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Abstract

The diploid dimorphic fungus Candida albicans displays a remarkable degree of
phenotypic diversity among members of the species. In particular, strains display
significant variability in capacity for filamentation and biofilm formation, virulence
determinants of this clinically relevant human pathogen. Phenotypic diversity has not
thus far been investigated in our studies of C. albicans virulence determinants, primarily
because genetic engineering in this species relies on a single laboratory strain lineage:
SC5314 and its engineered derivatives. In this dissertation, we discuss several methods
to rapidly investigate gene function in multiple clinical isolates, and use both Nanostring
and RNA-seq to compare regulatory circuitry governing filamentation and biofilm
formation in C. albicans. We identify widespread circuit diversification, a phenomenon
where a target gene is under the control of regulator A in background A, yet under the
control of regulator B in background B. Finally, we explore possible mechanisms that
may underlie circuit diversification, and investigate multi-strain core targets for gene

function in filamentation.
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Chapter 1: Introduction

Candida albicans is a diploid dimorphic fungus consistently identified as a significant
component of the human myco/microbiome (1). The species may grow alternatively in
yeast form - round, budding cells similar in appearance to Saccharomyces cerevisiae -
or long filamentous hyphae that may extend beyond several hundreds of microns in
length. C. albicans asymptomatically colonizes a number of niches in healthy
individuals, and is the most abundant fungal species within the healthy human gut (2).
However, in immunocompromised individuals, dissemination of Candida into the
bloodstream (e.g. by peritonitis or through implanted medical devices) is frequently fatal
(3). Candida albicans accounts for more than half of all cases of candidemia, and
conservative estimates identify approximately 400,000 yearly cases of candidemia
worldwide from all Candida species with an attributable mortality of 27% (4,5).
Diagonosis of candidemia can be difficult, and treatment may also be complicated by a
limited selection of antifungal drugs. Even the use of broad spectrum antibiotics may be
counterproductive, as historical observations suggest that elimination of the normal

microbial flora allows overgrowth of C. albicans that may then cause disease (6,7).

The primary strain utilized in the study of C. albicans has been the clinical isolate
SC5314, isolated from a patient with a “generalized Candida infection” prior to at least
1968 (8). However, C. albicans strains are both genotypically and phenotypically
diverse, with greatly varying capacity to cause disease (9). Compared to S. cerevisiae,
C. albicans is much more genetically intractable. For this reason, investigators have

relied heavily on the SC5314 type strain and its engineered auxotrophic derivatives.



Few dominant selectable markers are available for use. Furthermore, C. albicans lacks
a complete sexual cycle, engaging in a parasexual cycle instead of a traditional meiotic
cycle, and lacks a native plasmid system. As a result, engineering this diploid organism
has generally been a time-consuming challenge, precluding the examination of gene
function in multiple isolates. Herein, we discuss our work in tool development to
accelerate the dissection of C. albicans genetics and our subsequent analysis of

intraspecific variation in this clinically relevant pathogen.

Candida albicans Virulence Determinants

C. albicans expresses multiple virulence determinants, including toxins, secreted
proteases, phospholipases, adhesins, and invasins (reviewed in 10,11). One unifying
aspect seems to govern expression of these virulence factors: hypha formation. Hypha
formation (interchangeable with the term filamentation) occurs under a distinct
transcriptional program in response to a number of stress signals (12). Expression of
these virulence determinants, such as the toxin Candidalysin encoded by the ECE1
gene, occurs within this hyphal transcriptional program. Subsequently, C. albicans
hyphae are both morphologically and compositionally distinct from yeast form cells.
These long tubular hyphal cells adhere more efficiently to both human tissue and
inorganic surfaces due to increased expression of cell wall linked (GPI-anchored)
adhesins such as Alsl, Als3, and Hwp1l (13). Yeast form cells, while still able to adhere
to surfaces, lack robust expression of these adhesins and also express the anti-adhesin

Ywpl (14). Filamentation additionally plays roles in immune evasion, oxidative stress



responses, and trace metal acquisition (15). C. albicans is able to escape phagocytosis
by macrophages through physical disruption of the phagosomal membrane through
hyphal elongation (16,17). Oxidative stress tolerance occurs through the expression of
hyphal associated superoxide dismutases such as SOD5 (18). Zinc acquisition is
mediated by expression of the PRAL gene in hyphal cells, and Als3 can also function in
iron uptake (19,20). Unsurprisingly, this morphogenetic switch from yeast form to hyphal
form is often considered the primary virulence determinant of C. albicans, and is an

important focus for research.

One significant consequence of hyphal growth and the expression of cell-cell and cell-
surface adhesins is biofilm formation. A C. albicans biofilm is a complex multicellular
community comprised of both yeast and hyphae covered in extracellular matrix material.
Biofilm formation can occur on abiotic surfaces, namely implanted medical devices, and
biofilms are thought to act as reservoirs of cells that may be shed and disseminate into
the bloodstream. The process in vivo is thought to begin with the adherence of yeast
cells to some substrate (21). It is unclear if hyphal cells may also seed biofilm formation
in this context, but this is thought to be unlikely as hyphal cells are less likely to
disseminate to new sites, and the vast majority of cells shed from in vitro biofilms are in
the yeast form. Following attachment, yeast cells multiply to form microcolonies and
proceed into an initiation step, during which hyphae and pseudohyphae begin to form.
The microcolonies are thought to give rise to a concentrated layer of yeast cells that has
often been found at the basal layer of the mature biofilm, but has in our hands been

observed to sometimes reside in middle biofilm layers. At this step, extracellular matrix



is also produced, and has been thought to be distributed throughout the intracellular
spaces of the biofilm, but has mostly been directly observed in distinct blanketing layers
on the apical surface of the biofilm (22). As the biofilm begins to mature, extracellular
matrix will continue to accumulate and hyphae continue to elongate in a semi-ordered
fashion, generating tall, cohesive biofilm architecture. The final stage of biofilm
maturation involves dispersal of primarily yeast cells that may then cause infection and
disease. However, dispersal may not be limited solely to the end stages of biofilm
formation, and may occur throughout the entire process of biofilm formation as a
response to nutritional depletion (23). Using their flow cell model, Uppuluri and
colleagues demonstrated that biofilm-dispersed cells are phenotypically distinct and

express increased adhesion and pathogenicity.

Compared to bacterial biofilms, C. albicans biofilms are thicker and contain greater
biomass. Several in vitro and in vivo models exist for the study of biofilm formation and
outcomes may vary depending on the model employed (24). The model discussed in
this work relies on growth on silicone substrata to assay biofilm formation, and in some
media conditions may produce biofilms that are more than half a millimetre in thickness.
Similar to bacterial biofilms, fungal biofilms are highly resistant to antifungal treatment
(25). Biofilm antifungal resistance occurs mainly through sequestration of drug
molecules by the extracellular matrix component beta-1,3 glucan (26). Secondly, during
early biofilm growth, biofilm induced increased expression of drug efflux pump genes
MDR1, CDR1, and CDR2 contribute to antifungal resistance, though these efflux pumps

play a reduced role in mature biofilms (25). Additionally, both extracellular DNA in the



extracellular matrix, and other biofilm-induced stress responses contribute to the overall

tolerance of biofilm cells to antifungal treatment.

Currently, three classes of antifungal drugs exist for use against Candida species:
polyenes, azoles, and echinocandins. Polyenes incur nephrotoxicity, and thus cannot be
employed at the necessary concentrations to treat candidemia (25,27). Resistance to
each of these drug classes has been observed in some isolates. Common mechanisms
for two of these resistance cases are known: point mutations in the ergosterol synthesis
pathway gene ERG11 confer resistance to azoles; point mutations in the 1,3-beta
glucan synthase gene FKS1 confer resistsance to echinocandins (25,27). Compared to
cells in planktonic growth conditions, biofilm cells are 8-fold more resistant to polyenes,
1000-fold more resistant to azoles, and 2-20 fold more resistant to echinocandins (25).
These observations highlight the need for development of novel antifungal drugs and

the identification of additional drug targets.

Regulation of Filamentation and Biofilm Formation

Given that filamentation stands at the nexus of both virulence and antifungal resistance,
the mechanisms that govern this process have been an attractive topic for the
identification of novel drug targets (28). A number of environmental cues may induce C.
albicans to form hyphae, including growth at human body temperature, physiological
levels of carbon dioxide, nutritional stressors, presence of serum, neutral pH, presence

of N-acetylglucosamine, and growth under embedded conditions (29,30). Opposingly,



filamentation is inhibited by the quorum sensing molecule farnesol (31). Broad
integration of filamentation-inducing signals occurs through the evolutionarily conserved
cAMP-PKA and MAP kinase pathways, which also govern morphogenesis in S.
cerevisiae. These pathways signal into a highly interconnected hub of transcription
factor genes. These are BRG1, BCR1, ROB1, TEC1, EFG1, FLO8, and NDT80,
sometimes referred to as “master” regulators of biofilm formation (32—34). Each of these
regulators directly binds the promoters and induces expression of some of the other
members of this hub (32-34). Their primacy derives from the magnitude of their deletion
mutant phenotypic severity, but many other transcription factors are connected to this
master regulatory hub and appear to play some role in regulating filamentation and
biofilm formation. For example, expression of hypha-specific genes is globally
repressed by the transcription factors Nrgl, Tupl, and Rbfl. Some transcription factors
play temporal roles in regulation of filamentation of biofilm formation, such as Ume6,
Rfx2, and Gal4 (33,35). At the time of writing, between 29 and 66 transcription factor
genes have been verified to regulate filamentous growth or biofilm formation (36,37). A
number of these transcription factors play roles in pathways that bypass the major
cAMP-PKA and MAP kinase pathways. The target of rapamycin (TOR) pathway
interacts directly with Brgl, Bcrl, and Efgl, as well as other regulators in the master
transcription factor hub (38,39). Growth under embedded conditions is signaled through
the transcription factor Czf1, which bypasses Efgl to activate hyphal associated gene
expression (40). Taken together with the kinases, transcription cofactors, and chromatin
remodeling factors shown to regulate filamentation and biofilm formation, we see that

filamentation is a process under incredibly complex regulation with densely entangled



circuitry (12). In this work, we will primarily be concerned with the interactions of the
hyphal associated transcription factors Efgl, Brgl, Bcrl, and Ume6. These transcription
factors are among the most well characterized, with strong impact on filamentation and

biofilm formation under several conditions.

Foremost of these is the transcription factor Efgl, which lies at the terminus of the
CAMP-PKA pathway and upstream of several of the other master hub transcription
factors (12,32). Efgl was first identified by Stoldt and colleagues in 1997 to be involved
in filamentation as disruption of a single allele led to a decrease in hyphal growth and
overexpression induced hyperfilamentation in both solid and liquid conditions (41).
Shortly after, Lo and colleagues demonstrated that a homozygous efgl deletion mutant
both failed to form hyphae and showed reduced virulence in a murine disseminated
infection model (42). Subsequent work has shown that Efg1l is required for filamentation
in response to all signals except growth under embedded conditions (43).
Unsurprisingly, EFG1 is required for normal biofilm formation (44). Interestingly, an efgl
mutant is hyperfilamentous under embedded growth conditions, suggesting that EFG1
serves as a transcriptional activator in response to some signals, but a transcriptional
repressor in response to others (43). Additionally, Efgl plays a role in two other
pathways tangentially connected to filamentation and biofilm formation. Metabolic gene
expression and regulatory adaptation are involved in biofilm formation, although the
causative relationships remain uncharacterized (45,46). Efgl has been shown to

regulate glycolytic gene expression indirectly through the transcription factor gene TYE7



(47). Efgl also plays a prominent role in white-opaque switching, the morphogenetic

switch involved in the incomplete sexual cycle of C. albicans (48).

Brgl was first identified by Uhl and colleagues in a haploinsufficiency transposon
mutagenesis mutant screen as an ortholog of S. cerevisiae Gat2 (49). Uhl and
colleagues as well as Homann and colleagues demonstrated that C. albicans Gat2
(interchangeable with the later popularized name Brgl) was a positive regulator of
filamentous colony morphology (49,50). Du and colleagues later demonstrated that a
homozygous brgl mutant failed to form biofilms on silicone and plastic, and failed to
filament under liquid hypha-inducing growth conditions (51). In addition to the positive
regulation of BRG1 by Efgl and other master hub transcription factors, BRG1 integrates
signals from the TOR pathway and interacts antagonistically with Nrg1, one of the
global inhibitors of filamentation. Lu and colleagues demonstrated that activation of the
cAMP-PKA pathway combined with reduced TOR signalling induced BRG1 expression
and Brgl-mediated recruitment of a histone deacetylase, Hdal, to the promoters of
hypha associated genes (38). Hdal-mediated nucleosome repositioning then led to the
obstruction of Nrgl binding sites, allowing maintenance of hypha associated gene

expression and hyphal growth (38).

Bcrl canonically regulates biofilm formation, but not filamentation. In a transcription
factor transposon mutant library screen, Nobile and Mitchell demonstrated that a berl
mutant failed to form a biofilm on silicone substrata, but was able to form normal hyphae

that were apparent in the surrounding growth media (52). Microarray analysis revealed



that Berl positively regulated expression of cell wall genes, including the adhesin genes
HWP1 and ALS3. These data initially suggested that Bcrl may act as a downstream
regulator, responsible for the expression of a functional subset of the master regulatory
hub targets (53). Bcrl also plays a role in biofilm-mediated antifungal resistance, as well
as general resistance to antimicrobial peptide (54,55). Srikantha and colleagues
showed that Bcrl played different roles in the regulation of extracellular matrix
composition between a/alpha and a/a C. albicans biofilms (54). By investigating the
genes activated by Bcrl overexpression, Srikantha and colleagues identified 8 target
genes that explained the higher antifungal resistance of a/alpha biofilms through
increased impermeability and impenetrability. Berl is necessary for virulence in a
mouse model of oropharyngeal candidiasis, and may be bypassed by other regulators

under in vivo conditions (56,57).

Ume6 demonstrates complex interactions with inhibitors of filamentation and plays a
role in biofilm maturation. Banerjee and colleagues demonstrated that a ume6 mutant
was defective in filamentation in a number of solid and liquid hypha-inducing growth
conditions, but only modestly defective in biofilm formation (35,58). Under liquid growth
conditions, a ume6 mutant retained the ability to form germ tubes, but failed to form
complete, elongated hyphae (35). While expression of hypha associated genes was
similar between the UME6 mutant and wildtype at early time points, expression was
significantly decreased at later time points, indicating a role for Ume6 in regulating
hyphal extension (35). UMEG6 expression is subject to complex temporal mechanics -

UMES® transcript levels spike shortly after induction of hyphal growth, corresponding with



a decrease in Nrgl transcript levels, before diminishing over time (35). Like Bcrl, Ume6
has been considered a “downstream” regulator - UMEG6 expression is repressed by both
Nrgl-Rfgl as well as Nrg1-Tupl (35). Additionally, UMEG6 expression is regulated by
Brgl and Hdal, and Ume6 protein levels are maintained by Ofd1 in response to

hypoxia and high carbon dioxide (59,60).

It is important to note that the interconnectivity of these transcription factors does not
provide robustness to the overall network. Instead, modeling of the network properties
of the master regulatory hub suggests a highly efficient, but fragile network (34). Glazier
and colleagues support this network model hypothesis through haploinsufficiency
experiments demonstrating that modest changes to the regulatory hub lead to large
changes in target gene expression and biofilm phenotype (34,61). Although many
functional target genes have been identified downstream of these transcription factors,
the total set of effectors required for filamentation and biofilm formation is not yet

known.

It may seem surprising that the biofilm regulatory network involves so many
transcription factors intertwined with complex regulatory connections. However, Sorrells
and Johnson argue that this level of complexity is not without precedent, and that
complex regulatory networks are common for many biological processes (62). With
respect to biofilm formation, network complexity may be required to integrate the
diverse signals encountered by C. albicans in changing environments, or fine tune

outputs in response to complex signals (32,62,63). However, they propose an

10



alternative hypothesis, where complexity in biofilm regulatory networks may not
represent an optimized solution, but rather may have developed coincidentally during
neutral evolution (62). They theorize that when a regulator gains connections to a set of
target genes, this is unlikely to occur on a gene by gene basis. Instead, the new
connection might be established indirectly through a second regulator that has existing
regulatory connections to the set of target genes. Sorrells and Johnson support their
argument by highlighting ChlP-Seq experiments in the biofilm master regulatory hub
where a transcription factor binding event is detected, but target gene expression is the
same between transcription factor mutant and wild type. Although this observation may
be explained by complex genetic interactions, Sorrells and Johnson suggest that some

proportion of a transcription factor’s regulatory targets will be non-functional.

