted on the x-axis and significance on the y-axis. From this analysis, SAP6and HYR1
emerged as the two best-characterized genes exhibiting strong and significant dependence on
Ume6: SAP6 expression is reduced by 15-fold (p=2.1x1078) in the mutant, and H YR
expression is reduced 10-fold (2.0x107). Sap6 is a hypha-specific secreted aspartyl protease
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that is required for virulence in a mouse corneal infection model (Jackson et al., 2007). Hyrl
is a GPl-anchored hyphal cell wall protein (Bailey et al., 1996).

To test the hypothesis that decreased expression of SAP6 and/or HYRI contributes to the
enhanced commensal fitness of umeé6, we profiled sapé and AyrI null mutants in the Gl
colonization model. As shown in Figure 6A, sapé strongly outcompeted wild type in the
mouse Gl colonization model (Figure 2F), and exhibited slightly higher colonization
efficiency in individually colonized animals (Figure S3). The AyrZ mutant exhibited a
weaker gain-of-fitness phenotype (Figure 6B). Restoration of a single copy of SAP6to the
sap6l sap6 null mutant reduced the enhanced fitness of this strain (Figure 6C), whereas
overexpression (SAPECE) produced a strong loss-of-fitness phenotype (Figure 6D).

To verify that our sgpé6 strain does not impair yeast-to-hypha morphogenesis, we examined it
under hypha-inducing conditions 7 vitro and in the murine commensalism model. As was
previously reported (Chen et al., 2002), sap6 exhibited normal morphogenesis under
multiple /in vitro hypha-inducing conditions (Figure S4). Likewise, sapé exhibited a wild-
type pattern of yeast and hyphae within the murine digestive tract (compare Figure 6E and
Figure 3B). These results suggest that the abundance of the Sap6 gene product, rather than
cell morphology, determines C. albicans fitness in the gut. Finally, we asked whether
decreased expression of SAP6 might contribute to the enhanced commensal fitness
displayed by efg1, robl, tec1 and brgl. RT-gPCR was used to quantify the level of SAP6
MRNA in cells recovered from individually colonized animals. Whereas SAP6 was
expressed to variable levels by commensally propagated wild-type C. albicans, its expression
was significantly downregulated in each of the hyperfit mutants (Figure S6). These results
demonstrate that the hypha-associated gene, SAPG, is a potent inhibitor of C. albicans fitness
in its commensal niche.

DISCUSSION

The rules governing microbial colonization of mammalian hosts are poorly understood,
particularly in the case of fungal commensals. In this study, we identified five C. albicans
transcription factors that decrease its fitness in a murine model of gut colonization. Iterative
screens were required to identify these gain-of-fitness strains, since each infection was
dominated by one or two mutants with the strongest phenotype(s), and no loss-of-fitness
mutants were recovered. The identification of multiple C. albicans mutants that outperform
wild type raises the question of why an organism would encode factors that inhibit its own
fitness.

Prior to this study, the roles played by C. albicansyeas and hyphae in the host digestive tract
have been controversial. In particular, two observations have been difficult to reconcile: 1)
C. albicans colonizes the Gl tract primarily in the yeast form (Vautier et al., 2015; White et
al., 2007); and 2) certain hypha-associated genes, including ones encoding virulence factors,
are expressed in this niche (Rosenbach et al., 2010). To clarify these observations, we
developed a FISH protocol for direct visualization of C. albicansin the gut. Our detailed,
quantitative analysis of fungal morphology provides clear evidence for the presence of both
yeast and hyphae throughout the Gl tract. The changes in relative abundance of the two
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fungal cell types in different gut compartments can be rationalized in light of known triggers
of yeast-to-hypha morphogenesis. For example, under /n vitro conditions, acidic pH
promotes yeast morphology by inhibiting a Rim101-dependent pro-filamentation signaling
pathway (Davis et al., 2000; Gomez-Raja, 2012; Li et al., 2004; Wolf et al., 2010), whereas
hypoxia, hypercarbia, and N-acetylglucosamine promote hypha formation via the Ofd1-,
cAMP-, and Ras1/Cstl MAPK-dependent signaling pathways, respectively (Bockmuhl et
al., 2001; Castilla et al., 1998; Klengel et al., 2005; Leberer et al., 2001; Lu et al., 2013;
Rocha et al., 2001; Xu et al., 2008). If these pathways function similarly within the host,
then the acidic environment of the stomach may elicit yeast morphology, whereas higher
concentrations of CO, and N-acetylglucosamine (part of the bacterial cell wall and host
mucin) and a lower concentration of O, in the cecum and large intestines may favor hypha
formation in the distal gut.

Given the well-documented filamentation defects of umeé6 null mutants under /in vitro
conditions (Figure S4; Banerjee et al., 2008; Childers et al., 2014), its ability undergo
normal morphogenesis in the Gl tract was surprising. This striking contrast in phenotypes
implies that at least one host-associated signal for hypha induction is absent from existing /n
vitro assays. Further, at least one fungal activator of filamentation must be able to
compensate for the absence of Ume6 in the gut. The presence of hyphae in all examined Gl
compartments and the existence of redundant mechanisms to support hypha formation in this
niche suggest an important role for hyphae during commensal colonization. Whether this
role is to facilitate fungal interactions with host cells, nutrient acquisition, stress resistance,
and/or interactions with co-colonizing microorganisms and viruses remains to be
determined.