Natural Variation Among C. albicans Clinical Isolates

C. albicans natural isolates display remarkable phenotypic diversity. Strains differ
significantly in growth rate, with a 1.5 fold range separating slowest and fastest doubling
strains (64). Further phenotypic variation has been observed in responses to cell wall
stress, adhesiveness, and filamentation on both solid and liquid media (64,65). Variation
in antifungal resistance associated with increased efflux pump expression has been
observed (66). Such inter-strain variation was used to identify the zinc-finger
transcription factor gene MRR1, whose increased expression in resistant isolates
induced increased expression of the efflux pump gene MDR1 (67). Individual strains

differ greatly in pathogenic potential between total mortality by five days, out through no
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mortality by 24 days (9). Wu and colleagues demonstrated that this variability in
pathogenic potential was strongly associated with homozygosity or heterozygosity at the

mating type locus (9).

Variability in biofilm formation has also been demonstrated. Biofilm formation capacity
may differ by at least 10-fold between the weakest and strongest biofilm formers
(68,69). Furthermore, virulence outcomes have been shown to vary correspondingly
between different clinical isolates. Isolates with higher biofilm formation showed
increased virulence in a murine model of disseminated candidiasis, and high biofilm
forming isolates were more virulent than low biofilm forming isolates in a Galleria
mellonella infection model (68,70). Outcomes in association with biofilm formation
ranged between complete mortality by 5 days for high biofilm formers, 80% mortality by
10 days for low biofilm formers, and no mortality through 30 days for non-biofilm forming
strains (68). Clinical studies by Rajendran and colleagues; and Tumbarella and
colleagues reported that high biofilm formation was associated with significantly
increased patient mortality (68,69). As expected, high biofilm formers were also more

resistant to antifungal treatment (69,70).

High and low biofilm forming strains differ in biofilm composition, and a significant
correlation was observed with increased cell surface hydrophobicity and high biofilm
formation (70). Furthermore, transcriptional differences were observed between clinical
isolates with varying biofilm formation capacity. Surprisingly, while a few hypha

associated genes were significantly differentially expressed, overall expression of hypha
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associated genes was highly similar between high and low biofilm forming strains (70).
A separate study showed using RNA-seq of high and low biofilm forming isolates that
only 4% of differentially regulated genes between high and low biofilm formers mapped
to biofilm formation or cell adhesion (46). Instead, approximately half the differentially
expressed genes were involved in transport, response to chemicals, and response to
stress (46). Network analysis also showed that expression of fatty acid metabolism,
pyruvate metabolism, as well as arginine and proline metabolism pathways was

upregulated in high biofilm formers (46).

What is the extent of genetic variation between clinical strains? The C. albicans
population genetics field informally employs the term “clade” to refer to a group of
closely related strains. Multi-locus sequence typing (MLST) efforts have identified 17
such clades, and subsequent analyses reveal that 97% of isolates may be assigned to
one of these 17 clades (64,71). C. albicans lacks a complete meiotic cycle, and
recombination occurs through a parasexual cycle. Two MTL homozygous cells of
opposite mating types may fuse, becoming tetraploid, and subsequently undergo
concerted chromosome loss to return to normal diploidy (72). This parasexual cycle is
rarely observed and correspondingly, population studies have identified that C. albicans

propagates primarily by clonal descent (64,71,73).

Overall, strains are genetically highly similar. Several collections of clinical isolates have
been fully sequenced. The average nucleotide diversity between strains is 0.37%,

comparable to the diversity between S. cerevisiae strains and to the diversity between
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two unrelated humans (64,74,75). Genetic variation manifests mostly as a collection of
single nucleotide polymorphisms (SNPs), copy number variation events (CNVS),
aneuploidy, and loss of heterozygosity (LOH) (64). Strains within a clade differ by
approximately 1 base every 1400 bps, and across clades by approximately 1 base
every 250 bps (64). In an examination of 21 strains, truncations were distributed across

175 genes and frameshift mutations were distributed across 391 genes (64).

Connecting Genotypic Variation and Phenotypic Variation

Genotypic variation is commonly connected to phenotypic variation through differences
in gene content. This is most famously observed in bacterial pathogens, whose
distributed genome may include genetic elements required for virulence. For example,
pathogenic potential in Escherichia coli is linked to acquisition of the shigella toxin
genes stx1 and stx2, and pathogenic potential in Salmonella species depends on the
presence of a number of large gene cassettes (pathogenicity islands) (76,77). In C.
albicans, gene content across strains does not vary drastically; on average, 98.1% of
6189 open reading frames were present in all 21 other examined strains (64).
Subsequently, differences in gene content explain phenotypic outcomes observed in
only 1 of 21 examined strains. The strain P94015 is defective in biofilm formation and
filamentation, and this strain was shown to harbor a homozygous nonsense mutation in
the EFG1 open reading frame (ORF) (64). Of the remaining strains, two are
heterozygous for an EFGL1 loss of function allele, but may still form robust biofilms (Max

Cravener, personal correspondence). Overall, it does not appear that loss or gain of
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function mutations account for variability in filamentation and biofilm phenotypes in

clinical isolates.

In cases where inter-strain gene content is similar, variation in allelic strength may
explain phenotypic differences. Genetic background interactions were suggested to
affect differences in gene essentiality in S. cerevisiae isolates. By examining deletion
libraries in two different S. cerevisiae strains, Dowell and colleagues identified that 6%
of the essential genes were only essential in one background (78). Hybrid crosses
demonstrated that most of the observed conditional essentiality resulted from
interactions with at least four modifiers (78). Vu and colleagues examined the mutant
phenotypic severity of RNAI knockdowns of 1400 genes in two Caenorhabditis elegans
isolates. Vu and colleagues only examined genes wherein RNAI efficiency did not drive
observed phenotypic differences (79). Approximately 20% of examined genes had
different mutant phenotypic severity between isolates, despite containing no differences
within their coding regions (79). Instead, genetic background interactions appeared to
induce the majority of observed differences. Lower wild-type expression of the analyzed
gene or other genes in the same functional grouping led to increased mutant phenotypic
severity (79). Chin and colleagues formally described a mechanism connecting genetic
interactions with regulatory variation in S. cerevisiae. While the filamentation MAP
kinase pathway is required for FLO11 mediated adhesion in the S. cerevisiae Sigma
background, this pathway is dispensable for expression of FLO11 and adhesion in the
S288c background (75). With allele swap experiments, Chin and colleagues

demonstrated that the S288c RPI1 allele, but not the Sigma RPI1 allele, was sufficient
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for expression of FLO11 in either strain background (75). Chin and colleagues coined
the term “circuit diversification” to describe this mechanism, where a target gene is
under the control of regulator A in strain A, but under the control of regulator B in strain

B.

Quantitative trait loci mapping is a popular method used to assign heritability to genetic
elements, and therefore indirectly identify differences in allelic activity. Lin and
colleagues employed this approach in Cryptococcus neoformans to connect allelic
differences in the transcription factor gene MACL1 to phenotypic variation in
melanization, filamentation, and copper homeostasis (80). Gallagher and colleagues
employed QTL mapping to investigate the genetic basis of resistance to 4-nitroquinoline
1-oxide in S. cerevisiae, and identified a specific allele of the transcription factor YRR1
that conferred resistance (81). Using ChiP-Seq, Gallagher and colleagues
demonstrated that these two Yrrl alleles bound different targets in different
backgrounds, with a greater number of targets bound by the resistance-conferring allele
(81). While differences in gene content may satisfactorily explain simple traits, variation
in complex traits appears to be primarily driven by non-coding variants that affect gene
regulation (82,83). Non-coding variants that affect gene expression are termed
expression quantitative trait loci (eQTL), and may be divided between cis and trans
eQTL based upon their mechanism of action (84). Recent evidence has suggested that
trans acting eQTL are responsible for more than half of the observed variance in

expression levels (84,85).
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What is the extent of regulatory variation in C. albicans biofilm regulatory networks?
Although QTL and eQTL experiments have been employed to great effect in many
species, the lack of facile mating in C. albicans complicates and practically prevents the
use of QTL and eQTL mapping approaches. Additionally, even when causal variants of
phenotypic differences are identified by eQTL mapping, the specific mechanisms by
which gene expression differences are generated may be unclear. For example, if a set
of SNPs is identified as a cis acting eQTL, each SNP may affect binding of a number of
different transcription factors. While an eQTL may affect epigenetic modifications, pre-
MRNA splicing, post-transcriptional regulation, as well as post-translational regulation,
altered transcription factor binding is thought to be the primary mechanism driving

regulatory variation (85).

How broadly will any given transcription factor’s target genes vary? Are altered
transcription factor binding, such as in the case of YRR1, and circuit diversification,
such as in the case of RPI1, common phenomena, or limited to specific hyper-variable
transcription factors? We reasoned that if regulatory differences contribute to
phenotypic divergence in C. albicans biofilm formation, then some of the transcription
factors may have different target genes in different backgrounds. In particular, we
should expect that transcription factors with apparently different allelic strengths may
have hyper-variable target genes. Herein, we employ a simple approach to investigate
this question. We examine the mutant phenotypic impact of transcription factor deletions

in parallel in a panel of C. albicans clinical isolates. As mutant strain construction in C.
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albicans can be a difficult task, this analysis was made possible by the development of

several CRISPR-Cas9 engineering tools.

Advances in C. albicans Strain Engineering

C. albicans studies have primarily been conducted in the SC5314 type strain
background and its auxotrophic derivatives BWP17 and SN152. BWP17 is a Ura- His-
Arg- auxotroph, while SN152 is a His- Leu- Arg- auxotroph (86,87). Three auxotrophic
markers were commonly required before the deployment of CRISPR-Cas9 methods -
two markers to manipulate each allelic copy of a gene of interest (GOI), and a final
marker to complement the GOI mutation. Three dominant selectable markers have
been examined in C. albicans isolates: NAT1, conferring resistance to nourseothricin;
CaHygB, conferring resistance to hygromycin; and IMH3, conferring resistance to
mycophenolic acid (MPA) (88,89). Only the NAT1 marker has been deployed with
reliable success, as MPA and hygromycin resistance can be highly variable across
strains (90). Furthermore, selection for MPA resistant colonies is slow, requiring up to 7

days of growth (91).

The first recyclable marker deployed in C. albicans studies was the URA-blaster,
adapted from S. cerevisiae studies, and later optimized into the URA-blister marker (92—
94). These markers allowed excision of the URA3 gene by counterselection on 5-
fluoroorotic acid (5FOA). Unfortunately, counterselection on 5FOA is evidently

mutagenic, and was shown to induce various chromosomal changes (95). Furthermore,
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specific care is required for the use of the URA3 marker, as Ura auxotrophy affected
filamentation and virulence outcomes (96). To address the need for a better recyclable
marker, the recyclable SAT1 flipper was developed, containing FLP target sequences
flanking a FLP recombinase gene and the nourseothricin resistance marker SAT1
(sourced from E. coli whereas NAT1 was sourced from the Streptomyces noursei
genome) (91). While the NAT1 marker and SAT1 flipper methods are highly efficient,
the potentially prohibitive cost of nourseothricin renders these methods unattractive to
investigators. A Cre-loxP was adapted for use in C. albicans, with loxP flanked His, Arg,
and Ura markers (97). This method requires three total transformation steps — two to
delete a given GOI, and one two introduce the Cre recombinase, but will yield a fully

auxotrophic homozygous deletion mutant at the end of the process (97).

One objective in refining C. albicans strain engineering has been to reduce the total
number of required manipulations. While reducing the time required for strain
engineering is a common motivator in many species, in C. albicans, reducing the
number of manipulation steps is thought to reduce the risk for undesired genome
changes (98). The UAU1 method is one such method developed to allow the
manipulation of a homozygous deletion mutant in a single transformation. One allele is
disrupted by a split URA3 marker interrupted by the ARG4 marker. Subsequent gene
conversion disrupts the second allele of the target gene through a recombinational
junction that reveals the URA3 marker (99). In addition to the disadvantages connected
to the URA3 marker, use of the UAU1 method is complicated by the potential for

significant loss of heterozygosity during gene conversion, and aneuploidy at the target
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locus in the resultant strains (99). Nonetheless, the UAU1 method has proven to be an

effective tool for basic research in C. albicans.

The use of the “programmable nuclease” CRISPR-Cas9 has greatly accelerated
genome manipulation in many species (100,101). The first CRISPR-Cas9 system
developed for use in C. albicans relied on the integration at the ENO1 locus of a large
cassette containing the CAS9 gene and single-guide RNA (sgRNA) expression
components (available in two similar versions as the “Solo” and “Duet” systems) (102).
The cassette is co-transformed into the desired C. albicans strain along with a
markerless repair template spanning the desired editing site (102). This method was
demonstrated with good editing efficiency in the simultaneous mutation of up to four loci
(102). One of the leading concerns with CRISPR-Cas9 editing is the possibility of off-
target cleavage. Genome-integrated systems may carry a higher risk of inducing
unwanted genome changes. This risk may be addressed by the use of a transient
CRISPR-Cas9 system. Min and colleagues performed a modification of the “solo”
CRISPR-Cas9 transformation protocol and selected for a marker-bearing repair
template instead of integration of the CAS9 and sgRNA expressing vector (103). They
observed that many transformants containing a homozygous deletion of their GOI did
not contain the unselected CAS9 and sgRNA expressing vector (103). Min and
colleagues demonstrated that high CRISPR-Cas9 editing efficiency could be achieved
by the simple inclusion of CAS9 and sgRNA expression cassettes as individual

linearized DNA fragments generated by PCR amplification (103).
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Both the genome-integrated system from Vyas and colleagues and the transient system
developed by Min and colleagues allow for the construction of homozygous deletion
mutants using only a single selectable marker and in less than half the time required by
pre-CRISPR-Cas9 methods. While this would therefore allow an investigator to examine
a homozygous deletion of a GOl in a clinical isolate, additional markers or recyclable
markers are required for analysis of genetic interactions as well as mutant validation.
While the “solo” and “duet” system were designed to employ a recyclable NAT1 marker,
the transient system lacks a compatible marker recycling strategy. In order to employ
the transient CRISPR-Cas9 system in the manipulation of C. albicans clinical isolates,
we developed a CRISPR-Cas9 based marker recycling strategy for both dominant
selectable markers as well as auxotrophic markers (described in Chapter 2). Using
insights gained during this development process, we also present a CRISPR-Cas9
toolkit for gene concatenation that has been useful in both mutant validation and in

other cloning-free manipulations (described in Chapter 3).
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Chapter 2: Marker recycling in Candida albicans through

CRISPR-Cas9-induced marker excision

Manning Y. Huang and Aaron P. Mitchell

FOREWORD

This chapter is lightly modified from the publication version as appeared in mSphere,
March 2017. All referenced figures are available at the end of the chapter.
Supplemental files referenced in this chapter are available online at:

https://doi.org/10.1128/mSphere.00050-17
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INTRODUCTION

Engineered genetic manipulations almost always require selection markers, and for
many organisms only a few markers are useful. The spectrum of selection markers
may be limited by an organism'’s intrinsic resistance to drugs, the complexity of medium
formulations, phenotypic impact of a growth requirement, or other factors. Therefore, it
is helpful to be able to use a single selection marker repeatedly. The repeated use of
the same marker for genetic constructs that are integrated stably in the genome is
achieved through an approach called marker recycling, in which a strategy to promote

or detect loss of a marker can be applied after the initial selection for the marker.

Marker recycling has been achieved through two general approaches: positive/negative
selection or recombinase-promoted excision. In the positive/negative selection
approach, a marker cassette is used that permits growth under one condition and
prevents growth under another condition. The cassette includes flanking directly
repeated sequences that allow low-frequency homologous recombination events to
excise the marker, leaving behind one copy of the repeated sequence. This approach
was popularized with the development of the "Ura-blaster" for Saccharomyces
cerevisiae, which was rapidly adapted for use in other fungi (1, 2). In the recombinase-
promoted excision approach, the marker cassette includes both a selection marker and
an inducible site-specific recombinase gene. Target sites for the recombinase lie at the

ends of the cassette, so that induction of the recombinase causes high-frequency
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excision of the marker cassette. In essence, the activity of the recombinase increases

the cassette excision rate sufficiently so that no selection against the marker cassette is
necessary to detect loss events. This approach was popularized with the development
of the "SATL1 flipper" in Candida albicans (3), and is related to the Cre-lox system, used

to create conditional knockouts in mouse (4).

Here we present a marker recycling approach that builds upon CRISPR-Cas9 systems.
These systems use a programmable nuclease to make a targeted double strand break
in DNA (5). Targeting is accomplished by base-pairing between one genomic DNA
strand and the single-guide RNA (sgRNA) that is complexed with the Cas9 nuclease (5,
6). An investigator can choose the site at which a double strand break will be induced
by designing an appropriate sgRNA. We apply our approach to the fungal pathogen C.
albicans for proof of principle. C. albicans is extremely important clinically (7), and
presents challenging genetics because it is naturally diploid and lacks a complete
sexual cycle (8). In most cases, a recessive loss-of-function mutation must be
homozygous in order to manifest a prominent phenotype, so gene function analysis in
this organism has typically required at least two successive transformations. The
creation of homozygous mutants was accelerated dramatically through the work of Vyas
et al., who developed a CRISPR-Cas system for C. albicans (9). They showed that
homozygous mutations in one or even several genes could be created in a single
transformation. We previously modified their system to create complete gene deletion
mutations, and found that the genes specifying Cas9 and the sgRNA could be

introduced into cells transiently and without direct selection (10). The marker recycling

31



approach we describe here is tested specifically in C. albicans, and is based upon the
general properties of CRISPR-Cas9 systems and the native recombination and repair
machinery of the cell. Because CRISPR-Cas9 systems have been deployed in a broad
spectrum of organisms, we believe that our marker recycling strategy may be generally

useful.
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RESULTS

Rationale for CRISPR-Cas9-induced marker excision.