Our finding that the hyperfit #me6 mutant maintains wild-type cell morphology (that is, a
normal ratio of yeast and hyphae) in the mouse Gl tract argues that cell shape per se does not
determine commensal fitness. Transcriptomic analysis of commensally propagated wild-type
and umeé6 strains revealed that Ume6 is required for normal expression of 52 hypha-
associated genes. Remarkably, disruption of one of these genes, encoding the secreted
aspartyl protease Sap6, is sufficient to confer an enhanced fitness phenotype that
phenocopies that of the ume6 mutant, whereas SAP6 overexpression produces a reduced
fitness phenotype resembling that of UMEBEPE. The strong, reciprocal commensalism
phenotypes displayed by sap6and SAPE°E belie the common assumption that defects
associated with secreted factors will be complemented by other strains in mixed infections.
In this case, we surmise that dispersal of C. albicans within the commensal niche permits
differential selection against cells in areas of higher local concentration of Sap6 protein. In
addition to SAP6, we identified a second UMEG regulatory target, HYR1, with a (more
subtle) effect on commensal fitness. This suggests that altered expression of multiple genes
may contribute to the net phenotype of umeé.

While this manuscript was in revision, another group reported that serial passage of wild-
type C. albicans through a murine commensal model resulted in enhanced commensal
fitness (Tso et al., 2018). Interestingly, sequencing of 28 gut-adapted strains recovered from
independent /n vivo evolution experiments revealed three strains with spontaneous mutations
affecting £EFGI, three with mutations affecting OB, and 22 with mutations affecting
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FLO8, among additional changes in the genome. Like Efgl, Brgl, Robl, Tecl, and Ume6,
FLO8encodes a transcription factor in the hyphal gene regulatory network (Cao et al.,
2006). flo8was absent from the libraries used for our commensalism screens (Homann et
al., 2009; Noble et al., 2010). However, based on our results with other transcription factor
mutants in the same pathway, we speculate that the enhanced fitness of the f/o8 strains
identified by Tso ef al. may result at least partially from decreased expression of SAPE.

Sap6 belongs to a family of ten secreted and cell surface-associated aspartyl proteases with
documented roles in C. albicans virulence (Naglik et al., 2004; Parra-Ortega et al., 2009).
Individual members of the superfamily differ in pH optima, substrate specificity, and
expression pattern, with certain Sap proteins expressed constitutively, and others expressed
under specific environmental conditions or in a particular cell type. For example, Sap4,
Sap5, and Sap6 are expressed exclusively by hyphae. Individual Sap proteins are thought to
facilitate nutrient acquisition, tissue invasion, and/or immune evasion within particular host
niches. Interestingly, Sap6 is one of two family members that elicit pro-inflammatory
cytokine responses from host innate immune cells (Pietrella et al., 2010). Specifically,
exposure of cultured murine dendritic cells or macrophages to recombinant Sap6 protein (or
a catalytically inactive variant) activates the NLRP3 inflammasome, resulting in the
secretion of IL-1P and other cytokines (Pietrella et al., 2013).

Based on observations reported here and in the literature, we propose a model in which
colonizing C. albicans and the mammalian host engage in intense, bidirectional
communication. C. albicans senses signals (pH, Oy, CO», nutrient abundance, and N-
acetylglucosamine, among others) whose strength and composition vary dramatically in
different Gl compartments. In response to changes in these signals, the fungus remodels its
cell morphology and gene expression, converting from a yeast-dominated population in the
proximal gut to a hypha-dominated population more distally. On the host side, yeast may be
tolerated or even cultivated as an innocuous-to-beneficial cell type (in this niche). Invasive
hyphae, however, pose a risk, and we propose that hyphae are monitored indirectly through
sensing of cell type-specific gene products such as Sap6 and Hyrl. When hypha-associated
markers exceed a threshold level, a localized antifungal immune response may be triggered
to limit the threat. Mutants such as ume6, sap6, and hyr, which produce lower levels of the
hypha-specific triggers, are able to proliferate undetected by the host and therefore
outcompete wild-type C. albicans in mixed infections, although presumably these strains
would be less fit in certain situations. If correct, our model implies that host curation of the
fungal microbiota helps to limit the risk of opportunistic infection.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for reagents may be directed to, and will be fulfilled by, the
corresponding author Suzanne M. Noble (Suzanne.noble@ucsf.edu).
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Experimental Model and Subject Details

Mice—All procedures involving animals were approved by the UCSF Institutional Animal
Care and Use Committee. We used a previously described mouse model of C. albicans
commensalism (Chen et al., 2011; Pande et al., 2013), with minor modifications. 8-10 week
(18-21 gram) wild-type, female BALB/c mice from Charles River Laboratories were
provided with autoclaved water containing 5% glucose and antibiotics (penicillin 1500
un/ml and streptomycin 2 mg/ml) for 7-8 days prior to gavage with 108 CFUs of C. albicans,
and antibiotic water was continued throughout the experiments. All animals were singly or
doubly housed depending on experiment and provided autoclaved distilled water and
autoclaved mouse chow (PicoLab).

Strains—Genetic screens for C. albicans commensalism factors were performed with the
Noble (Noble et al., 2010) and Homann (Homann et al., 2009) collections of isogenic,
barcoded, homozygous deletion mutants. Both libraries are available from the Fungal
Genetics Stock Center (http://www.fgsc.net/). (Homann et al., 2009; Noble et al., 2010). All
other strains are described in the Key Resources Table. ume6 (SN1478 and SN1479) were
generated using a previously described fusion PCR technique (Homann et al., 2009; Noble
et al., 2010; Noble and Johnson, 2005). Plasmids used to construct strains UMEECE
(SN1557 and SN1558), SAPECE (SN1798), and sap6/SAP6 (SN1796) are described is Table
S4. Other plasmids used in this study are described in the Key Resources Table and primers
are listed in Table S5. C. albicans strains were routinely propagated on liquid or solid YPD
medium at 30°C. Filament-inducing conditions consisted of YP supplemented with 10%
bovine serum (Gibco), Spider medium, Lee’s glucose pH 6.8, and Lee’s GIcNAc (N-
acetylglucosamine) pH 6.8, as well as propagation under anaerobic conditions generated
using a BD Anaerobe Gas Generator Pouch with Indicator.