A double strand break in a genomic region flanked by directly repeated sequences
should yield a deletion that fuses the flanking repeats (Figure 1). This expectation is
founded on the pioneering study by Sugawara and Haber of break-induced
recombination (11). We reasoned that this recombination process should allow loss,
through excision, of any selection marker. Moreover, if a cell was homozygous for the
entire region depicted, then both alleles could undergo the same recombination

process, provided that both alleles were subjected to a double strand break.

Such marker excision events could be implemented with the use of CRISPR-Cas9 to
create a marker recycling system. Consider that an investigator seeks to make a C.
albicans strain with homozygous deletion mutations in three genes - YFG1, YFG2, and
YFG3 - and can use only two selection markers, M1 and M2. The specific marker
cassettes would include flanking direct repeats, and we call the cassettes rM1r and
rM2r. The construction of the homozygous triple mutant could be accomplished in three
successive transformations (Figure 2). In the first transformation, the YFG1 gene is
replaced with yfglA::rM1r at both alleles. Biallelic replacement is accomplished by
including in the transformation mix genes that specify Cas9 and a YFG1-targeting
SgRNA along with the yfgl4::rM1r repair template. The second transformation is
carried out with the strain that resulted from the first transformation. In the second

transformation, the YFG2 gene is replaced with yfg2A::rM2r at both alleles, and in

addition the rM1r marker is excised to leave behind yfglA4::r at both yfglA4 alleles.
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These two biallelic events are accomplished by including in the transformation mix
genes that specify Cas9, a YFG2-targeting sgRNA, and an M1-targeting sgRNA, along
with the yfg24::rM2r repair template. Hence the resulting strain lacks the M1 marker, so
that marker can be used for selection again. This strain is used for the third
transformation. In the third transformation, the YFG3 gene is replaced with yfg34::rM1r
at both alleles, and in addition the rM2r marker is excised to leave behind yfg24::r at
both yfg24 alleles. These two biallelic events are accomplished analogously to those of
the second transformation. Specifically, the transformation mix includes genes that
specify Cas9, a YFG3-targeting sgRNA, and an M2-targeting sgRNA, along with the
yfg34::rM1r repair template. These three transformations yield a yfgl yfg2 yfg3
homozygous triple deletion mutant that carries the M1 marker but lacks the M2 marker,
so that the M2 marker can be used for selection again. We refer to each marker
excision step (the conversion of rM1r to r, or the conversion of rM2r to r) as CRISPR-

Cas9-Induced Marker Excision, which we abbreviate CRIME.

Application of CRIME.

To see whether CRIME may work in practice, we set out to create a homozygous
ume6A4 brglA berlA triple mutant. Each of the genes chosen for deletion is a positive
regulator of filamentation and biofilm formation (12—-14). We used the popular strain
SN152, which is homozygous for the mutations his1lA and leu2A (15). (It is also
homozygous for arg4A, but we did not use the ARG4 gene in our studies.) The
yfgA::rMr repair templates comprised two overlapping PCR products, each with a single

"r'" repeat sequence, to create a split-marker template (16) as detailed in Methods.
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(Note that our split-marker transformations include two overlapping fragments of the
repair template, and their final assembly requires cellular recombination machinery.)
There were different flanking repeat sequences for r1HIS1rl and r2LEU2r2 in order to
minimize the possibility of recombinational interaction between the cassettes. The
rlHIS1rl marker included flanking repeats of 360 bp derived from the vector pRS424
(17). The r2LEUZ2r2 marker included flanking repeats of 252 bp derived from the vector
YEp24 (18). These materials allowed us to carry out the triple mutant strain

construction outlined above.

In Construction 1, we created a homozygous ume6A::r1HIS1rl mutant (Table 1). All
transformations included the gene specifying Cas9. Inclusion of the split-marker
template yielded His+ transformants (compare transformations 1 and 2 in Table 1).
Inclusion of a UMEG6-targeting sgRNA increased the recovery of selected His+
transformants considerably (compare transformations 2 and 3 in Table 1), as expected
if the Cas9-sgRNA complex is functional. PCR genotyping (Figure 3A) showed that 4
out of 10 transformants tested were homozygous for the ume6A4::r1HIS1rl mutation
(Figure 3B, isolates 1, 2, 9, 10). This frequency of homozygous marked deletion

mutants was similar to what we found previously (10).

In Construction 2, we used a ume64::r1HIS1rl homozygous strain as a recipient to
introduce a homozygous brglA4::r2LEU2r2 mutation, and simultaneously used CRIME to
convert the ume6A4::r1HIS1rl alleles to ume64::rl alleles. With a split-marker repair

template, inclusion of a BRG1-targeting sgRNA increased the recovery of selected Leu+
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transformants (compare transformations 5 and 6 in Table 1). Inclusion of an additional
HIS1-targeting sgRNA resulted in 4-19% of the Leu+ transformants being His-,
depending upon the amount of the HIS1 sgRNA gene (compare transformations 7-9 in
Table 1). PCR genotyping (Figure 3E) indicated that 13 of 14 His- transformants tested
were homozygous for a single repeat sequence marking the ume64::rl1 alleles (Figure
3F, isolates 1-13). In addition, 12 of 14 His- transformants tested were homozygous for
the brglA::r2LEU2r2 mutation (Figure 3C, isolates 1-9, 11, 12, 14). The results of this

construction show that CRIME allows recycling of the rAHIS1rl marker cassette.

In Construction 3, we used a ume64::rl brglA::r2LEU2r2 homozygous double mutant
strain as a recipient to introduce a homozygous bcrl4::r1HIS1rl mutation, and
simultaneously used CRIME to convert the brglA::r2LEU2r2 alleles to brgl4::r2 alleles.
The r1HIS1rl cassette we used to select for the bcrlA allele was the same cassette we
used in Construction 1 to select for the ume64 allele. Once again a split-marker repair
template was employed, and inclusion of a BCR1-targeting SgRNA increased the
recovery of selected His+ transformants (compare transformations 11 and 12 in Table
1). Inclusion of an additional LEU2-targeting sgRNA resulted in 47% of the His+
transformants being Leu- (transformation 13 in Table 1). PCR genotyping indicated that
11 out of 12 Leu- transformants tested were homozygous for a single repeat sequence
marking the brgl4::r2 alleles (Figure 3G, isolates 1, 3-12). In addition, 7 out of 12 Leu-
transformants tested were homozygous for the bcrlA::r1HIS1rl mutation (Figure 3D,
isolates 3-6, 8-10). The results of this construction show that CRIME allows recycling of

the r2LEU2r2 marker cassette.
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DISCUSSION

We have presented a new approach to marker recycling. Marker recycling has played
an important role in genetic manipulation, as illustrated by the hundreds of citations to
previous descriptions of marker recycling approaches (1-3). Use of these strategies is
especially prominent in fungal studies, where the number of selection markers may be
limited (19), and where nutritional requirements can impact diverse phenotypes. Our
CRIME approach is conceptually a hybrid between the positive/negative selection
strategy and the recombinase-promoted excision strategy. Like the positive/negative
selection strategy, CRIME makes use of the cell's native recombination and repair
machinery to excise the DNA between directly repeated sequences. Like the
recombinase-promoted excision strategy, CRIME makes use of controlled DNA
cleavage events to increase the frequency of recombination in a specific genomic
region. CRIME has one major advantage over the prior strategies: speed. This point is
illustrated by the fact that each construction in Table 1 required just over 1 week from
start to finish, including time for genotyping. In effect, an investigator can use CRIME to

steal a little extra time.

The ability of CRISPR-Cas9 systems to be multiplexed is of critical importance for the
CRIME strategy. Specifically, Cas9 nuclease subunits can interact with multiple
different sgRNAs to target multiple genomic sites for cleavage (9). This multiplexing
capability is exploited by CRIME in use of a single transformation for both the deletion of
one gene and the recycling of the previously used selection marker. One feature we

saw consistently was that inclusion of a second sgRNA reduced the frequency of the
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transformant class promoted by the first SgRNA (transformations 6-9 and 12-13 in Table
1). These results are expected if there is competition between two sgRNASs or their
respective genes. Recognition of the competition phenomenon should prompt
investigators to try a range of sgRNA gene concentrations in multiplexed

transformations.

Our detailed method employs transformation mixes that contain only PCR products and
not cloned DNA segments. The approach builds upon the rapid transient CRISPR-
Cas9 approach (10). The use of PCR products saves time compared to cloning-

dependent genetic approaches.

The recombinational marker excision event in CRIME seems to be efficient. In our two
examples (Figure 3), 13/14 and 11/12 marker loss events occurred through excision
between repeated sequences at both alleles. It is well known that excision between
directly repeated regions of homology can be used for double strand break repair in
human cells (20) and yeast cells (21). In the yeast S. cerevisiae, the single-strand
annealing pathway is operative when repeats are 200 bp or more in length; the
microhomology-mediated end joining pathway is used when repeats are 5-25 bp in
length (21). Thus the simplest hypothesis is that our CRIME system uses the single-
strand annealing pathway. The most important observation in this regard is that small
mutations that inactivate the marker gene were rare in our studies. The efficiency of

marker loss events from CRIME is important in order to reuse a marker cassette to
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target a new locus, because extensive homology in the genome might promote

integration of the marker at the mutant alleles created previously.

One feature of CRIME that may be viewed as a weakness compared to other marker
recycling methods is that two markers are required for CRIME, and only one is required
for the Ura-blaster and SATL flipper. This consideration will have to be weighed against
the time-saving advantage of CRIME in choosing a method to use. A second
consideration, more relevant for other fungi than for C. albicans, is the relative
frequency of marker loss through excision between repeats as opposed to indels or
more complex rearrangements. The first report of CRISPR-Cas9 usage in Aspergillus
fumigatus presented the startling result that inactivation of a targeted gene was often
accompanied by nonhomologous integration of input DNA, in particular the sgRNA
gene, at the break site (22). Whether this event would still occur predominantly if
flanking repeats were present is unknown. These points illustrate that it is useful to
have a few different approaches for any genetic manipulation, because biology and

technology often have to reach a compromise when mutations are engineered.

One striking observation is that the efficiency of CRISPR-Cas9-promoted integration
seemed to vary widely. Integration of the brgl4 construct was more efficient than the
ume64 construct, and both were more efficient than bcrl4 construct. These
transformations are not precisely comparable, though, because they employed different
markers and selections, different strains, and different sgRNAs. It may be useful to

compare sgRNA efficiencies under parallel conditions, as has been done in human cells
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(see (23) for example), to see if sgRNA design principles pertinent to C. albicans can be

deduced.

When we look toward future genetic studies of C. albicans, we have a recommendation.
Our recommendation is that newly created deletion alleles should be made with repeat-
flanked marker cassettes such as r1HIS1rl or r2LEU2r2. Many investigators create
double or triple mutant strains in which deletion mutations are combined to provide an
appraisal of pathway relationships or functional redundancy. In the past in our lab,
multi-mutant strain constructions often begin with remaking a single mutant using a
recyclable marker cassette. If most mutant strains in most labs were initially made with
recyclable cassettes, then it would be unnecessary to remake mutant strains for genetic

interaction studies.

CRISPR-Cas9 systems have been implemented in numerous organisms (9, 22, 24).
We suggest that the CRIME approach to marker recycling may be useful in many

organisms as well. It relies upon general features of CRISPR-Cas9 systems as well
native double strand break repair machinery, which is highly conserved. Therefore,

CRIME seems poised to be applied to diverse genetic systems.
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METHODS

Strains and culture conditions.

All yeast strains are listed in the Supplementary Data file. Strains were grown at 30°C
in YPD+uri (2% Bacto peptone, 2% dextrose, 1% yeast extract, and 80ug/ml uridine)
with shaking. C. albicans transformants were selected on CSM plates lacking either
histidine or leucine. All strains were saved as frozen stocks at -80°C in 15% glycerol. All
transformations were performed with the lithium acetate transformation method (25)
with DNA quantities as previously described (10).

Plasmids and DNA

A) Overview of Partner Plasmids for CRIME Markers:
All primers are listed in the Supplementary Data file, along with DNA sequences for
plasmids pMH01-04 We utilized a strategy built around split-marker recombination (16)
to generate direct repeat flanked marker cassettes. Briefly, two plasmids, derived from
the same parent, each contain a selectable marker introduced at different restriction
sites (Figure 4A). PCR products that each contain only segments of the whole marker
are amplified from these partner plasmids (Figure 4A). One product contains at its 5’
end an 80 bp region of homology to the upstream region of the gene of interest
introduced by a primer. This is followed by the repeat sequence and an incomplete
segment of the selectable marker (Figure 4B). The other product contains at its 5’ end
an incomplete segment of the selectable marker and the repeat sequence. This is
followed by an 80 bp region of homology to the downstream region of the gene of

interest introduced by another primer (Figure 4B). The two amplicons reconstitute the
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complete direct-repeat flanked marker in situ via split-marker recombination following
transformation (Figure 4B).

B) Partner Plasmids:
To construct pMHO1 and pMHO02, each containing the Candida dubliniensis HIS1 gene,
we used the following methods. An aliquot of 1 ug of pRS424 (17) plasmid DNA was
digested with the restriction enzyme Kpnl, which was then heat inactivated. A second
aliquot of pRS424 plasmid DNA was digested with the restriction enzyme Sapl, which

was then heat inactivated.

To make partner plasmid pMHO1 (sequence in Supplementary Data file), a 2.3 kb
fragment containing the Candida dubliniensis HIS1 gene was amplified by PCR from
pSN52 (15) using primers Kpnl_pRS424_H+AdapN/F and Kpnl_pRS424_H+AdapN/R.
4 ul of the PCR product were co-transformed with 1 ul of pRS424 cut with Kpnl into S.
cerevisiae strain BJ8918 (26) to insert the HIS1 gene into pRS424 at the Kpnl restriction

site via gap repair (Figure 4A).

To make partner plasmid pMHO2 (sequence in Supplementary Data file), a 2.3 kb
fragment containing the Candida dubliniensis HIS1 gene was amplified by PCR from
pPSN52 using primers Sapl_pRS424 H+AdapN/F and Sapl_pRS424 H+AdapN/R. 4 ul
of the PCR product were co-transformed with 1 ul of pRS424 cut with Sapl into strain
BJ8918 to insert the HIS1 gene into pRS424 at the Sapl restriction site via gap repair

(Figure 4A).
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Plasmids were recovered from BJ8918 using the Zymoprep™ Yeast Plasmid Miniprep I

kit.

To construct pMHO3 and pMHO04 (sequences in Supplementary Data file), each
containing the Candida maltosa LEU2 gene, we used the following methods. An aliquot
of YEp24 (18) was digested with the restriction enzyme BamHI, followed by heat
inactivation. A second aliquot of pRS424 plasmid DNA was digested with the restriction

enzyme Sall, followed by heat inactivation.

To make pMHO03, a 2.2 kb fragment containing the Candida maltosa LEU2 gene was
amplified by PCR from pSN40 using primers BamHI_YEp24_H+AdapN/F and
BamHI_YEp24_H+AdapN/R. 4 ul of the PCR product were co-transformed with 1 ul of
pRS424 cut with BamHI into strain BJ8918 (26) to insert the LEU2 gene into YEp24 at

the BamHI restriction site via gap repair.

To make pMHO04, a 2.2 kb fragment containing the Candida maltosa LEU2 gene was
amplified by PCR from pSN40 using primers Sall_YEp24_H+AdapN/F and
Sall_YEp24_H+AdapN/R. 4 ul of the PCR product were co-transformed with 1 ul of
pRS424 cut with Sall into strain BJ8918 to insert the LEU2 gene into YEp24 at the Sapl

restriction site via gap repair.

Plasmids were again recovered from BJ8918 using the Zymoprep™ Yeast Plasmid

Miniprep I Kit.
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C) CRIME Markers
The ume6b4::r1HIS1rl cassette was amplified from pMHO1 and pMHO02. The aft product
was generated by amplification from pMHO1 using primers UMEG6-Sapl/R, which
contains an 80bp segment of homology downstream of UMEG6, and HIS1 CRIME/F. The
fore product was generated by amplification from pMHO02 using primers UMEG6-Kpnl/F,

containing 80bp of homology upstream of UMEG6, and HIS1 CRIME/R.

The berlA::r1HIS1rl cassette was amplified from pMHO1 and pMHO2. The aft product
was generated by amplification from pMHO1 using primers BCR1-Sapl/R, which

contains an 80bp segment of homology downstream of BCR1, and UME6-Sapl/R. The
fore product was generated by amplification from pMHO2 using primers BCR1-Kpnl/F,

containing 80bp of homology upstream of BCR1, and HIS1 CRIME/R.

The brglA4::r2LEU2r2 cassette was amplified from pMHO03 and pMHO04. The aft product
was generated by PCR amplification from pMHO3 using primers BRG1-Sall/R,
containing an 80 bp segment of homology downstream of BRG1, and LEU2 CRIME/F.
The fore product was generated by PCR amplification from pMHO04 using primers
BRG1-BamHI/F, containing an 80 bp segment of homology upstream of BRG1, and

LEU2 CRIME/R.

D) Other DNA cassettes:
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The approximately 5kb CaCas9 cassette containing an ENO1 promoter, the CaCas9
ORF, and a CYCL1 terminator was amplified from pV1093 (9) using primers CaCas9/For
and CaCas9/Rev. The sgRNA cassettes for UME6, BRG1, BCR1, C. maltosa HIS1, and
C. dubliniensis LEU2 were amplified via split joint PCR as previously described (10)
using primers UMEG-sgRNA/F and UME6-sgRNA/R; BRG1-sgRNA/F and BRG1-
SgRNA/R; BCR1-sgRNA/F and BCR1-sgRNA/R; Cd.HIS1-sgRNA/F and Cd.HIS1-
SgRNA/R; and Cm.LEU2-sgRNA/F and Cm.LEU2-sgRNA/R respectively. The methods
described in Min et al (10) may be summarized as follows: YFG single guide RNA
sequences were first selected, either from the Candida albicans CRISPR target
sequence database kindly supplied by Vyas et al. (UME6, BRG1, BCR1) (9), or
otherwise designed by hand (C. maltosa HIS1 and C. dubliniensis LEU2) (9). The guide
sequence was designed into the YFG-sgRNA/F primer sequence by removing the NGG
PAM sequence and adding our sgRNA scaffold adapter sequence in its place.

e.g.) 5-[YFG target without PAM]GTTTTAGAGCTAGAAATAGCAAGTTAAA-3’

The YFG-SNR52/R primer sequence was designed with the reverse complement.

e.g.) 5’-[reverse complement] CAAATTAAAAATAGTTTACGCAAGTC-3

The promoter region was then amplified via PCR with primers SNR52/F and YFG-
SNR52/R, while the scaffold and terminator regions was amplified via PCR with primers
YFG-sgRNA/F and sgRNA/R. Standard TAKARA Ex-Taq protocols were applied for this
reaction. Products were then purified using the protocols and materials provided in the

Thermo Fisher GeneJet PCR Purification Kkit.
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The second round of PCR was roughly modified from the standard TAKARA Ex-Taq
protocol. To join the SNR52 promoter amplicon to the sgRNA scaffold and terminator
amplicon, equimolar quantities of each amplicon (up to 1000 ng) were combined
roughly as follows: 2.5 pl of purified SNR52 promoter amplicon, 2.5 ul of purified sgRNA
amplicon, 2.5 pl of 10X TAKARA Taq Buffer, 2.0 pl of dNTPs, and 0.25 ul of TAKARA

ExTaq polymerase, with double distilled water to a total volume of 25 pl.

The second round of PCR ran for 10 cycles with 30 seconds at melting temperature, 10
minutes at 58°C to anneal the two amplicons, and a 5 minute elongation phase. 1 pl of
the second round PCR product was then amplified in a third round of PCR with primers

SNR52/N and sgRNA/N using standard protocols.
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FIGURE LEGENDS, CHAPTER 2

Figure 1. Break-induced marker excision concept. A selection marker is
flanked by directly repeated sequences (blue arrows) in the genomic region
designated "A B C D E F" (top line). A double strand break within the marker
(second line) results in a recombination event between the repeats (third line)
that, when resolved, deletes the marker (fourth line). This type of excision
reaction was shown to occur in vivo in S. cerevisiae by Sugawara and Haber
(11). Mechanistically, the recombination event may occur through the single
strand annealing pathway, the microhomology-mediated end joining pathway, or
other homology-promoted repair events (21). A textbook-style crossover is

depicted for simplicity of visualization.

Figure 2. Strategy for marker recycling through CRISPR-Cas9-induced
marker excision. Consider a situation in which an investigator seeks to make a
C. albicans strain with homozygous deletion mutations in three genes - YFGL1,
YFG2, and YFG3 - using only two selection markers, M1 and M2. The marker
cassettes, modified to include flanking direct repeats, are designated rM1r and
rM2r. The three YFG genes are shown on separate blue, red, and violet
chromosomes. The construction is carried out with only three transformations.
Transformation 1: First, a homozygous yfglA::rM1lr mutant is created through
transformation of the strain with a yfg1A::rM1r PCR product, an sgRNA gene that

targets YFG1, and a CAS9 gene. The M1+ phenotype is selected.
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Transformation 2: After genotyping, a homozygous yfg1lA::rM1r mutant is chosen
and transformed to create a homozygous yfg2A::rM2r mutation. The
transformation mix includes a yfg2A::rM2r PCR product, an sgRNA gene that
targets YFG2, and a CAS9 gene. In addition, in order to eliminate the M1 marker
by recombination between flanking repeats, an sgRNA gene that targets M1 itself
is also included. For this transformation, the M2+ phenotype is selected. Among
M2+ transformants, some are M1-. The M1- transformants are genotyped to
identify homozygous yfg2A::rM2r mutants. In addition, PCR genotyping is used
to verify that yfglA::r is homozygous, marked only with a repeat sequence and
not with the entire M1 marker. Transformation 3: A strain homozygous for
yfglA:r yfg2A::rM2r is chosen, and the strain is transformed to create a
homozygous yfg3A::rM1r mutation. The transformation mix includes a
yfg3A::rM1r PCR product, an sgRNA gene that targets YFG3, and a CAS9 gene.
In addition, in order to eliminate the M2 marker by recombination between
flanking repeats, an sgRNA gene that targets M2 itself is also included. For this
transformation, the M1+ phenotype is selected once again, just as it was in the
initial transformation. Among M1+ transformants, some are M2-. The M2-
transformants are genotyped to identify homozygous yfg3A::rM1r mutants. In
addition, PCR genotyping is used to verify that yfg2A::r is homozygous, marked

only with a repeat sequence and not with the entire M2 marker.

Figure 3. PCR genotype analysis. A. Primer pairs for detection of deletion

alleles. The designation "YFG" refers to any of the genes UMEG6, BRGL1, or
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BCR1. The designation "yfgA::rMr" refers to any of the deletion alleles
ume6bA::rlHIS1rl, brglA::r2LEU2r2, or berlA::r1HIS1rl. Primer 1 anneals to a
region flanking the YFG gene; primer 2 anneals to a region internal to yfgA4::rMr
and absent from YFG; primer 3 anneals to a region internal to YFG and absent
from yfgA::rMr.

Figure 3B. Primer 1: UMEG6 Check/F. Primer 2: HIS1 Check Int/R. Primer 3:
UMES6 Check Int/R. Genotype assays for 10 His+ transformants from
transformation 3 with primers for UMES6 alleles. Transformants 1, 2, 9, and 10
yield PCR products with primers 1 and 2, but not with 1 and 3, as expected for
homozygous ume6A4::r1HIS1rl mutants. Transformants 4-8 yield PCR products
with primers 1 and 2 and with 1 and 3, as expected for heterozygous
UMEG6/ume64::r1HIS1rl mutants.

Figure 3C. Primer 1: BRG1 Check/F. Primer 2: LEU2 Check Int/R. Primer 3:
BRG1 Check Int/R. Genotype assays for 14 Leu+ His- transformants from
transformation 9 with primers for BRG1 alleles. Transformants 1-9, 11,12, and
14 yield PCR products with primers 1 and 2, but not with 1 and 3, as expected for
homozygous brglA::r2LEU2r2 mutants. Transformant 10 yields PCR products
expected for a heterozygous mutant. Transformant 13 yields a PCR product
indicative of a genetic rearrangement. The parent strain (lane P) is included as a
control.

Figure 3D. Primer 1: BCR1 Check/F. Primer 2: HIS1 Check Int/R. Primer 3:
BCR1 Check Int/R. Genotype assays for 12 His+ Leu- transformants from

transformation 13 with primers for BCR1 alleles. Transformants 3-6 and 8-10
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yield PCR products as expected for homozygous bcrlA::r1HIS1rl mutants.
Transformants 1, 2, 7, 11, and 12 yield PCR products expected for heterozygous
mutants. The parent strain (lane P) is included as a control.

Figure 3E. Primer pairs for detection of marker loss. The designation "yfgA::r"
refers to any of the deletion alleles that have lost the selection marker by
recombination between repeats, including ume64::rl or brglA::r2. The
designation "yfgA::rmr" refers to any of the deletion alleles that have lost a
functional marker by a mutation at or near the Cas9-sgRNA cleavage site
(represented by the red line segment), which would be designated
umebA::rlHIS1rl, or brglA::r2leu2r2. Primer 1 anneals to a region flanking the
YFG gene; primer 2 anneals to a region internal to yfgA::rMr; primer 4 anneals to
a region flanking the YFG gene on the opposite side from primer 1.

Figure 3F. Primer 1: UMEG6 Check/F. Primer 2: HIS1 Check Int/R. Primer 4:
UMES6 Check Down/R. Genotype assays for 14 Leu+ His- transformants from
transformation 9 with primers for UMES6 alleles. These transformants were the
same ones analyzed in panel C. Transformants 1-13 yield PCR products with
primers 1 and 4, but not with 1 and 2, as expected for homozygous ume6A4::rl1
mutants. Transformant 14 yields PCR products expected for a homozygous
umeb4::rlHIS1rl mutant. The parent strain (lane P) is included as a control.
The single asterisks mark a minor PCR product that is expected from repeat
annealing in the r1HIS1rl and r1HIS1rl cassettes (16).

Figure 3G. Primer 1: BRG1 Check/F. Primer 2: LEU2 Check Int/R. Primer 4:

BRG1 Check Down/R. Genotype assays for 12 His+ Leu- transformants from
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transformation 13 with primers for BRG1 alleles. These transformants were the
same ones analyzed in panel D. Transformants 1 and 3-12 yield PCR products
expected for homozygous brglA4::r2 mutants. Transformant 2 yields PCR
products expected for a heterozygous brglA::r2/brglA::r2LEU2r2 mutant. The
parent strain (lane P) is included as a control. The single asterisk marks a minor
PCR product that is expected from repeat annealing in the r1HIS1rl and
rlHIS1rl cassettes (16). The double asterisk marks the PCR product expected
for the brglA4::r2LEU2r2 allele, which is diminished in yield due to presence of the

smaller PCR product from the brgl4::r2 allele.

Figure 4. Cloning of Partner Plasmids and Amplification of the
umeobA::r1HIS1rl cassette. A. pMHO1 and pMHO2 are derived from pRS424,
which contains Kpnl and Sapl restriction sites. The vector sequence between
these restriction sites becomes the repeat sequence for the ume64::r1HIS1rl
cassette. This repeat sequence can be lengthened or shortened through use of
different restriction enzymes. B. Amplification from pMHO1 using primers Hisl
CRIME/F and UMEG6-Sapl/R, the latter primer containing an 80 bp region of
homology to the downstream region of UMEG, generates one of the two halves of
the ume6A4::r1HIS1rl cassette. Amplification from pMHO2 using primers Hisl
CRIME/R and UMEG6-Kpnl/F, the latter primer containing an 80 bp region of
homology to the upstream region of UMEG, generates the other half of the

ume6A4::r1HIS1rl cassette. Following transformation, split-marker recombination
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(16) reconstitutes the whole ume64::r1HIS1rl cassette revealing the direct

repeat.

Supplementary data. A list of strain genotypes, primer sequences, and
assembled sequence files for partner plasmids pMHO1, pMH02, pMHO03, and

pMHO4.
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Figure 4
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TABLES, CHAPTER 2

Table 1. Transformation outcomes

Table 1. Transformation cutcomes

Construction Transformation’ Recipient  sgRMA1 sgRMNAZ Split-marker Total Hig- Leu-
strain? repair template
1. UMEGS deletion 1 SN152 0 0 0 0
2 SN152 0 0 umebA:rHISIr 39
3 SN152 UMEE (1ug) 0O umeBA-THISIr 333
2. BRG1 deletion 4 MH101 0 0 0 0
and HIST excision 5 MH101 0 0 brgiArlEU1r 12
inumeBATHISTT g MH101 BRG1(1ug) O brg1A-ri EUTr 1120 O
7 MH101 BRG1 (1ug) HIS1(1ug)  brglArlEUTr Sg4 22
& MH 101 BRG1(1ug) HIS1(3ug)  brglariEUIr 276 42
g MH 101 BRG1(1ug) HIS1(Sug)  brgldrEUIr 156 30
3. BCR1 deletion 10 MH110 0 a ] a
and LEUZ excision 11 MH110 0 0 bert ArHISTr 26
in umeBA:r 12 MH110 BCR1(1ug) O bert A-rHISIr 134 0
brg1d=r EUZr 13 MH110 BCR1(1ug) LEU2{1ug) berfA-rHISIr 47 22
Footnotes:

1. All transformations included a CAS9 gene, following the method of Min et al. (ref).

2. All strains are of genotype hisl4/hisl A leu24/leu24 argdAlarg4éA. MH101 has the additional genotype

umebA::rHIS1r/lume6bA::rHIS1r. MH110 has the additional genotype ume6A::r flume64::r

brgla::rLEU2r/brglA::rLEUZ2r, in which the ume6A::r allele is marked only with one copy of the repeat that

had flanked our rHIS1r marker cassette.
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Chapter 3: Rapid gene concatenation for genetic rescue of

multi-gene mutants in Candida albicans

Manning Y. Huang, Carol A. Woolford and Aaron P. Mitchell

FOREWORD

This chapter is lightly modified from the publication version as appeared in mSphere,
April 2018. All referenced figures are available at the end of the chapter. Dr. Carol
Woolford carried out the Nanostring experiments described in this chapter, and |
analyzed the data. | also carried out the rest of the work described in this chapter.
Supplemental files referenced in this chapter are available online at:

https://doi.org/10.1128/mSphere.00169-18
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INTRODUCTION

For many organisms, our understanding of gene function is based upon analysis of
engineered mutations at predetermined genomic sites. The manipulations that yield
engineered mutations can also yield adventitious mutations elsewhere in the genome.
For this reason, when characterizing a defined mutant strain there is a concern that its
phenotype may be due to adventitious mutations rather than the engineered mutation.
For microbial pathogens, mutant strain characterization can be extensive, involving for
example animal infection models. Moreover, strain phenotypes may appear to be
complex because many mechanistic underpinnings of virulence have yet to be
discovered. For these organisms, the possible contributions of adventitious mutations
to phenotype are often assessed through analysis of a complemented or reconstituted
strain, in which a wild-type copy of the gene that had been altered by engineering is
introduced at a distant genomic site (complementation) or at the native locus
(reconstitution). The importance of inclusion of complemented or reconstituted strains
in pathogen phenotypic characterization was emphasized as the third postulate among

the cornerstone "molecular Koch's postulates” coined by Falkow (13).

Once there is a panel of well characterized genes in an organism, it is useful to build
upon that knowledge in the discovery or characterization of new genes. The approach
of genetic interaction analysis, also called epistasis analysis, is a widely used strategy

that can connect the functions of two genes. In premier genetic organisms like
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Saccharomyces cerevisiae, systematic gene interaction analysis has been applied on a
large scale to reveal new gene functions as well as novel connections among seemingly
distinct biological processes (3). Our organism of interest, Candida albicans, is not as
amenable to genetic manipulation as S. cerevisiae, but nonetheless has a growing
panel of characterized genes that provide the foundation for genetic interaction analysis.
In fact, the use of double and multi-gene mutants in C. albicans to draw functional
inferences has a long history [e.g., (4-6, 11, 20-22, 30, 33)]. Studies of C. albicans
double and multi-gene mutants have provided key insights into functional redundancy,
pathway relationships, and major effectors that mediate pathway outputs. The analysis
of double and multi-gene mutants has been of exceptional value for the understanding

of C. albicans, as it has for diverse other organisms.