Method Details

Mouse Model of GI commensalism—Screens were performed with >650 C. albicans
homozygous knockout mutants (Homann et al., 2009; Noble et al., 2010) and an isogenic
wild-type control (SN250). Each strain was individually propagated to mid log growth in 1
ml liquid YPD in 96-well culture dishes at 30°C, prior to pooling into a mixed inoculum.
Following washes and resuspension of cells in sterile 0.9% saline, cell density was
determined using a hemocytometer, and 108 CFUs of each inoculum was gavaged into 2-4
animals. To minimize microbial transfer among cage mates, only one to two animals were
housed per cage. Inoculum and stool samples obtained after 3-5 and 10 days of colonization
were plated onto Sabouraud agar (BD) with ampicillin 50 ug/mL and gentamicin 15 ug/mL
and incubated for 2 days at 30°C. CFUs were washed from plates with sterile water and
collected by centrifugation. Cell pellets were stored at —80°C prior to isolation of genomic
DNA.

Colonization with single strains (for NanoString and RNA-Seq analysis) or 1:1 mixtures of
wild type and mutants (efgZ, brg1, robl, tecl, and hyrl from mutant libraries, and newly
constructed ume6 (SN1478, SN1479), UMEBCE (SN1557 and SN1558), sap6 (SN1664),
and SAPECE (SN1798)) were performed as for the screens. Animals used for mMRNA-Seq
were individually housed.
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For experiments involving direct evaluation of fungal populations in the host digestive tract,
each Gl segment was dissected immediately following euthanasia of the animal. Fungal
CFUs were recovered by plating luminal contents, tissue homogenates, or both onto
Sabouraud agar (BD) containing ampicillin 50 ug/mL and gentamicin 10 pug/mL.

For strain competitions in the GI commensal model, the paired student’s t-test was used to
assess the difference in abundance between strains at each time point for significance.

Determination of Competitive Index—To determine the fitness of individual mutants
in the commensalism screens, reads from each sequencing library were mapped to the
Candida albicans genome (candidagenome.org, Assembly 21) using bowtie (Langmead et
al., 2009). Reads were assigned to a given mutant based on proximity (within 200 bp) of the
genomic sequence to the start or end of ORFs targeted in the deletion collections (Homann
etal., 2009; Noble and Johnson, 2005). Strain abundance was calculated as the ratio of the
sequencing reads for a given mutant to the total number of reads for all strains present in the
same pool. Mutants with fewer than 100 reads in the inoculum library were eliminated from
further analysis. Competitive index was defined as the log2 transformed ratio of the
abundance of each mutant strain in feces (recovered, R) to its abundance in the inoculum (1).

To assess the commensal fitness of mutants in 1:1 competition with wild type, genomic
DNA was extracted from C. albicans recovered from feces at the time points indicated in the
figures. Strain abundance was determined by gPCR (SYBR Green; Bio-Rad), using strain-
specific primers (Table S5) and a Roche LightCycler 480 instrument. The paired student’s t-
test was used to assess the significance of observed differences.

Preparation of screen sequencing libraries—Genomic DNA from plated inocula and
fecal pellets was isolated as previously described (Chen et al., 2011; Pande et al., 2013).
Feces from one animal per cage was prepared for sequencing. A linear amplification-based
method modified from (Carette et al., 2011) was used for selective amplification of genomic
sequences flanking the Candida dubliniensis HIS1 selectable marker (Noble et al., 2010),
which replaces the disrupted ORF in each mutant. Briefly, 5-20 g aliquots of genomic DNA
were used in individual Alul, Bfal, Dpnll, Rsal, and Tagal (New England Biolabs) digests
overnight. Following heat inactivation of the restriction enzymes, digests of a given sample
were pooled and precipitated to concentrate the DNA, and gel-free size selection was
performed using a SeraMag bead mix (prepared as in (Rohland and Reich, 2012) to capture
DNA of ~200-1000 bp. 1 pg of DNA was used for linear amplification by AccuPrime Taq
(Invitrogen) with biotinylated primer SNO1774 for 100 cycles. Single-stranded biotinylated
DNA was captured using streptavidin-coated beads provided in the Dynabeads
kilobaseBINDER kit (Invitrogen) overnight and a second adapter ligation was performed
with CircLigase Il (Epicentre) using primer SNO1775 the next day. PCR using AccuPrime
Taq and Illumina primers 1 (SNO1777) and 2 (barcoded; SNO1776, SNO1819-1829 or
SNO01949-1960) was performed for 15 cycles. PCR products were separated from primers
using SeraMag bead mix. 2100 Bioanalyzer (Agilent) traces were used to quantify library
abundance and size distribution. Multiplexed libraries for sequencing were pooled based on
Bioanalyzer traces. Sequencing (50 bp-single end) was performed using a custom
sequencing primer SNO1830 at the University of California Berkeley QB3 Vincent J. Coates
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Genomics Sequencing Laboratory (GSL) on an Illumina HiSeq2000 or HiSeq4000, which
are supported by NIH S10 Instrumentation Grants SI0RR029668, SI0RR027303 and
0DO018174.

Imaging of Candida albicans in the gut—BALB/c mice were singly or doubly housed
and colonized with wild type (SN250, n=6), ume6 (SN1478, SN1479, n=9), sap6 (m886,
n=3; SN1664, n=3), efgI (SN1011, n=2), brg1 (SN1106, n=3), rob1 (SN1439, n=3), or tecl
(SN1441, n=3) as described above. After 10 days, animals were euthanized, and segments of
the digestive tract (stomach, jejunum, ileum, cecum, and large intestines) were fixed in a
methacarn solution (60% methanol, 30% chloroform, 10% glacial acetic acid) at room
temperature for at least three hours.

Fixed tissues were processed in 100% methanol (twice for 35 minutes each), 100% ethanol
(twice for 25 minutes each), and xylenes (histological grade, Sigma-Aldrich; twice for 20
minutes each), followed by transfer to melted paraffin wax (Sigma) for two hours at 70°C.
Preparation of paraffin blocks was performed by the UCSF Cancer Center
Immunohistochemistry and Molecular Pathology Core, and 4 um or 8 um sections were
prepared by Nationwide Histology (Veradale, WA).

Fluorescence /n situ hybridization (FISH) was performed as previously described (Johansson
and Hansson, 2012) and summarized here. Slides were de-paraffinized in xylenes (twice at
60°C), followed by a 5 minute incubation in 100% ethanol at room temperature.
Hybridization was performed in a hybridization buffer (20 mM Tris-HCI pH 7.4, 0.9 M
NaCl, 0.1% SDS and 1% formamide) with a fungal 28S rRNA DNA oligonucleotide that is
coupled to Cy3 (5’-Cy3-CTCTGGCTTCACCCTATTC-3’; Integrated DNA Technologies)
for three hours at 50°C. Slides were washed for 15 minutes at 50°C in wash b uffer (20 mM
Tris-HCI pH 7.4, 0.9 M NacCl) followed by two washes in PBS, pH 7.4 at room temperature.
Samples were counterstained with DAPI (for epithelial cell nuclei) and FITC-conjugated
UEA-1 (for mucin; Sigma), for 45 minutes at 4°C. Because staining of mucin in the small
inte stine and cecal specimens was less efficient, FITC-conjugated WGA-1 (Sigma) was
added for counterstaining of these sections. Slides were washed twice in PBS, pH 7.4 at
room temperature and then mounted with Vectashield (Vector Laboratories). Sections were
imaged on the Keyence microscope model BZ-X700 or High Speed Spinning Disk Confocal
microscope (Yokogawa W1). Final images are composites of the DAPI, FITC and
TRITC/Cy3 channels. Yeast and hyphae were quantified manually using the cell counter
plug-in for Fiji (ImageJ) (Schindelin et al., 2012). Statistical significance was determined by
the unpaired student’s t-test.

Sample collection and analysis for NanoString—BALB/c mice were colonized with
asingle C. albicans strain (wild-type strains SN250 or SN425, ume6 mutant SN1479), as
described above. Three animals were colonized with each strain per experimental time point
and housed individually. Samples of the inocula were flash frozen in liquid nitrogen and
stored at —80°C. At d esignated time points, animals were euthanized, and the digestive tract
was dissected aseptically. Whole GI segments (tissue + contents) were analyzed together. GI
specimens were flash frozen in liquid nitrogen and stored at —80°C.
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RNA extraction was performed as previously described (Xu et al., 2016) and summarized
here. Tissue samples were homogenized in buffer RLT (Qiagen) with 1% p-mercaptoethanol
(B-ME) with a gentleMACS dissociator (Miltenyi Biotec). Phenol:chloroform:isoamy!l
alcohol (25:24:1) was added to the homogenate along with zirconia beads (0.5mm)
(Research Products International) and vortexed on a mini-beadbeater (Biospec Products).
The aqueous phase was collected and washed on an RNeasy spin column (Qiagen), followed
by elution in water.

The NanoString nCounter Analysis System was used with a previously described set of
fluorescent probes for hybridization and detection (Woolford et al 2016 PLOS Genetics).
Briefly, hybridization buffer combined with the codeset of interest is combined with 5 pl of
total RNA and incubated at 65°C overnight. Samples were then load ed onto the prep station
and incubated under the high sensitivity program for 3 hours. Following the prep station,
samples were read using the NanoString digital analyzer with the high resolution option.
Measured counts for individual transcripts were normalized to the average of all transcripts
in the sample. Heatmaps were generated using the results for C. albicans in the digestive
tract compared to inoculum grown to ODgpp=1.0 in liquid YPD maintained at 30°C. Raw
counts b elow 20 were excluded from further analysis.

The linear fit model generated by /imma using NanoString probe counts was used to
determine the significance of expression differences between different conditions in the
NanoString dataset. The Fisher’s exact test was used to determine the significance of
functional category enrichment among genes regulated by five-fold or more. Genes were
assigned pH-related, nutrient acquisition and metabolism, adhesion and cell wall structure,
cell cycle, stress response, and/or “other” categories based on gene descriptions in the
Candida Genome Database (Skrzypek et al., 2017). Hypha-associated genes were defined as
genes that are upregulated under at least five different /n vitro hypha-inducing conditions in
the recent study by Azadmanesh et al. (Azadmanesh et al., 2017).

Sample collection and analysis for mMRNA-seg—Colonization of animals and
recovery of experimental samples were performed as described above for the NanoString
experiments, with the exception that only samples of luminal contents were evaluated.

RNA extraction for mRNA-seq was performed as previously described in (Turnbaugh et al.,
2009), with modifications. Dow Corning vacuum grease was used for phase separation,
instead of phase-lock tubes. Three to five additional acid phenol:chloroform (Ambion)
followed by three to five buffer saturated phenol:choroform:isoamyl alcohol (Ambion)
extractions were added to eliminate endogenous RNases. Following precipitation and
resuspension of pellets in RNase-free water, RNA was further purified using the MEGAclear
transcription clean-up kit (Ambion). DNase | (NEB) treatment was performed on 10 ug
RNA for 10 minutes at 37°C, then 0.5 M EDTA was used to inactivate DNase | at 75°C for
10 min. Following DNase treatment, a final acid phenol-chloroform extraction was
performed. RNA was then precipitated and resuspended in RNase-free water. /n vitroand in
vivo samples were treated identically.
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NEBNext Ultra Directional RNA Library Prep Kit for [llumina in combination with
NEBNext Poly(A) mRNA Magnetic Isolation Module and NEBNext Multiplex Oligos for
Illumina was used to generate mMRNA-seq libraries. The protocol provided by NEB was
followed precisely using 1 pg total RNA and 13 cycles in the final PCR, with the exception
that Ampure XP bead mix was replaced with Sera-Mag Speed Beads (GE Healthcare) in
DNA binding bead mix (Rohland and Reich, 2012). Library fragment size was determined
using High Sensitivity DNA chips on a 2100 Bioanalyzer (Agilent). Library quantification
was performed by gPCR with a library quantification kit from KAPA Biosystems (KK4824)
on a Roche LightCycler 480. Sequencing was performed on the UCSF Center for Advanced
Technology HiSeq4000.