It is likely that analysis of C. albicans multi-gene mutants will have an increasingly
prominent role in elucidation of the basis for key traits such as pathogenicity and drug
resistance. This expectation is based upon the value of the information from these
strains as well as the increasing ease with which multi-gene mutants can be created.
Strain construction in C. albicans has been accelerated through implementation of
CRISPR-Cas9-based methods (31) and, recently, a gene-drive system designed
specifically for creation of double mutant strains (30). Unfortunately, the development of
multi-gene complementation or reconstitution strategies, which we refer to together as
genetic rescue strategies, has not kept pace with these developments. Strain validation
through genetic rescue generally requires vector-based cloning, an often tedious

procedure when multiple genes must be introduced together.
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Here, we present a genetic rescue strategy that relies on recombinational assembly in
C. albicans of PCR products. Integration of the concatenated assembly into a mutant
strain is augmented by CRISPR-Cas9 cleavage at the targeted locus. Then the mutant
strain that carries the concatenated assembly is tested to see if a wild-type phenotype is
restored. We report proof-of-principle studies for phenotypic rescue of auxotrophic
markers and for mutants defective for biofilm formation and filamentation. This
approach, which we call Concatemer Assembly for Rescue of Mutant Abilities
(CARMA), has the potential to accelerate multi-gene mutant validation in C. albicans

and other organisms.
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RESULTS

Rationale

We developed a multi-gene rescue strategy that employs three DNA segments (Figure
1). Inthis illustration, we seek to introduce functional YFG1 and YFG2 genes to assay
phenotypic rescue of a yfglA/A yfg2A/A double mutant. We include the marker M1 in
order to select for transformation and integration of a concatemer of the three
segments. Each segment is synthesized through a PCR templated by the genome or
an existing plasmid, thus eliminating any need for custom cloning. The segments have
homology at their ends to one another or to the genome (regions A-F in Figure 1), so
that cellular homologous recombination machinery can assemble the segments in a
predictable order. We refer to an organization of homology that directs concatenation of

the DNA segments as "concatenating homology."

The first (leftmost) segment includes one of the coding regions, YFG1, that corresponds
to one of the deletions in the yfglA/A yfg2A/A double mutant. It also includes YFG1 5'
and 3' flanking regions. The overall assembly will be directed to integrate at the YFG1
genomic locus to replace a yfglA coding region deletion allele. Therefore, the YFG1 5'
flanking region does not need to include all sequences necessary for proper expression;
integration by recombination at the "A" region will join the YFG1 DNA to the complete
genomic 5' flanking region that extends to the left in the diagram. The segment needs
to include sufficient 3' flanking sequences for YFG1 expression, extending to the "B"

region. This requirement arises because the 3' flanking end of the YFG1 segment will

63



be fused to novel sequences from the YFG2 locus, the "C" region, in the integrated

assembly.

The second (middle) segment includes the second coding region, YFGZ2, that
corresponds to a deletion in the yfg1A/A yfg2A/A double mutant. This segment includes
YFG2 5' and 3' flanking regions that extend to regions labeled "C" and "D." These
flanking regions must include all sequences necessary for proper expression because
both regions are joined to novel neighboring sequences, the "B" and "E" regions,

specified by the PCR primers.

The third (rightmost) segment includes a marker for selection, M1, along with all
necessary 5' and 3' flanking sequences for expression. It has homology to the YFG2
segment ("D-E" region) at one end and to the genome neighboring the yfg1A allele ("F"
region) at the other end. The 5'to 3' orientation of each gene (M1, YFG1, and YFG2) is
arbitrary; the diagram illustrates the actual relative orientations of the genes in the

experiments we present below.

Homologous recombination should not allow integration of M1 on its own. However, the
YFG1 and YFG2 segments may serve as adaptors to enable homologous
recombination events to insert a YFG1:YFG2:M1 concatenated assembly in place of the
yfglA allele (Figure 1). Genomic integration of the concatemer may be stimulated by
double strand cleavage of the yfg1A allele directed by the CRISPR-Cas9 system

(Figure 1).
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Genetic rescue of arg4, leu2, and hisl mutations in strain SN152

We chose the popular laboratory strain SN152, which has arg4A/A, leu2A/A, and
his1A/A mutations, for an initial test of the multi-gene rescue strategy. The strategy is
expected to yield Arg+ Leu+ His+ transformants through recombinational
concatemerization and integration of ARG4, LEU2, and HIS1 cassettes. We designed
three cassettes with concatenating homology as depicted in Figure 1, using the C.
albicans ARG4 gene in the position of YFG1, the Candida albicans LEU2 gene in the
position of YFG2, and the Candida dubliniensis HIS1 gene in the position of M1.
Integration of the cassettes was targeted by homology to the arg4A::dpl200 mutant
locus in the SN152 genome, and transformants were selected through acquisition of
only a His+ phenotype. If the other two genes were assembled into an integrating
concatemer, then His+ transformants should be Arg+ and Leu+ as well. Transformation
of approximately 3 ug of each cassette yielded seven His+ transformants from three
separate transformations (Table 1). One transformant could not be propagated on
media selective for His+ strains and was not studied further. Five of the remaining six
transformants grew when replica-plated to minimal SD medium and thus were Arg+
Leu+ His+. This observation indicates that the ARG4, LEU2, and HIS1 genes were all
maintained. Thus genetic rescue with three cassettes is possible, though the

transformant recovery frequency is low (see (24, 32)).

The CRISPR-Cas9 system has been used to increase the rate of DNA integration

through generation of a genomic double strand break that stimulates homology directed
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repair. To test the effect of CRISPR-Cas9 on concatemer integration, we included in
our transformation mixture DNA cassettes specifying Cas9 and a single guide RNA that
targets the arg4A::dpl200 locus. These components increased the recovery of His+
transformants by roughly 300 fold (Table 1). Approximately 94% of His+ transformants
grew when replica-plated to SD media, thus indicating once again that the ARG4, LEU2,
and HIS1 genes were all maintained. This result indicates that multiple cassettes with
concatenating homology may successfully integrate with selection for only a single
cassette, and that integration is greatly enhanced by the introduction of a genomic

double strand break at the integration site.

Genetic rescue of a ume6A/A brg1A/A mutant strain

We also tested our genetic rescue strategy with a ume6A/A brglA/A double mutant
strain. UMEG6 and BRG1 encode transcription factors that promote C. albicans
filamentation and biofilm formation (2, 9, 12, 26). These two genes have large promoter
and regulatory regions, and cloning of the two large regions for a conventional
complementing construct could be laborious. We designed three PCR products with
concatenating homology (Figure 1): a UMEG6 segment (YFG1), a BRG1 segment
(YFG2), and a C. dubliniensis HIS1 segment (M1). Integration of the concatenated
cassettes was targeted to the ume6A::rl locus. The ume6A::rl locus has a deletion of
the UMEG coding region; it contains the UMEG6 upstream and downstream regions
flanking a 360 bp segment (designated rl) of vector pRS424 (17). The strain was

transformed with approximately 3 pug of each PCR product along with cassettes
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specifying Cas9 and a single guide RNA that targets the ume6A::rl allele. We
recovered more than 200 His+ transformants from a single transformation. Ten
transformants were selected for PCR genotyping. All ten transformants yielded the
PCR product (primers 1+2, Figure 2A, B) expected from joining of the UMEG6 coding
region with the UMESG6 5' flanking region. All ten transformants also yielded the PCR
product (primers 3+4, Figure 2A, C) expected from presence of the UMEG6 coding region
adjacent to the BRG1 coding region. In addition, all ten transformants yielded the PCR
product (primers 5+6, Figure 2A, D) expected from presence of the BRG1 coding region
adjacent to the HIS1 coding region. Finally, all ten transformants yielded the PCR
product (primers 7+8, Figure 2A, E) expected from presence of the HIS1 coding region
adjacent to the UMES6 3' region. These results are consistent with the structure
expected for integration of a concatenated UME6:BRG1:HIS1 DNA segment at the
ume6A::rl locus in the genome. Therefore, these genotyping results indicate that

concatemer integration occurred in the majority of transformants.

We anticipated that we may recover homozygous integrants as a result of Cas9-sgRNA
cleavage of both ume6A::rl alleles (31). PCR analysis indicated that nine of the ten
genotyped transformants lacked any detectable ume6A::rl allele and thus were likely
homozygous integrants (primers 9+10, Figure 2A, F). One genotyped transformant was
apparently heterozygous (primers 9+10, Figure 2A, F, G). These results argue that the
majority of our transformants were homozygous for the recombinational concatemer,

integrated to replace the ume6A::rl locus in the genome.
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For phenotypic rescue assays we focused on one transformant, strain MH281, that
carried the integrated UMEG6:BRG1:HIS1 concatenation product and was presumably
homozygous due to lack of a ume6A::rl allele. We refer to this strain as the validation
strain. Three assays were used to assess phenotypic rescue: filamentation, biofilm
formation, and expression of UME6- and BRG1-responsive genes (2, 9, 12, 26, 33).
We compared these phenotypes in the wild-type strain, a ume6A/A single mutant, a
brg1lA/A single mutant, a ume6A/A brglA/A double mutant, and the UME6:BRG1
validation strain. We sought to use strains with matched nutritional requirements;
therefore, for example, the ume6A/A brg1A/A strain was a His+ derivative of the His-
parental ume6A/A brglA/A double mutant that had been transformed to create the

validation strain. Similarly, the other strains had auxotrophies complemented.

Filamentation was assayed by microscopic observation after growth in YPD + serum at
37°C (Figure 3). The wild-type strain formed long hyphae with few detached yeast-form
cells. The ume6A/A brglA/A double mutant failed to form filaments under these
conditions. The ume6A/A and brglA/A mutants each formed short hyphae intermixed
with a large proportion of yeast-form cells. The UME6:BRGL1 validation strain, like the
wild type, formed long hyphae and few yeast-form cells. These observations indicate
that the inability of the double mutant strain to undergo filamentation is due to the
ume6A/A brglA/A genotype, because (a) each single mutant has a filamentation defect,
and (b) the UME6:BRG1 concatemer restores filamentation when introduced into the

ume6A/A brglA/A background.
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Biofilm formation was assayed by confocal microscopy after growth on silicone squares
in YPD alone at 37°C for 24 hrs (Figure 4). The wild-type strain formed a robust biofilm
of 300 um in depth with abundant hyphae evident in both side-view and apical-view
projections. The ume6A/A brglA/A mutant was severely defective in biofilm formation:
few cells adhered to the silicone surface, and no hyphae were apparent (Figure 4A, B).
The ume6A/A and brglA/A single mutants were also defective, yielding biofilms
composed exclusively of yeast-form cells and of depth ~50-70 um, as reported
previously for 48 hr biofilms (33). The UME6:BRG1 validation strain produced a biofilm
of depth intermediate between the wild-type and the single mutant strains. Abundant
hyphae were evident in side-view and apical-view projections (Figure 4A, B). These
observations indicate that the inability of the double mutant strain to produce a biofilm is
due to the ume6A/A brglA/A genotype, because (a) each single mutant has a biofilm
defect, and (b) the UME6:BRGL1 concatemer restores biofilm when introduced into the
ume6A/A brglA/A background. However, the UME6:BRG1 concatemer enables only
partial rescue of the biofilm defect, because the validation strain does not produce as

extensive a biofilm as the wild-type strain.

Gene expression was measured by Nanostring on RNA samples from cells grown for 4
hours in YPD at 37°C. The probe set assayed RNA levels for a panel of 182 genes,
including 166 environmentally responsive genes (33). The wild-type strain had
significantly different RNA levels (>2-fold change, p<0.05) than the ume6A/A brg1A/A
double mutant for 18 genes in addition to the deleted genes UME6 and BRGL1 (Figure

5A). Almost all of these RNA levels were also significantly different in the wild-type
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strain compared to the ume6A/A and brglA/A single mutant strains. The affected
genes included the core hyphal-associated genes ALS3, ECE1, HWP1, IHD1, and
RBT1 (Figure 5B), as expected (2, 9, 12, 26). The validation strain expressed the
affected RNAs at levels similar to the wild-type strain (Figure 5A). Most of the core
hyphal-associated genes had RNA levels of roughly 50% of the level in the wild type.
These observations confirm that the concatenated UME6:BRG1 construct partially

rescues the biofilm defect of the ume6A/A brg1lA/A double mutant.

Partial rescue by UME6:BRG1 may result from incompletely restored expression of the
UMES6 or BRG1 genes. We were concerned in particular about BRG1 expression for
two reasons. First, its genomic 5' flanking region extends for over 10 Kbp to the next
open reading frame, but only 1.6 Kbp had been included in our concatenation cassette.
Second, Brgl is a positive regulator of UME6 expression, so a reduction in BRG1
expression may cause a reduction in UMEG6 expression as well (26). Our Nanostring
measurements indicated that the validation strain expressed BRG1 at ~30% of the wild-
type level, and expressed UMEG6 at ~60% of the wild-type level (Figure 5C). These
results are consistent with the model that the UME6:BRG1 concatenated construct
allows partial phenotypic rescue because expression of the BRG1 and UMEG6 genes is

only partially restored.
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DISCUSSION

Genetic interaction analysis is a vital tool to help decipher functional relationships in
pathways, networks, and protein complexes (3). Central to this analysis is the ability to
construct and validate multi-gene mutants. In this report we have described a simple
approach to introduce multiple DNA segments as an integrated genomic concatemer to
generate a validation strain. The validation strain is then used in assays for rescue of
multi-gene mutant phenotypes. We refer to the approach as Concatemer Assembly for
Rescue of Mutant Abilities (CARMA) in order to convey features of both the technical

procedure and the experimental objective.

The CARMA approach builds upon well-founded principles. Homologous recombination
can seal a break in a target DNA, as demonstrated by Ma et al. with plasmid DNA in S.
cerevisiae (23). Multiple DNA fragments with overlapping homology can be assembled
through in vivo recombination in S. cerevisiae, as used for example in high-throughput
construction of gene deletion cassettes (10) and in construction of a synthetic bacterial
genome (15). A genomic CRISPR cut in a C. albicans mutant allele can enable
integration of wild-type allele, as shown by Nguyen et al. (25). We view CARMA as an

amalgam of the principles demonstrated in these prior studies.

CARMA requires some attention to the extent of functional regulatory regions.
Integration of the multi-gene concatemer at one of the mutant loci reconstitutes that

gene with its native genomic 5' flanking region. We chose to integrate specifically at the
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ume6bA::rl locus because UMEG is known to have a large 5' regulatory region that
includes 7 Kbp or more upstream of the open reading frame (7, 8). Long 5' regulatory
regions are also found among other genes connected to filamentation, including NRG1,
HWP1, and ALS3 (1, 7, 18). The BRGL1 5' regulatory region has not been subjected to
detailed analysis, and we included 1.6 Kbp of 5' flanking sequence in our genetic rescue
segment. For many genes, we have found that ~1.6 Kbp is sufficient for full rescue.
However, we note that the BRG1 5' region extends for over 10 Kbp before the next
open reading frame, so it seems possible that it is yet another filamentation-related
gene with a long 5' regulatory region. We infer that 1.6 Kbp of 5' flanking sequence is
not sufficient for full BRG1 expression, because BRG1 RNA levels were lower in the
validation strain than in the wild-type strain. The reduced BRG1 expression was
nonetheless sufficient for substantial rescue of the double mutant phenotypes. Perhaps
the best quantitative measure of function was the expression levels of UME6- and
BRG1-dependent target genes, which were significantly greater than observed in either

single mutant or the double mutant.

Note that, in all experiments reported here, the target integration loci are deletion alleles
with fairly small relics of the initial marker; they are yfglA::dpl200 or yfglA::rl alleles.
Our preliminary studies suggest that a CARMA-like approach is less efficient with
insertion-deletion alleles of structure yfglA::ARG4. In addition, it is noteworthy that
many mutant strains currently in use have different markers at the two alleles (of
genotype yfglA::ARG4/ yfglA::URAS, for example). The recipient strains in the present

study were all homozygous for identical mutant alleles at the target integration locus.
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Therefore, for existing yfglA::ARG4/yfglA::URAS3 strains, it may be necessary to use

two sgRNA genes in order to direct integration to both alleles.

A few features of CARMA seem especially useful. First, all of the DNA molecules in the
transformation reaction are PCR products, including the DNA segments destined to be
assembled into the integrated concatemer, and the genes specifying Cas9 and the
sgRNA, which are the original Vyas constructs (31) used with our transient CRISPR
protocol (24). This feature saves some time because the investigator circumvents
cloning and screening for appropriate plasmids. This feature also overcomes the
potential problem that a DNA fragment may be unstable in the intermediate host used
for cloning. A second useful feature is that homozygous integrants can be recovered.
This feature can eliminate partial phenotypic rescue due to gene dosage effects. Third,
while in CARMA each DNA segment corresponded to a complete coding region and
flanking regions, concatenating homology of PCR products could also be used for
construction of fusion genes, localized mutagenesis, mapping of functional promoter

elements, or introduction of allelic variants.
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METHODS

Strains, Media, and Transformations

C. albicans strains were all archived in 15% glycerol stocks stored at -80°C. Strains
were grown on solid YPD media for 2 days at 30°C, and then in liquid YPD media
overnight at 30°C with shaking prior to all assays and transformations. Transformations
were performed using the lithium acetate transformation method supplemented with
transient CRISPR-Cas9 system components (24). Transformants were selected on
CSM medium lacking specified auxotrophic supplements. All strains are listed in

Supplemental File S1.

Preparation of DNA Cassettes and genotyping
In preparation for the amplification of wild type alleles, genomic DNA was prepared from
the SC5314 strain according to a modified version of the Hoffman and Winston

procedure (16).

All PCR reactions were performed at 30 cycles according to the manufacturer's
protocols using TaKaRa Ex Tag™ DNA Polymerase. All primer sequences are listed in

Supplemental File S2.

The C. albicans ARG4 gene was amplified from SC5314 genomic DNA using primers
“CaARG4 MGC/F” and “CaARG4 3’->CaLEU2 5/R”. The C. albicans LEU2 gene was

amplified from SC5314 genomic DNA using primers “CaLEU2 MGC/F” and “CaLEUZ2 3’-
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>CdHIS1 for/R”. The C. dubliniensis HIS1 cassette was amplified from plasmid pSN52

(27) using primers “CdHIS1 for->CaLEUZ2 3’/F” and “CdHIS1 rev->CaARG4 3’/R” (27).

The “CaARG4 3’->CaLEU2 5'/R” primer contains 80 bp of homology to the upstream
region of the C. albicans LEU2 gene. The “CaLEU2 3’->CdHIS1 for/R” primer contains
80 bp of homology to the upstream region of the C. dubliniensis HIS1 cassette. The
“CdHIS1 for->CaLEUZ2 3’/F” primer contains 80 bp of homology to the downstream
region of the C. albicans LEU2 gene. The “CdHIS1 rev->CaARG4 3’/R” primer contains

80 bp of homology to the downstream region of the ARG4 locus.

The C. albicans UMEG6 gene was PCR amplified from SC5314 genomic DNA using
primers “UME6 MGC/F” and “UMES6 3'->BRG1 5'/R”. The C. albicans BRG1 gene was
PCR amplified from SC5314 genomic DNA using primers “BRG1 MGC/F” and “BRG1
3’->CdHIS1 for/R”. The C. dubliniensis HIS1 cassette was amplified from plasmid

pSN52 (27) using primers “CdHIS1 for->BRG1 3'/F” and “CdHIS1 rev->UMEG6 3'/R” (27).

The “UMES6 3'->BRG1 5'/R” primer contains 80 bp of homology to the upstream region
of the C. albicans BRG1 gene. The “BRG1 3’->CdHIS1 for/R” primer contains 80 bp of
homology to the upstream region of the C. dubliniensis HIS1 cassette. The “CdHIS1 for-
>BRG1 3'/F” primer contains 80 bp of homology to the downstream region of the C.
albicans BRG1 gene. The “CdHIS1 rev->UMEG6 3'/R” primer contains 80 bp of homology

to the downstream region of the UMEG6 locus.
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PCR Genotyping

Genotyping of the UME6:BRGL1 synthetic locus was performed using four different pairs
of primers. Amplification using these primer pairs yielding a DNA segment of the correct
size is indicative of the expected homologous integration event. Integration of UME6 at
the UMESG locus was confirmed using primers “UME6 FarUP/F” and “UMEG6 Int/R”.
Integration of BRG1 downstream of UME6 was confirmed using primers “UMEG6 2346
Int/F” and “BRG1 Int/R”. Integration of the C. dubliniensis HIS1 cassette was confirmed
using primers “BRG1 Int/F” and “HIS1 Check Int/R”, as well as “HIS1 CRIME/F” and

“‘UMEG6 FarDOWN/R”.

Homozygosity was confirmed using primers “UME6 MGC/F” and “UMEG6
downstream/R”, which yields alternatively either a 1.1 Kbp product if a ume6A::rl allele

is present, or a 3.3 Kbp product if a UMES6 allele is present.

Single-guide RNA Cassette Construction

Fusion PCR was used to assemble sgRNA cassettes according to previously described
protocols (17, 24). The arg4::dpl200 sgRNA cassette was prepared using primers
“sgRNA/F arg4::dpl200” and “SNR52/R arg4::dpl200”, and targets the sequence
“TCAAGAATAATCccgctgcet”. The ume6::r sgRNA cassette was prepared using the
primers “sgRNA/F ume6::r’ and “SNR52/R ume6::r”, and targets the sequence

“TTAATCCACTGTATAACTCG".

RNA preparation and NanoString analysis
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Overnight cultures of the relevant strains were inoculated into 25 mL of YPD to a final
ODeoo of 0.2 in 250 mL Erlenmeyer flask. Cultures were then allowed to grow at 4 hours
with vigorous shaking (200 rpm) at 37°C, then collected by vacuum filtration and stored
at -80°C until ready for extraction. RNA was extracted from frozen cell cultures using the

Qiagen RNeasy Mini Kit (cat#74104) with modifications as described previously (33).

Nanostring analysis of RNA samples was performed using previously described
methods (33). The Nanostring codeset contained 166 gene targets associated with
environmental response pathways and 15 gene targets of interest for a variety of

reasons (33).

Biofilm and Filamentation Assay Imaging

Biofilms were grown according to previously described protocols with the following
modifications (33). Overnight cultures grown at 30°C were inoculated into 2 ml YPD in
wells containing a 1.5cm x 1.5cm silicone square (Bentec Medical Inc.) and allowed to
adhere to the silicone square for 90 minutes in an incubator-shaker at 37°C with
shaking at 60 rpm. Squares were then washed by brief immersion into a well containing
2 ml PBS, then placed into a fresh well containing 2 ml YPD. After 24 hours, biofilms
were fixed using 2 mls of 4% formaldehyde and 2.5% glutaraldehyde in 1x PBS on an
orbital shaker for 1 hour at 60 rpm. The biofilms were then stained for 24 hours with
concanavalin A, Alexa Fluor 594 conjugate (Life Technologies) diluted to 25 ug/ml in

PBS, before being imaged using a slit-scan confocal optical unit on a Zeiss Axiovert 200
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microscope with an 40x 0.85 NA oil immersion objective. The imaging processes are

described in detail elsewhere (19).

The filamentation assay was performed using strains inoculated into 5 ml YPD in glass
test tubes and grown for 4 hours at 37°C in a roller drum at maximum speed. Following
growth, the cells were fixed and stained with Calcafluor white. An aliquot of cells was

then imaged using conventional fluorescence microscopy on a Zeiss Axio Observer Z.1

fluorescence microscope and a 20x 0.8 NA objective.

Software

Colony counts were collected using OpenCFU software (14). Microscopy images were
compiled with ImageJ (29), Photoshop CS6, and Microsoft Powerpoint 2010. RNA
counts were analyzed in Microsoft Excel 2010 and Graphpad Prism 7. Heat maps were

generated using MeV software (28), then arranged in Photoshop.

Data Availability

Nanostring transcription profiling data may be found in Supplemental File S3.
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FIGURE LEGENDS, CHAPTER 3

Figure 1. Strategy for Concatemer Assembly for Rescue of Mutant Abilities
(CARMA). Given a double mutant strain with the genotype yfg1A/A yfg2A/A with an
available selectable marker M1, both YFG1 and YFG2 may conceptually be
reintroduced at either the yfg1A (depicted in Line 2 and Line 3) or yfg2A locus.
Cassettes containing YFG1 and YFG2 are generated by PCR from wild-type genomic
DNA (Line 1). The YFG1 cassette with sequences shown in blue is amplified with the
primers indicated at A and BC. It contains a segment of the YFG1 promoter, the YFG1
ORF, and terminator. Sequence C, containing homology to the YFG2 cassette, is
introduced into the YFG1 cassette using the long primer indicated at BC. The YFG2
cassette with sequences shown in gold is amplified with the primers indicated at C and
DE. It contains a segment of the YFG2 promoter, the YFG2 ORF, and terminator.
Sequence E, containing homology to the M1 marker cassette, is introduced into the
YFG2 cassette using the long primer indicated at DE. The M1 marker cassette with
sequences shown in green is amplified from a plasmid containing the M1 marker with
the primers indicated at DE and F. Sequence D, containing homology to the terminator
region of YFG2 is introduced into the M1 cassette using the long primer indicated at DE.
Sequence F, containing homology to a region downstream of YFGL is introduced into
the M1 cassette using the long primer indicated at F. All three cassettes are
transformed into the yfg1A/A yfg2A/A m1A/A strain under M1 selection, along with DNA
cassettes expressing CAS9 and a single guide RNA targeting the yfg1A locus. The

double strand break introduced by Cas9 complexed with the yfglA targeting sgRNA is
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indicated by two black triangles. Expected homologous recombination events are
depicted as single crosses, and together should yield a concatenated locus containing
YFG1, YFG2, and M1 (Line 4). Boxes C, D, E, and F each indicate segments of 80 bp.
Where possible, homology between PCR cassettes is maximized. Sequences D and E
together provide 160 base pairs of homology between the YFG2 and M1 cassettes. (In
pilot experiments, we could not generate integrated concatemers with only 80 base
pairs of homology between the YFG2 and M1 cassettes.) Sequences C and F provide
80 base pairs of homology to the YFGL1 cassette and yfg1lA locus respectively. For
construction of the ARG4:LEUZ2:HIS1 allele, the A-YFGL interval provided 419 base
pairs of homology. For construction of the UME6:BRG1:HIS1 allele, the A-YFG1 interval
provided 403 base pairs of homology. In our experiments, we avoided extending the
homology between the YFG1 and YFG2 cassettes to 160 bp in length by adding 80 bp
of homology at Sequence B. We were concerned that presence of Sequence B in the
YFG2 cassette could allow integration of only YFG2 and M1 downstream of the yfg1lA

deletion scar in the B-F interval.

Figure 2. Genotyping UME6:BRG1:HIS1 candidates. A. Primer pairs for detection of
UMES6, BRG1, and HIS1. The UME6:BRG1 locus is depicted in the first line with the
expected location and integration of UME6, BRG1, and HIS1 depicted. Primers 1 + 2
are used for detection of UMEG6 at the ume6A::rl locus. Primer 1 anneals upstream of
any predicted recombinational junction. Primers 3 + 4 are used to detect BRG1

integration downstream of UMEG. Primers 5 + 6 are used to detect HIS1 integration
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downstream of BRG1. Primers 7 + 8 are used to detect HIS1 at the ume6A::rl locus.

Primer 8 sits downstream of any predicted recombinational junction.

The ume6A::rl locus is depicted on the second line, with the genetic scar consisting of
a single repeat from the rlHIS1rl cassette indicated by a small white box. Primers 9 +
10 bind upstream and downstream of the ume6A::r1 locus and can be used for
detection of the ume6A::rl allele. B. PCR products for detection of UMES6 at its native
locus using primer pair 1 + 2. Amplification of a 1.8 Kbp band is consistent with the
presence of UMESG at its native locus. C. PCR products for detection of the UME6:BRG1
junction using primer pair 3 + 4. Amplification of a 2.7 Kbp band is consistent with the
presence of BRG1 downstream of UMEG6. D. PCR products for detection of the
BRG1:HIS1 junction using primer pair 5 + 6. Amplification of a 1.3 Kbp band is
consistent with the presence of HIS1 downstream of BRG1. E. PCR products for
detection of integration of HIS1 at the ume6A::rl locus using primer pair 7 + 8.
Amplification of a 2.4 Kbp band is consistent with the presence of HIS1 at the
ume6bA::rl locus. F. PCR products for detection of homozygous integration using primer
pair 9 + 10. Amplification of a 1.1 Kbp band suggests the presence of a ume6A::rl allele
(see section A, lower line). Amplification of a 3.3 Kbp band is consistent with the
presence of either a WT UMES6 or concatenated UME6:BRG1 allele (see section A,
upper line). A 1.1 Kbp is observed in the parental strain and in strain 2, indicating the
presence of at least one copy of the ume6A::rl allele. The absence of a 1.1 Kbp band in
strains 1, 3-10 suggests homozygous integration of the concatenated allele. G.

Expanded insert of panel F for detection of homozygous integration. Lane 2 contains a
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3.3 Kbp band which is absent in the parental strain. The 3.3 Kbp band in lane 2 is
consistent with integration of at least one UMES6 allele, which suggests this strain

underwent heterozygous integration of the UME6:BRG1 concatemer.

Figure 3. Filamentation phenotypes of mutant and validation strains.
Fluorescence images of cells with Calcafluor White staining after 4 hours of growth in
YPD + serum. The SN250 WT strain, ume6A/A mutant, brg1A/A mutant ume6A/A
brg1lA/A double mutant, and UMEG6:BRGL1 validation strains were assayed for
phenotypic rescue of filamentation under planktonic growth conditions. The wild type
strain forms long filamentous hyphae, whereas the ume6A/A mutant, brg1A/A mutant,
and ume6A/A brglA/A double mutant grow primarily as yeast-form cells. The

UMEG6:BRGL1 validation strain forms long filamentous hyphae comparable to WT cells.

Figure 4. Side view and apical projections of mutant and validation strain
biofilms. The SN250 WT strain, ume6A/A mutant, brg1A/A mutant ume6A/A brglA/A
double mutant, and UME6:BRGL1 validation strains were assayed for phenotypic rescue
of biofilm formation. A. Lateral projections of C. albicans WT, mutant, and validation
strain biofilms. A wild type strain forms a large robust biofilm, while the ume6A/A,
brglA/A, and ume6A/A brglA/A form defective biofilms. The UME6:BRG1 validation
strain forms a biofilm with more than half the thickness of the WT biofilm. B. Apical
projections of representative sections of each biofilm. A wild type strain forms a robustly
filamentous biofilm, whereas ume6A/A, brglA/A, and ume6A/A brglA/A mutant strains
form biofilms with largely reduced filamentation. The UME6:BRG1 strain forms a biofilm

with visibly filamentous cells.
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Figure 5. RNA expression levels in mutant and validation strains. RNA was
extracted from SN250 WT, ume6A/A mutant, ume6A/A brglA/A double mutant, and
UMEG6:BRGL1 validation strains grown for 4 hours in YPD at 37°C, then analyzed with a
NanoString nCounter. Three biological replicates were assayed, and the average of all
replicates was used for further analysis. brglA/A mutant gene expression was drawn
from Woolford et. al, assayed under the same conditions as this experiment (4 hr YPD,
37°C) and analyzed using the same nanoString codeset (33). A. A heat map shows log2
fold expression of environmentally responsive genes between strains normalized
against expression in a ume6A/A brglA/A double mutant. Logz fold expression is
depicted on a color gradient ranging between -3.0 (blue) and +3.0 (yellow). Tree depicts
clustering of strains according to an algorithm for minimum Manhattan distance (MeV
software). The ume6A/A mutant, brg1A/A mutant, and ume6A/A brg1lA/A double mutant
cluster, showing similar profiles with reduced expression of environmentally responsive
genes. The UMEG6:BRGL1 validation strain clusters with the wildtype, showing similar
expression profiles. B. Mean fold change in expression of hyphal associated genes
ALSS3, ECE1, HWP1, IHD1, and RBT1 between mutant strains and validation strain
normalized against wild type expression. Values are mean (SD). ** indicates significant
difference in mean fold change in comparison to the mutant strains (Tukey-Kramer test,
p <0.01) C. Mean normalized counts of UME6 and BRG1 mRNA between WT, mutant,
and validation strains. Values are mean (SD). ** indicates significant difference in mean

RNA counts in comparison to all other strains (Tukey-Kramer test, p < 0.01).
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Supplemental Files

Supplemental file S1. Table of Candida albicans strains.
Supplemental file S2. Table of oligonucleotide primer sequences.
Supplemental file S3. Table of Nanostring measurements of RNA levels. Raw data,

normalized probe counts, and gene expression ratios are given in three different tabs.
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TABLES, CHAPTER 3

Table 1

SMN152 His* Leu® Arg® transformation outcomes

Expt or parameter

Mo. of His* colonies

Mo. of His* colonies

with no sgRHNA with sgRNA
1 4 831
2 3 716
3 0 402
Avg = 3D 233+£208 650 + 222
% prototrophic a3 94+ 27
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Chapter 4: Circuit diversification in a biofilm regulatory

network

Manning Y. Huang, Carol A. Woolford, Gemma May, C. Joel McManus, and Aaron P.
Mitchell

FOREWORD

This chapter is lightly modified from the publication version as appeared in PLOS
Pathogens, May 2019. Dr. Carol Woolford carried out the Nanostring experiments
described in this chapter, Gemma May prepared RNA-seq libraries, and Dr. C. Joel
McManus and | analyzed the data. | also carried out the rest of the work described in
this chapter. All referenced figures, including supplemental figures are available at the
end of the chapter. Supplemental tables have not been included, but are available

online at: https://doi.org/10.1371/journal.ppat.1007787
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ABSTRACT

Genotype-phenotype relationships can vary extensively among members of a species.
One cause of this variation is circuit diversification, the alteration of gene regulatory
relationships among members of a species. Circuit diversification is thought to be a
starting point for the circuit divergence or rewiring that occurs during speciation. How
widespread is circuit diversification? Here we address this question with the fungal
pathogen Candida albicans, which forms biofilms rich in distinctive hyphal cells as a
prelude to infection. Our understanding of the biofilm/hyphal regulatory network comes
primarily from studies of one clinical isolate, strain SC5314, and its marked derivatives.
We used CRISPR-based methods to create mutations of four key biofilm transcription
factor genes — BCR1, UME6, BRG1, and EFG1 — in SC5314 and four additional clinical
isolates. Phenotypic analysis revealed that mutations in BCR1 or UMEG6 have variable
impact across strains, while mutations in BRG1 or EFG1 had uniformly severe impact.
Gene expression, sampled with Nanostring probes and examined comprehensively for
EFG1 via RNA-Seq, indicates that regulatory relationships are highly variable among
isolates. Our results suggest that genotype-phenotype relationships vary in this strain
panel in part because of differences in control of BRG1 by BCR1, a hypothesis that is
supported through engineered constitutive expression of BRG1. Overall, the data show
that circuit diversification is the rule, not the exception, in this biofilm/hyphal regulatory

network.
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INTRODUCTION

Each species has broad properties that define its members, yet individuals present
diversity that reflects the events of their lineage. Although some phenotypic differences
between individuals arise from single allelic differences or gene acquisitions, the vast
majority represent the interplay of multiple genetic and epigenetic differences [1,2,3].
Natural variation has been measured through assays of biological phenotypes such as
fitness, disease susceptibility, or cellular differentiation, and through molecular
phenotypes such as the expression of sets of genes. The impact of natural variation is
also manifested in genetic background effects on the phenotypes of defined mutations.
Comparison of large scale gene knock-out or knock-down collections in pairs of
Saccharomyces cerevisiae [4,5] and Caenorhabditis elegans [6] strains has shown that
genetic background effects are widespread, affecting single gene loss-of-function
phenotypes for up to 20% of genes. The implication of such studies, as proposed by
Gasch and colleagues, is that network relationships between genes may vary

considerably among representatives of the same species [7].