To determine significant changes in RNA expression, reads were mapped to the current
haploid C. albicans transcriptome (Assembly 21, candidagenome.org) and transcript
abundances were then evaluated using kallisto (Bray et al., 2016). Statistical comparisons of
transcript abundances between different conditions were performed on estimated counts
using the linear fit model generated by /imma with strain, environmental condition and
sequencing run as factors in the design matrix as previously described (Ritchie et al., 2015).
Data in heat maps where individual biological replicates are shown were made using
transcript per Million mapped reads (tpm) values generated by kallisto.

GO-term analysis of processes enriched among upregulated and downregulated gene sets
was performed using the CGD Gene Ontology Term Finder (Skrzypek et al., 2017).

gRT-PCR of in vivo SAP6 expression—Mice were housed two per cage, treated with
antibiotics and inoculated with either wild type (ySN250), efgl (ySN1011), brgl
(YSN1106), robl (ySN1439), and tecl (ySN1441). After 10 days. For wild type, the Gl
tracts were used for CFU/organ studies and so fresh feces were substituted for RNA
extraction. For the mutants, half of the large intestine contents was snap frozen and stored at
-80°C.

RNA was prepared as described for mRNA-seq with the exception that after initial RNA
extraction, for RNA purification, homemade RNA binding bead mix (1 mM trisodium
citrate, 2.5 M NaCl, 20% PEG 8000, 0.05% Tween 20, pH 6.4) was used following the
protocol provided for RNACIlean XP mix (Beckman Coulter). RNA was eluted in RNase-
free water and DNase | treated. Again, RNA was purified using RNA binding bead mix. One
ng of RNA was reverse-transcribed using SuperScript 111 with random hexamers. 1 puL of
cDNA was used per 10 uL gRT-PCR reaction with either primers to the housekeeping gene
PMAI (SNO3478 and SNO3479) or to the gene of interest SAP6 (SNO3202 and SNO3203)
in triplicate.

For gPCR analysis, Roche Lightcycler 480 was used with the following program: initial
melting occurred at 94°C for 30 seconds, followed by 40 cycles of annealing at 94°C for 10
seconds then extension at 60°C for 60 seconds with fluorescent measurements taken at the
end of each extension. Melt curves (60°C-94°C) with continuous acquisition were generated
to verify single product amplification. Ct values were generated using software provided
with the Lightcycler. To produce AACt values for individual biological replicates, the
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following steps were taken. The average of the three technical replicates was taken and
standard deviation (SD) calculated in Excel. For each biological sample, ACtsaps.priaz
(average Ct SAP6 - average Ct PMAI) and standard deviation (SD saps.prra1) Were
calculated ((SDsapg)? + (SDpagaz)?)?->. To normalize data to the average wild-type value for
graphical representation, the average of all wild-type ACt values was taken and then
subtracted from each ACt value. The fold change from the average wild-type value is
represent as 2~2ACt Standard deviation representing technical variation was calculated from
27ACt 9~AACHSD and 2-AACESD jn Excel. For comparison of SAP6 expression between wild
type and transcription factor mutants, average Ct values (Ctayg) and ACtayg sapsavg, Prraz for
each biological sample were calculated then the average ACt(ayg, sapsavg, PMAL)strain @Nd
SD(avg, saP6-avg, PMAL) strain Value within each group (WT, efgl, brg1, robl, or tecl)
determined in Excel. AACt values were calculated as ACtayg, sapsavg, PMAL) strain 1-

ACtavg, sapsavg, PMAL), wild type- Significance of the fold change between biological
replicates of wild type and transcription factor mutants was calculated by GraphPad Prism
using the one-tailed Mann-Whitney U test.

Quantification and Statistical Analysis

Statistical parameters and statistical test type (value of n, statistical significance, dispersion
and precision measures) are reported in the figure legends and method details. Significance
is defined as p<0.05. All /n vivo Gl competitions were assessed by a paired Student’s t test.
Quantification of hyphae vs. yeast /n vivo was assessed by an unpaired student’s t test.
Fisher’s exact test was used for NanoString gene ontology term analysis. t tests were
performed using GraphPad Prism 6.0 and 7.0. The significance of differences among
NanoString and mRNA-seq expression data was determined using /imma.

Data and Software Availability

Raw data for the commensalism screens (Accession # GSE124139) and RNA-seq
(Accession # GSE124137) are available at the GEO website (https://www.ncbi.nlm.nih.gov/
geo/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Candida albicans colonizes the gastrointestinal tract as a mixture of yeasts
and hyphae
. A C. albicans hyphal gene network that promotes virulence inhibits
commensal fitness
. Commensal fitness is inversely related to hypha-specific virulence effectors
. Hosts may tolerate yeasts while restricting pathogenic hyphae in the gut
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Figure 1. Activators of C. albicans filamentation inhibit gut commensalism.
A) Schematic of commensalism screens. ~650 C. albicans mutants and wild type (WT,