The clearest example to date in fungi of species-level natural variation in network
architecture comes from Chin et al., who studied adherence in two strains of S.
cerevisiae [8]. A MAP Kinase pathway (fMAPK) is required for adherence and
expression of the adhesin gene FLO11 in strain £1278b but not in strain S288c.
Crosses between the strains indicated that the regulation of fMAPK-dependence is

genetically complex, though a cloning-based rescue strategy defined one modifier
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locus, RPI1, that specifies a transcription factor. Rpil can bypass the fMAPK pathway
through its ability to bind to the 5' region of FLO11, an ability enabled by the RPI1 allele
of S288c and abolished by the RPI1 allele of £1278b [8]. Therefore, these two
representatives of the same species rely upon distinct signaling pathways - either an
fMAPK-dependent pathway or an Rpil-dependent pathway - to control expression of
FLO11 and, ultimately, adherence [8]. Chin et al. hypothesized that the natural variation
in regulatory relationships that they observed within a species, which they call "circuit
diversification," is a precursor to the evolutionary rewiring and circuit divergence that is

observed between species.

How prevalent is circuit diversification among members of a species? What is the
extent of its impact? Here we use the fungal pathogen Candida albicans to address
these guestions. We focus on two well characterized virulence traits: its ability to grow
as hyphae and to produce a biofilm [9,10]. Hyphae are tubular arrays of cells that can
be hundreds of microns in length, and hypha-associated genes specify adhesins,
hydrolases, and the toxin Candidalysin that together cause tissue damage [10,11].
Biofilms are multicellular surface-bound communities that produce an extracellular
matrix and are recalcitrant to antimicrobial treatment [12]. Biofilms of C. albicans are
rich in hyphae, and genetic studies indicate that biofilm production depends upon
hyphae in vitro and in animal infection models [12]. Biofilm formation is connected to
virulence because biofilm on implanted medical devices is a major source of infection

[12].
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Our understanding of C. albicans biofilm formation comes primarily from studies of one
clinical isolate, strain SC5314, and its derivatives CAl-4, BWP17, and SN152, whose
markers facilitate genetic manipulation. Among the most well characterized biofilm
regulators are the transcription factors (TFs) Efgl, Bcrl, Ume6, and Brgl
([13,14,15,16,17,18]; reviewed in [19]). A deletion mutation affecting any one can cause
a biofilm defect, depending upon the precise growth conditions. All four TFs are also
required under many conditions for normal hyphal formation, expression of hypha-
associated genes, and virulence in animal models. These TFs are interconnected
through their control of overlapping sets of target genes and of one another's expression

[19].

Because biofilm production and hyphal formation have been extensively characterized,
this network provides a valuable starting point for an appraisal of natural variation.
Uniform network architecture may prevail among C. albicans isolates, or circuit
diversification may prevail. We test these possibilities through analysis of four different
single gene deletion mutations in five different C. albicans clinical isolates. Our results
show that the gene expression impact of regulatory network defects is highly variable

among strains, and thus argue that circuit diversification is widespread.
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RESULTS

Natural variation in biofilm production

Our studies employed five C. albicans clinical isolates: SC5314 (clade 1), P76067
(clade 2), P57055 (clade 3), P87 (clade 4), and P75010 (clade 11) [20,21]. SC5314 is a
dermatological isolate and is the standard laboratory strain for most molecular and
genetic studies; P76067, P57055, and P75010 are bloodstream isolates; P87 is an oral
isolate. These strains were chosen to represent the major clades of clinical isolates and

thus to capture the range of genetic diversity.

Biofilm production was assayed at the end of a 24 hr incubation in RPMI+serum
medium at 37 degrees. These conditions induce biofilm formation strongly in strain
SC5314 (Figure 1, left column, and S1 Figure). Biofilm depth, visualized by confocal
microscopy, was substantial for strains SC5314 and P76067, intermediate for strains
P57055 and P87, and minimal for strain P75010 (Figure 1, left column, and S1 Figure).

These results indicate that biofilm production varies among this set of isolates.

Confocal imaging was used to assay for presence of hyphae in biofilms. Side-view
(Figure 1, left column) and apical (Figure 2, left column) confocal projections revealed
the presence of abundant hyphae in the four strong and intermediate biofilms. No

hyphae were evident in the minimal biofilm produced by strain P75010. These results
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are consistent with the conclusion from extensive mutant analysis in the strain SC5314

background that hyphal formation is required for biofilm formation [19].

We also assayed hyphal formation by each strain under planktonic growth conditions (4
hr, RPMI+serum medium, 37 degrees). The strong and intermediate biofilm formers
produced abundant long hyphae (Figure 3, left column). The intermediate biofilm
forming strain P57055 produced slightly unusual hyphae; many had bends at ~20
micron intervals. The minimal biofilm forming strain P75010 yielded infrequent hyphae
under these conditions. Quantitative measurements confirmed these qualitative
impressions: hyphae were less abundant, and hyphal unit cell lengths were smaller, in
strain P75010 than in the strong and intermediate biofilm formers (S2 Figure). These
assay results indicate that production of planktonic hyphae correlates with production of

biofilm hyphae in this panel of strains.

Genotype-phenotype relationships

To assess natural variation in genetic control over biofilm production, we created
deletion mutations for each of the biofilm regulatory genes BCR1, UME6, BRG1, and
EFG1 in all five strains. Mutants were assayed for biofilm production under
RPMI+serum growth conditions. A bcrlA/A mutation had little impact under these
conditions on biofilm production by the two strong biofilm formers, strains SC5314 and
P76067: mutant biofilm depth (Figure 1) and hyphal content (Figure 2) were comparable

to those of the respective wild-type strains. However, we noted regional separation of
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the basal and upper biofilm layers in these mutants (Figure 1). In contrast, a bcrlA/A
mutation impaired biofilm production by the two intermediate biofilm formers, strains
P57055 and P87: biofilm depth and hyphal content were severely reduced (Figures 1,
2). A bcrlA/A mutation had little effect on the weak biofilm former, strain P75010
(Figures 1, 2). Pannanusorn et al., in pioneering studies of a set of Candida
parapsilosis clinical isolates, also observed that impact of bcrlA/A mutations was highly
strain-dependent in that species [22]. Our results indicate that BCR1 is dispensable for
biofilm production in some C. albicans strain backgrounds and essential for biofilm

production in others.

A ume6A/A mutation had broad effects on biofilm production: it caused a partial or
severe impairment in all of the strong and intermediate biofilm former backgrounds.
Biofilm depth (Figure 1) and hyphal content (Figure 2) were reduced. Biofilm disruption
by the ume6A/A mutation was particularly severe in the intermediate biofilm former
P57055, perhaps due to the absence of biofilm hyphae (Figure 2). A ume6A/A mutation
had little measurable effect on the weak biofilm former P75010 (Figures 1, 2). These
results show that Ume6 functional impact varies with strain background, as is the case

with Berl.

Both brg1A/A and efglA/A mutations caused severe impairment of biofilm production in
the strong and intermediate biofilm formers. Biofilm depth was reduced to ~20 microns
(Figure 1), and hyphal content was nearly or entirely eliminated (Figure 2). The

mutations had little effect on the already weak biofilms formed in the strain P75010
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genetic background. These results show that Brgl and Efgl have broad functional

impact on phenotype that varies minimally with strain background.

We also assayed the effect of each mutation on production of planktonic hyphae. The
results (Figure 3 and S3 Figure) correlated generally with production of biofilm hyphae
(Figure 2). Reconstituted derivatives of all mutants, in which one or two copies of the
deleted gene were re-introduced, regained hyphal formation ability comparable to the
respective wild-type strains (S4 Figure). Interestingly, P75010 derivatives that carried
the BRG1 and EFG1 alleles from SC5314 displayed increased hyphal production
compared to P75010 (S4 and S5 Figures). These results support the conclusion that the
magnitude of impact on phenotype of several of the transcription factors varies with

strain background.

Natural variation in network architecture

Results above indicate that several biofilm regulatory mutations vary in phenotypic
severity among the clinical isolates. To explore this conclusion at the level of gene
expression, we conducted Nanostring profiling of each wild-type and regulatory mutant
strain. Growth conditions were identical to those for the hyphal induction assays. RNA
levels were measured for 181 genes, including 60 genes that have been connected
through function or expression to hyphae or biofilms. RNA levels in each mutant were

compared to the respective wild type in order to calculate fold changes (S1 Table). The
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results revealed that gene regulatory relationships are strongly contingent upon strain

background.

One indication of regulatory variation across strains comes from a count of the number
of significantly up- or down-regulated genes in each mutant strain compared to their
respective wild-type strains (Table 1). For example, in the SC5314 strain background,
there were 23 genes whose RNA levels were altered significantly (>2-fold, FDR=0.1) by
a bcrlA/A mutation. In the P57055 background, there were 58 genes whose RNA
levels were altered significantly by a bcrlA/A mutation. Across all backgrounds, only 12
genes responded consistently to a bcrlA/A mutation ("Common” column, Table 1). The
overall lack of concordance presented by bcrlA/A mutations was recapitulated by the
other mutations: the number of responsive genes varied by a factor of 2 among strain
backgrounds, and the number of shared responsive genes ("Common") was fewer than
half of the number of responsive genes in any background. A similar outcome was
observed if only the criterion of an FDR=0.1 was applied without a fold-change
requirement (S2 Table). These results indicate that there is substantial variation in

regulatory relationships within the C. albicans species.

Extensive variation is also seen in the architecture of the biofilm/hyphal regulatory
network defined by the mutants and their gene expression impact (Figure 4). Some
genes that are annotated to hyphal formation, such as CHT2 and SOD5, varied
considerably with respect to strain background in their dependence on specific TFs

(Figure 5). The variable response of CHT2 was particularly noteworthy because its 5'
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region is bound by Bcrl and Brgl as shown by overlapping binding peaks centered
approximately 2250 bp upstream of the start codon [16], an indication that it is a direct
target of those two TFs. Interestingly, among all five isolates, no SNPs were identified
in Berl and Brgl motifs in this region. An additional illustration of network variation
comes from the regulation of the TF genes BRG1 and UMES6 (Figures 4 and 5). In the
two strong biofilm formers, SC5314 and P76067, Bcrl is not required for expression of
BRG1 and UMESG. In the intermediate and weak biofilm formers, Bcrl is required for
expression of both BRG1 and UME6. These dependency relationships provide a
possible explanation for the greater impact of the bcrlA/A mutation on gene expression
and biological phenotypes in the intermediate biofilm formers than in the strong biofilm
formers (Table 1; Figures 1-3). Overall, these results indicate that regulatory network
architecture is strongly contingent upon strain background. In addition, the observation
that many genes are dependent upon a TF in one strain background but not another is

evidence for circuit diversification among these strains.

We distilled gene expression changes into a common network of regulatory
relationships that are shared among all five strains (Figure 4; S1G Table). In the 181
assayed genes, 60 were annotated to GO terms related to hyphae or biofilm. Compared
to regulatory relationships determined solely in SC5314, a larger proportion of the
relationships defined by this common network were with these hyphae or biofilm
annotated genes (p=0.014, Fisher's exact test). The common network also trended
toward enrichment for direct targets of the TFs (p=0.083 compared to SC5314, Fisher's

exact test) as defined by ChIP-Seq experiments [16,23]. These observations suggest
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that the common target genes found in diverse strains may give clearer functional

insight into their regulators than the target genes found in any one strain.

Genome-wide Efgl regulon analysis

For a genome-wide view of regulatory relationships among strains, we carried out RNA-
Seq analysis of the five clinical isolates and their efg1A/A derivatives (S3 Table). Each
clinical isolate was compared with its corresponding efglA/A mutant in order to define
Efgl-responsive genes. The gene expression impact of the efg1A/A mutation varied
considerably among clinical isolates (Table 2). The number of Efgl-responsive genes
ranged from 523 (P76067) to 864 (SC5314). Approximately 15-27% of the genes that
responded to Efgl in any one strain did not respond in any of the other four strains
(Figure 6B). Many additional genes were Efgl-responsive only in a subset of genetic
backgrounds (Figure 6B). Overall, these genome-wide data support the concept that
gene expression targets vary considerably among C. albicans species representatives,

and indicate that circuit diversification frequently affects Efgl target genes.

Gene expression profiles converged on 177 core Efgl-responsive genes (21-34% of
total) that were up- or down-regulated in efg1A/A mutants of every strain background
(Figure 6B). These core Efgl-responsive genes included 138 Efgl-activated genes
(i.e., down-regulated in efglA/A mutants) and 39 Efgl-repressed genes (i.e., up-

regulated in efg1A/A mutants). Core Efgl-activated genes were enriched for the GO

term biofilm formation (p=4.86e-07) (Figure 6A,C; S4 Table). This enrichment was
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greater than observed with the Efgl-activated genes of any individual strain (Figure
6A,C; S4 Table). Core Efgl-repressed genes were enriched for GO terms that include
cell surface (p=6.94e-07) and cell wall (p=6.78e-07) (S4 Table). This enrichment was
comparable to that observed with individual strains. We found that 24% of core Efgl-
responsive genes were direct Efgl targets, based on chromatin immunoprecipitation
data [16,23], whereas 16-22% of Efgl-responsive genes in individual strains were direct
targets (Table 2). Compared to the proportion of direct targets among all SC5314 Efgl-
responsive genes, the proportion of direct targets among core Efgl-responsive genes
was greater (p = 0.036, Fisher's exact test), though it only trended toward greater in
comparisons to some other strains. Overall, these observations indicate that core Efg1-

responsive genes align well with what is known about Efgl function.

The Efgl-activated genes of several strains were enriched for carbohydrate metabolic
functions (Figure 6A,C, S6 Figure), which are mainly glycolytic genes, as expected from
prior studies [24]. However, there was no enrichment for these functions in the core
Efgl-activated gene set. Their exclusion from core genes is based on properties of one
strain, P76067. Examination of individual gene expression responses shows that these
genes display less dependence on Efgl for expression in strain P76067 compared to
the other strains (S3 Table). Therefore, the impact of Efgl on carbohydrate metabolic

genes behaves as a quantitative trait among C. albicans isolates.

The unique Efgl-responsive genes in each strain (S3 Table) ranged from 97 (strain

P57055) to 234 (strain SC5314). They were roughly split between Efgl-activated and -
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repressed genes (Figure 6B). We found only minor enrichments for GO terms among
most of these gene sets, and no significant enrichment at all among the SC5314 strain-
specific Efgl-responsive genes. Although these genes do not share distinguishing GO
assignments, there are prospective functionally relevant genes among them. For
example, the SC5314 efglA/A mutation leads to significantly reduced expression of
SUNA41, which is required for biofilm formation [25,26]. Therefore, strain-specific Efgl-
responsive genes may contribute to the mutant phenotype, but they do not reveal broad

pathways that respond to Efgl in a strain-specific manner.