SN250) were gavaged into BALB/c mice (n= 2-3 animals/inoculum). Feces was sampled
after 3-5 and 10 days, and strains recovered by plating. Sequencing libraries were prepared
from genomic DNA abutting the disrupted ORFs (mutants) or C.a.LEUZ gene (WT).
Competitive indexes (CI) were calculated as the log2 function of (R/I), based on samples
recovered from the host (R) and the inoculum (I). See also Tables S1, S2, and S3. B) Results
from one animal after 10 days. efgZ (red) outcompeted WT (black) and all other mutants
(gray). C) Hypercompetitive mutants were recovered from three commensalism screens.
Screen 1 tested all mutant and WT; Screen 2 excluded efgZ; Screen 3 excluded efgZ, brg1,
and rob1. Each data points indicate the ClI for the indicated strain in one animal. Bars
indicate the mean. D) Hyphal gene regulatory circuit (note that not all regulators are shown).
Efgl, Brgl, Robl, Tecl, and Ume6 activate expression of genes required for morphogenesis
and genes that are upregulated in hyphae. Efg1 has been shown to activate UMEG6 by
epistasis analysis and ChIP-Seq (Banerjee et al., 2013; Zeidler et al., 2009). Brgl and Tecl
have been shown to bind to the UMEGE promoter by ChIP-Seq (Childers and Kadosh, 2015;
Nobile et al., 2012).
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Figure 2. efgl, brgl, robl, tecl, and ume6 exhibit enhanced commensal fitness, while UME6°E
has reduced fitness.
A) Schematic of competition experiments. Mice were gavaged with 1:1 mixtures of WT and

each commensalism mutant, strain abundance in feces was monitored for =25-days using
gPCR. B-G) Results for: (B) WT (ySN226) vs. efgZ (ySN119), (C) WT (ySN425) vs. brgl
(ySN1180), (D) WT (ySN250) vs. robI (ySN1440), (E) WT (ySN250) vs. fec1 (ySN1442),
(F) WT (ySN250) vs. ume6 (ySN1479), (G) WT (ySN1556) vs. UMEECE (ySN1558). Bars
represent the mean. Significance was determined using the paired student’s t-test: n.s. not
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Additional results are presented
in Figures S1, S2, and S3.
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Figure 3. C. albicans colonizes the gut as a mixed population of yeast and hyphae.
A)Examples of FISH-stained wild-type C. albicans (SN425 or SN250) yeast and hyphae in

the mouse cecum (left) and /n vitro (Spider medium, 37°C, right). A Cy3-coupled fungal -
specific oligonucleotide (red) was hybridized to C. albicans 28S rRNA. Yellow arrowheads
indicate hyphae. Scale bar denotes 15 pm. B) WT (SN250) and ume6 (SN1479, SN1478) in
different Gl compartments after 10 days of colonization. “Epithelium” indicates cross
sectional region near the mucosa, “Lumen” indicates region near the center of the Gl
compartment. Mucus (green) was stained with a FITC-coupled lectin (UEA-1 +/- WGA-1),
host epithelial cell nuclei (blue) were stained with DAPI. Scale bar indicates 20 um. C)
Quantification of C. albicans yeast and hyphae. 30 fields of view were scored per Gl
compartment per animal colonized with WT (n=6 animals) and vmeé6 (n=9 animals). Data
represent the mean £SEM. Significance was determined using the unpaired student’s t-test.
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See Figure S4 for ume6 morphology /n vitro and Figure S5 for FISH staining of other
transcription factor mutants in the gut.
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Figure 4. NanoString reveals induction of hypha-associated and pH-responsive genes in
commensally propagated C. albicans.

A) Schematic of NanoString experiment. Animals were colonized with wild type (ySN425)
for 1, 4 and 10 days. RNA recovered from stomachs, ceca, and large intestines was analyzed
with 182 NanoString primer sets. B) Heatmap of expressed hypha-associated genes.
Upregulation relative to the inoculum is indicated in yellow, downregulation in blue. Final
two columns indicate the —logg(adjusted p-value) of expression differences between the gut
vs. laboratory conditions (Gut/YPD) or the stomach vs. distal compartments (Stomach/
Distal). Significance was determined using a linear fit model. C) Heatmap of expressed pH-
associated genes. The full NanoString dataset appears in Table S2.
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Figure 5. mRNA-Seq reveals Ume6 regulation of a subset of hypha-associated genes in the gut.
A) Schematic of MRNA-Seq experiment. PolyA RNA was recovered from WT C. albicans

(ySN250) and ume6 (ySN1479) propagated under standard /n vitro conditions (YPD, 30°C;
n=3 cultures), filament-inducing conditions (YPD+10% serum, 37°C; n=3 cultures), or for
10 days in the GI commensalism model (n=5 animals). B) Analysis of sequencing depth and
coverage. Bars represent % reads that align to C. albicans vs. mouse transcriptomes. Green
numbers denote the read count (in millions) of indicated strains under each condition. C)
Heat map of hypha-associated gene expression under laboratory conditions and in the host
digestive tract. Values represent the log, function of the tpm under the indicated condition
divided by the tpm under standard /n vitro conditions (YPD, 30°C). Final two columns
represent the significance [-logg(adjusted p-value)] of expression differences between wild
type propagated in the gut vs. in vitro (Gut/YPD) and ume6'vs. WT when both are
propagated in the gut (ume6/WT). D) Volcano plot depicting the log2 transformed ratio of
hypha-associated gene expression in commensally propagated ume6 vs. wild type (x-axis)
versus significance (y-axis). Full mMRNA-Seq datasets are presented in Table S4.
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Figure 6. Hypha-associated secreted and cell surface proteins inhibit GI commensalism.
The commensal fitness of mutants affecting SAP6 and HYR1 was determined in 1:1

competition with wild-type C. albicans, as in Figure 2. A) WT (SN250) vs. sap6 (SN1664);
B) WT (SN250) vs. Ayr1 (SN511); C) WT (SN250) vs. sap6+ SAP6 gene addback strain
(SN1796, note that a single copy of SAP6was restored to a sap6A/ sap6A strain lacking both
natural alleles); D) WT (SN235) v. SAPECE (SN1798). Significance was determined using
the paired student’s t-test; ns not significant, *p<0.05, **p<0.01, ***p<0.001. E) sapé6 has
normal morphology in the gut. sap6 (SN1664 and m886) was visualized using FISH (left
panels), as in Figure 3. The plot on the right indicates the mean percentages (SEM) of
hyphae in stomachs, small intestines, ceca, and large intestines of six animals after ten days.
SAPE expression levels in transcription factor mutants is shown in Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

FITC Conjugated UEA-1 Sigma-Aldrich L9006-1MG
FITC Conjugated WGA-1 Sigma-Aldrich L4895-2MG
DAPI EMD Millipore 5087410001
Methanol Sigma-Aldrich 179337-4L
Chloroform Sigma-Aldrich C2432-500ML

Glacial acetic acid

Macron Fine Chemicals

MK®881746

Magnetic Isolation Module

Ethanol Sigma-Aldrich E7023-500ML
Xylenes Sigma-Aldrich 214736-4L
Paraffin wax Sigma-Aldrich P3558
Formamide Sigma-Aldrich 47671
Vectashield Vector Laboratories H-1000
Buffer RLT Qiagen 79216
Acid phenol chloroform Ambion AM9I722
Phenol chloroform isoamyl .

alcohol Ambion AM9732
Critical Commercial Assays

Dynabeads kilobase BINDER Kit | Invitrogen 60101
AccuPrime Taq Invitrogen 12339016
CircLigase Il ssDNA ligase Epicentre CL9021K
High sensitivity DNA kit for :

Bioanalyzer Agilent 5067-4626
MEGAclear transcription clean- Ambion AM1908
up kit

NEB DNase | New England Biolabs MO0303
NEBNext Poly(A) mRNA New England Biolabs E7490

NEBNext Multiplex Oligos for
Hlumina

New England Biolabs

E7335, E7500

NEBNext Ultra Directional RNA

Library Prep Kit for lllumina New England Biolabs E7420

Library quantification kit KAPA Biosystems KK4824

g;ﬁfﬁg;’s'ﬁ’(t‘t'” First-Strand Invitrogen 18080051

Deposited Data

Screen data This study GEO Accession GSE124139
RNA-seq data This study GEO Accession GSE124137

Experimental Models: Cell Lines
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SOURCE
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Experimental Models: Organisms/Strains

Mouse: BALB/c

Charles River Laboratories

Stock No: 028

C. albicans: wild type (leu2A/leu2A, ura3A/URAS3, his1A/hislA, irolA/IROL, MTLa/
YSN87 Noble et al., 2005 MTLa)
C. albicans: wild type (leu2A/leu24, ura3A/URAS, his1A/hislA, argdAlarg4dd, irolA/
ySN152 Noble etal., 2005 IRO1L, MTLa/MTLa)
C. albicans: Noble et al.. 2005 wild type (leu2A:C.d.HIS1/leu 2A:C.m.LEU2 , ura3A/URA3, his14A/
ySN226 " his14, irol&A/IRO1, MTLa/ MTLa)
C. albicans: This stud wild type (leu2A:C.m.LEU2/le u2A, ura3A/URAZ3, his1A/his1A, argdA/
ySN228 Y arg44, irolA/IRO1, MTLa/ MTLa)
C. albicans: Pande et al. 2013 wild type (leu2A:C.d.HIS1/leu 24, ura3A/URAS3, his1A/his1A, argdA/
ySN235 ” arg44, irolA/IRO1, MTLa/ MTLa)
C. albicans: Noble et al.. 2010 wild type (leu2A=C.d.HIS1/leu 2A:C.m.LEU2, ura3A/URAS, hislA/
ySN250 v his1A, argdA/arg4A, irolA/IRO1, MTLa/MTLa)
C. albicans: Noble et al.. 2010 wild type (leu2A=C.d.HIS1/leu2A::C.m.LEU2, ura3A/URAS, his1d/
ySN425 " his1A, argdA:C.d.ARG4/arg4A, irolA/IRO1, MTLa/ MTLa)
C. albicans: This stud wild type (leu2A::C.d.HIS1-barl/leu2A:CatetR , ura3A/URAS3, his1A/
ySN1555 Y his1A, argdA/argdA, irolA/IROL, MTLa/ MTLa)
C. albicans: This stud wild type (leu2A:C.d.HIS1-bar2/leu2A:CatetR , ura3A/URAS, his1A/
ySN1556 Y his1A, argdA/argdA, irolA/IROL, MTLa/ MTLa)
C. albicans: Noble et al.. 2005 efgl (efglA:C.d.HIS1-ST1/efglA:=:C.m.LEU2-ST49, leu24/leu2A ,
ySN119 ” ura3A/URAZ3, his1A/his1A, irolA/IRO1, MTLa/ MTLa)
C. albicans: Homann et al.. 2009 efgl (efglA:C.d.HIS1/efglA:C.m.LEU2, leu2A/leu2A , ura3A/
ySN1011 " URAZ3, his1A/his1A, arg4A/argdd, irolA/IROL, MTLa/ MTLa)
C. albicans: Homann et al.. 2009 brg1 (brglA:ST32-C.d.HIS1/brglA:ST3 2-C.m.LEU2, leu24/leu2A ,
ySN1106 " ura3A/URAB, his1A/his1A, argdAlargdd, irolA/IRO1, MTLa/ MTLa)
C. albicans: Homann et al.. 2009 brg1 (brglA:ST32-C.d.HIS1/brg1A:ST32-C.m.LEU2, leu2A/leu2A ,
ySN1107 " ura3A/URAB, his1A/his1A, argdAlargdd, irolA/IRO1, MTLa/ MTLa)
C. albicans: brgl; ARG4 addback (brglA:ST32-C.d.HIS1/brg1lA:ST32-C.m.LEU2,

éN1180 ’ This study leu2A/leu2A , ura3A/URAS3, hislA/hislA, argdA:C.d. ARG4/argdA,
y irolA/IRO1, MTLa/ MTLa)

C. albicans: Homann et al.. 2009 rob1 (rob1A:ST13-C.d.HIS1/rob1A:ST1 3-C.m.LEU2, leu2A/leu2A ,
ySN1439 " ura3A/URAB, his1A/his1A, argdAlargdd, irolA/IRO1, MTLa/ MTLa)
C. albicans: Homann et al.. 2009 rob1 (rob1A:ST13-C.d.HIS1/rob1A:ST13-C.m.LEU2, leu2A/leu2A ,
ySN1440 " ura3A/URAB, his1A/his1A, argdAlargdd, irolA/IRO1, MTLa/MTLa)

C. albicans: Homann et al.. 2009 tecl (tec1A=:ST23-C.d.HIS1/tec1A:ST2 3-C.m.LEU2, leu2A/leu2A ,
ySN1441 " ura3A/URAB, his1A/his1A, argdA/argdd, irolA/IRO1, MTLa/ MTLa)
C. albicans: Homann et al.. 2009 tec (tec1A::ST23-C.d.HIS1/tec1A:ST2 3-C.m.LEU2, leu2A/leu2A
ySN1442 " ura3A/URAS3, his1A/hislA, argd4A/arg4d, irolA/IRO1, MTLa/MTLa)

C. albicans: This stud ume6 (umebA:ST21-C.d.HIS1/umebA:ST 69-C.m.LEU2, leu24/leu2A ,
ySN1478 y ura3A/URAB, his1A/his1A, argdAlargdd, irolA/IRO1, MTLa/MTLa)

C. albicans: This stud ume6 (umebA:ST21-C.d.HIS1/umebA:ST 69-C.m.LEU2, leu2A/leu2A ,
ySN1479 y ura3A/URAB, his1A/his1A, argdAlargdd, irolA/IRO1, MTLa/MTLa)

C albicans: tetO-Ume6 (FRT-MAL2p-FLP-SAT1-FRT-tetO-UME6/UMEG

éN1557 ’ This study leu2A:C.d.HIS1-bar4/leu2A:CatetR , ura3A/URAS, his1A/his1A, argdl/
y arg44, irolA/IRO1, MTLa/MTLa)

C albicans: tetO-Ume6 (FRT-tetO-UMEG/UMES leu2A:C.d.HIS1-bar8/
yéN1558 . This study leu2A:CatetR , ura3A/URAS, his1A/his1A, argdAlarg4d, irolA/IRO1,

MTLa/MTLa)
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C. albicans: Noble et al. 2010 5ap6 (sapbA:ST22-C.d.HIS1/sapbA::ST22-C.m.LEU2, leu2A/leu2A ,

m886 " ura3A/URAS, his1A/hislA, arg4A/arg4d, irolA/IRO1, MTLa/MTLa)
C. albicans: This stud sap6 het (sapbA:ST22-C.m.LEU2/SAPS, leu2A/leu2A , ura3A/

ySN1663 y URAZ3, his1A/his1A, arg4A/argdd, irolA/IRO1, MTLa/MTLa)

C. albicans: This stud sap6 (sap6A:ST22-C.d.HIS1/sap6A::ST22-C.m.LEU2, leu2A/leu2A ,

ySN1664 y ura3A/URAS, his1A/his1A, argdA/argdA,irolA/IROL, MTLa/MTLa)
C. albicans: Noble et al. 2010 hyrl (hyrlA:=ST7-C.d.HIS1/hyr1A=ST55-C.m.LEU2, leu2A/leu2A ,

ySN510 " ura3A/URAB, his1A/his1A, argdAlargdd, irolA/IRO1, MTLa/MTLa)
C. albicans: Noble et al. 2010 hyrl (hyrlA:ST7-C.d.HIS1/hyrlA:=ST5 5-C.m.LEU2, leu2A/leu2A ,

ySN511 " ura3A/URAS, hislA/hislA, argdA/arg4d, irolA/IRO1, MTLa/MTLa)
C albicans: sap6,; SAP6 addback (sap6A::SAP6-FRT/sap6A:ST22-C.m.LEU2,
éN1796 ’ This study leu2A/leu2A , ura3A/URAS, his1A/his1A, argdA/argdd, irolA/IRO1,

y MTLa/MTLa)

C albicans: SAP6 overexpression (sap6A:ST22-C.d.HIS1/sap6A:FRT-FLP-SAT1-

yéN1798 ’ This study FRT-TDH3prom-SAP6, leu2A/leu2A , ura3A/URAS3, hislA/hislA,

arg4A/arg4A, irolA/IRO1, MTLa/MTLa)

Oligonucleotides

Pan Fungal Probe

Integrated DNA Technologies

5’-Cy3-CTCTGGCTTCACCCTATTC-3’

Additional oligonucleotides are described in Table S5

Recombinant DNA

PSFS2A

Reuss et al., 2004

Source of FLP-SAT used in construction of pSN356, pSN363, pPSN366

pLC53

Shen et al., 2008

Source of tetR (optimized for C. albicans) used in construction of
pSN356

pSN355/pJK100-tetO-Ume6

Banerjee et al., 2012

Introduction of tetO promoter upstream of UMEG ORF in strain
SN1558

Introduction of tetO promoter upstream of the UMEG ORF in strain

pSN363 This study SN1557 (different Flipper cassette from pJK100-tetO-Ume6 for ease of
excision)

. Introduce C. albicans-specific tet repressible transactivator into C.a.
PSN356 This study LEU2 locus; CaTAR amplified from pLC53

. Restoration of SAP6 ORF to SAP6 locus, used in construction of strain
pSN385 This study ySN1796

: Replacement of SAP6 promoter with TDH3 promoter for
pSN402 This study overexpression of SAP6, used n construction of strain ySN1798
Software and Algorithms
Fiji/lmageJ Schindelin et al., 2012 https://imagej.net/Fiji/Downloads
kallisto Bray et al., 2016 https://pachterlab.github.io/kallisto/download
limma Ritchie et al., 2015 https://bioconductor.org/biocLite.R
bowtie Langmead et al., 2012 https://sourceforge.net/projects/bowtie-bio/files/bowtie/

Custom script for identifying
screen targets

Available upon request

Other

SeraMag Speed Beads

GE Healthcare

65152105050250
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