Functional impact of circuit diversification

The BCR1-BRGL1 relationship provides a simple illustration of circuit diversification:
BCRL1 is required for BRG1 expression in intermediate but not strong biofilm formers
(Figures 4 and 5). We hypothesized that this regulatory difference was the reason that
BCR1 is required for biofilm production by intermediate but not strong biofilm formers
under our assay conditions. Specifically, reduced BRG1 expression may contribute to
the biofilm defect of bcrlA/A mutants in intermediate biofilm formers, while constitutive
BRG1 expression may permit biofilm production by bcrlA/A mutants in strong biofilm

formers.

This hypothesis predicts that constitutive BRG1 expression will permit biofilm production
in a bcrlA/A mutant in an intermediate biofilm former. We tested this hypothesis with

strain P57055, an intermediate biofilm former that transforms efficiently. We fused one
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allele of BRG1 with the TDH3 promoter in P57055 BCR1/BCR1 BRG1/BRG1 and
bcrlA/A BRG1/BRG1 strains to create BRG1/TDH3-BRG1 derivatives. We then
compared four strains of genotypes BCR1/BCR1 BRG1/BRG1, bcrlA/A BRG1/BRG1,
BCR1/BCR1 BRG1/TDH3-BRG1, and bcrlA/A BRG1/TDH3-BRG1. Using Nanostring,
we confirmed that BRG1 RNA levels were Bcrl-dependent in the BRG1/BRG1 strains
and Bcrl-independent in the BRG1/TDH3-BRGL1 strains (Figure 7A). Although the
TDHS3 promoter is often used for overexpression, in this case it did not yield greatly
elevated BRG1 expression. As predicted by the hypothesis, biofilm production was also
Bcrl-dependent in the BRG1/BRG1 strains and Bcrl-independent in the BRG1/TDH3-
BRGL1 strains (Figure 7C). As a further functional test of the hypothesis, we examined
planktonic hyphal formation. In the P57055 background, the bcrlA/A mutant had
reduced length of hyphal cell compartments and a reduced ratio of hyphae to yeast cells
(Figure 7B,D). In the P57055 BRG1/TDH3-BRG1 derivatives, the bcrlA/A mutant did
not display these phenotypes (Figure 7B,D). Therefore, the phenotypic impact of a
bcrlA/A mutation in the P57055 background depends upon the BCR1-BRGL1 regulatory

relationship.

What is the mechanism behind divergent dependence of BRG1 expression on Bcrl?
One hypothesis is that the cis regulatory elements of BRG1 alleles may contain SNPs
that allow Bcrl-independent BRG1 expression in some strains but not others. We tested
this hypothesis by constructing P57055 bcr1A/A mutant strains carrying BRG15¢5314 or
BRG1P570%5 glleles at the MDR1 locus. These alleles contained 1642 bp of the BRG1

upstream region and 712 bp of the BRG1 downstream region. Ectopic expression of
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BRG15¢%314 and BRG1P%7%%% in this manner complemented the hyphal formation defect
of a P57055 brg1A/A mutant strain, demonstrating that the cis contexts captured in
these regions were sufficient for BRG1 expression and function (S7AFigure). However,
ectopic expression of BRG15¢%314 or BRG1P>7%%5 in the P57055 bcrlA/A mutant failed to
rescue hyphal formation (S7B Figure and S5 Table). Furthermore, strains expressing
BRG15¢%314 were not significantly different from strains expressing BRG1P%79%5 in hyphal
formation capacity. We conclude then that the cause of Becrl-independent BRG1
expression in SC5314 does not lie solely in cis regulatory element SNPs carried in

these allelic segments.
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DISCUSSION

Our studies address whether genetic regulatory relationships are uniform within the
species C. albicans. We approached the problem through measurement of biological
phenotypes and gene expression changes that result from mutations in each of four TF
genes in the biofilm/hyphal regulatory network. Two of the TF gene mutations, bcrlA/A
and ume6A/A, had variable phenotypic impact among the strains. These mutations also
had variable gene expression impact, an outcome that might have been predicted from
phenotypic variation. The other two TF mutations, brg1lA/A and efglA/A, had uniform
phenotypic impact, yet still had highly variable gene expression impact. These
observations argue that circuit diversification — variation in regulator-target relationships

within a species — is prevalent for this biofilm/hyphal regulatory network.

The traits we examined, biofilm production and hyphal formation, are known to vary
guantitatively among C. albicans isolates [20,21,27,28,29]. Hence it seemed
reasonable that gene expression impact of key biofilm/hyphal regulators would vary as
well. We were nonetheless struck by the extent of strain-specific gene expression
changes we observed; only about half of the gene expression response to a mutation in
any one strain was shared among the other four strains. The fact that even the
mutation with the strongest and most uniform biological phenotypes, efglA/A, caused
variable gene expression impact across strains is especially noteworthy, because large

scale dual-strain comparisons of loss-of-function defects have relied on biological

110



phenotypes [4,5,6]. Our results argue that biological phenotype measurements may

underestimate the difference in impact of a mutation in two different strains.

What sorts of variation do we see in TF-target gene relationships? Regulation of SOD5,
BRG1, and UMES6 (Figure 5) represents one frequent pattern: expression of each is
down-regulated in a mutant, such as bcrlA/A, in some strains but not others.
Analogous observations were made with expression of S. cerevisiae FLO11 and its
control by the fMAPK pathway by Chin and colleagues [8]. The regulation of CHT2 is
more complex, for example in its response to Efgl. It is up-regulated in an efg1A/A
mutant in SC5314, as shown previously [30], but it is down-regulated in efg1A/A
mutants of other strains. Efgl is known to function as an activator at some promoters
and a repressor at others [31,32] in strains derived from SC5314. However, our results
raise the possibility that Efgl may function as a repressor or an activator at a single
promoter, depending upon the strain background. These examples illustrate strain-
dependent differences in TF-target gene relationships that are indicative of circuit

diversification.

Variation in biofilm/hyphal network architecture has clear functional impact, as illustrated
by strain differences in the BCR1-BRGL1 relationship. A bcrlA/A mutation had little
effect on biofilm production or BRG1 expression in two strong biofilm formers, and
caused a severe defect in both biofilm production and BRG1 expression in two
intermediate biofilm formers. Because BRG1 was required for biofilm production in all

strains, we considered that differences in BCR1-dependence of biofilm production may
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arise from differences in BCR1-dependence of BRG1 expression. This hypothesis was
supported by the finding that constitutive BRG1 expression eliminated BCR1-
dependence of biofilm production in an intermediate biofilm former. Prior studies have
shown that Bcrl and Brgl have considerable functional overlap: among 252 direct Berl
target genes identified by ChIP-seq, 194 are Brgl direct targets as well [16]. Overlap of
target genes may be the reason that BCRL1 is required for biofilm formation only when
BRG1 levels are low. We cannot find strain differences in the Bcrl binding sites
upstream of BRG1. Furthermore, cis-regulatory elements of the BRG15¢%314 allele were
not sufficient for BRGL1 function in the P57055 bcrlA/A mutant strain. We infer that
variation in the BCR1-BRGL1 relationship arises from differences in trans-acting factors
that can compensate for absence of Berl. This inference is consistent with the
conclusion from many studies the bulk of gene expression variance between individuals

arises from differences in trans-acting gene products [1].

Glycolytic genes provide an example of a functionally related group of genes that vary in
strength of connection to biofilm regulator Efgl (Figure 6, S6 Figure). In most strains,
the efglA/A mutation caused a severe reduction in glycolytic gene expression. In
contrast, in strain P76067 the efglA/A mutation caused a mild reduction in glycolytic
gene expression. Inspection of the RNA-Seq data shows that expression of GAL4, an
activator of glycolytic genes [33], is strongly reduced in most efg1A/A mutants but only
mildly reduced in the P76067-derived efg1A/A mutant. Efgl does not bind directly to the

GAL4 upstream region [16,23]. Therefore, this example of circuit diversification also
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seems to arise from differences in activity of trans-acting factors that, in this case,

compensate for absence of Efgl.

Our data provide the first view of C. albicans natural variation from the perspective of
gene expression profiles, and several manifestations of strain variation are evident. For
example, compared to SC5314, all isolates had significantly increased RNA levels for
various cell wall-related genes (S6C Table). Also, higher BCR1 and BRG1 RNA levels
among isolates correlate with lower RNA levels for ribosome-related genes (S6A Table).
These correlations may reflect natural variation in TOR pathway activity, which is known
to promote ribosome biogenesis and inhibit Bcrl-dependent adhesin expression [34].
Although high resolution trait mapping is not yet feasible for C. albicans, a candidate
gene-based approach could unravel the causes for these strain differences and their

functional consequences.

A valuable practical application of multi-strain analysis is the distillation of a common set
of genetic regulatory relationships. This outcome was suggested by our small-scale
Nanostring profiling, but was most clearly documented through genome-wide analysis of
Efgl-responsive genes. Specifically, the common Efgl-activated gene set was
significantly enriched for biofilm-related genes, and trended toward enrichment for direct
Efgl target genes, compared to any individual strain's Efgl-activated genes. The
common Efgl-repressed gene set was enriched for cell-surface related genes, an
enrichment that was not found among Efgl-repressed gene sets for individual strains.

These outcomes argue that multi-strain analysis of mutants is significant both for the
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validation of conclusions across multiple species representatives, and for its ability to
narrow a panel of responsive genes to those with a strong connection to relevant

biological processes.
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METHODS

Strains and Media

The following C. albicans clinical isolate strains were obtained through BEI Resources,
NIAID, NIH: Candida albicans, Strain P76067, NR-29442; Candida albicans, Strain
P57055, NR-29439; Candida albicans, Strain P87, NR-29453; Candida albicans, Strain
P75010, NR-29437. All strains and mutants were maintained in 15% glycerol stocks
stored at -80°C. Prior to all experiments, strains were grown on YPD (2% Bacto
Peptone, 2% dextrose, 1% yeast extract) for 2 days at 30°C, and then cultured
overnight in liquid YPD at 30°C with shaking. Transformants were selected on YPD +
400 pg/ml nourseothricin or complete synthetic media (CSM) (2% dextrose, 1.7% Difco
yeast nitrogen base with ammonium sulfate and auxotrophic supplements). For
phenotypic assays, strains were grown in liquid RPMI-1640 Media (Sigma-Aldrich, Inc.,
St. Louis) adjusted to pH 7.4 and supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Inc., Flowery Branch). A full list of the strains used in this study is provided

under supplemental files (S7 Table).

Primers and Plasmid Construction

All primers and plasmids used in this study are provided under supplemental files (S8

Table).
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We previously demonstrated that the use of repeat flanked selectable markers allowed
for CRISPR-Cas9 induced marker excision in subsequent manipulations [35]. To adapt
the NAT1 marker for marker recycling with this method, we generated vectors
containing NATL1 inserted respectively at the BamHI (pMHO05) and Xmal (pMHO06)

restriction sites in the plasmid YEp24 backbone [36].

To generate plasmid pMHO05, the NAT1 marker was amplified from plasmid pNAT [37]
using primers “BamHI|_YEp24 H+AdapN/F” and “BamHI_YEp24 H+AdapN/R”. An
aliquot of plasmid YEp24 was then digested with BamHI, and digest products were
transformed alongside the NAT1 PCR product into the Saccharomyces cerevisiae strain
BJ8918 with selection on synthetic media lacking uracil to allow gap repair of the
digested YEp24 vector with the NAT1 PCR product [38]. The resulting vector was
recovered from Ura+ transformants using a Zymoprep Yeast Plasmid Miniprep Il Kit
(Zymo Research, Irvine) and correct integration of NAT1 at the BamHI restriction site

was verified by PCR.

To generate plasmid pMHO06, the NAT1 marker was amplified from plasmid pNAT using
primers “Xmal_YEp24 H+AdapN/F” and “Xmal_YEp24 H+AdapN/R”. An aliquot of
plasmid YEp24 was then digested with Xmal, and digest products were transformed
alongside the NAT1 PCR product into the Saccharomyces cerevisiae strain BJ8918 with
selection on synthetic media lacking uracil to allow for gap repair of the digested YEp24

vector with the NAT1 PCR product. The resulting vector was recovered from Ura+
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transformants using a Zymoprep Yeast Plasmid Miniprep Il Kit and correct integration of

NAT1 at the Xmal restriction site was verified by PCR.

Auxotrophic Strain Construction

To increase the number of available markers, HIS1 was deleted in strains P76067,
P57055, P87, P75010, and SC5314 using the transient CRISPR-Cas9 system [37].
Each strain was transformed with approximately 1 ug Cas9 DNA cassette, 1 ug CaHIS1
sgRNA DNA cassette, and 3 ug his1A::rSNAT1r3 repair template. The Cas9 DNA
cassette was amplified by PCR from plasmid pV1093 as previously described [37,39].
The CaHIS1 sgRNA DNA cassette was generated using split-joint PCR using previously
described protocols with the primers “CaHIS1 sgRNA/F” and “CaHIS1 SNR52/R” [37].
The his1A::r3BNAT1r3 repair template was constructed in two sections using previously
described protocols [35]. The first section was amplified from plasmid pMHO05 using
primers “HIS1 del rINATrBamHI/F” and “NAT1 CRIME/R”. The second section was
amplified from plasmid pMHO06 using primers “NAT1 CRIME/F” and “HIS1 del
rNATrXmal/R”. Recombination between these two sections yields the full length

his1A::r3NAT1r3 repair template following transformation.

Transformants were selected for nourseothricin resistance, and subsequently replica
plated onto CSM lacking histidine to screen for a His- phenotype. Deletion of HIS1 in
candidate transformants was verified by PCR from genomic DNA using primers

“CaHIS1 Check/F” and “CaHIS1 Check Int/R” for absence of the HIS1 ORF, and using
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primers “CaHIS1 Check/F” and “NAT1 Check/R” for presence of the NAT1 marker at the

his1A locus.

Transcription Factor Mutant Strain Construction

To delete BCR1, the hisl1A strains of each background were transformed with
approximately 1 ug Cas9 DNA cassette, 1 yg BCR1-2 sgRNA DNA cassette, 1 g
NAT1-2 sgRNA DNA cassette, and 3 ug ber1A::r1HIS1r1 repair template. Inclusion of
the NAT1-2 sgRNA DNA cassette targets a Cas9 mediated double stranded break to
the repeat flanked NAT1 marker at the his1A::r3NAT1r3 locus. The segment of vector
YEp24 backbone between BamHI and Xmal constitutes the repeats flanking the NAT1
marker. We refer to these repeats as “r3”. The BCR1-2 sgRNA DNA cassette was
generated using split-joint PCR with the primers “sgRNA/F BCR1-2” and “SNR52/R
BCR1-2". The NAT1-2 sgRNA DNA cassette was generated using split-joint PCR with
the primers “sgRNA/F NAT1-2” and “SNR52/R NAT1-2". The bcr1A::r1HIS1r1 repair
template was generated in two parts. The first was amplified from plasmid pMHO1 using
primers “HIS1 CRIME/F” and “BCR1 del Kpnl-rHIS1r/R”, and the second was amplified

from plasmid pMHO2 using primers “BCR1 del Sapl-rHIS1r/F” and “HIS1 CRIME/R”.

Recombination between the direct repeats excises the marker, rendering the strain
nourseothricin sensitive and leaving only a single copy of the repeat (r3) at the recycled
locus [35]. Transformants were selected on CSM medium lacking histidine, and replica

plated onto YPD + nourseothricin plates to screen for nourseothricin sensitivity.
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Candidate colonies were further genotyped by PCR using primers “BCR1 check up/F”
and “BCR1 check int/R” for absence of the BCR1 ORF, and using primers “BCR1 check

up/F” and “CdHIS1 Check Int/R” for presence of the HIS1 marker at the bcrlA locus.

To delete UMESG, the his1A strains of each background were transformed with
approximately 1 uyg Cas9 DNA cassette, 1 yg UMEG6 sgRNA DNA cassette, 1 ug NAT1-
2 sgRNA DNA cassette, and 3 ug ume6A::r1HIS1r1 repair template. The UME6 sgRNA
DNA cassette was generated using split-joint PCR with the primers “sgRNA/F UMEG”
and “SNR52/R UMEG6”. The ume6A::r1HIS1r1 repair template was generated in two
parts. The first was amplified from plasmid pMHO1 using primers “HIS1 CRIME/F” and
“‘UMEG del Kpnl-rHIS1r/R”, and the second was amplified from plasmid pMHO02 using
primers “UMEG del Sapl-rHIS1r/F” and “HIS1 CRIME/R”. Transformants were selected
on CSM media lacking histidine, and replica plated onto YPD + nourseothricin plates to
screen for nourseothricin sensitivity. Candidate colonies were further genotyped by PCR
using primers “UMEG6 check up/F” and “UMEG6 check int/R” for absence of the UME6
ORF, and using primers “UMEG6 check up/F” and “CdHIS1 Check Int/R” for presence of

the HIS1 marker at the ume6A locus.

To delete BRG1, the his1A strains of each background were transformed with
approximately 1 ug Cas9 DNA cassette, 1 yg BRG1 sgRNA DNA cassette, 1 ug NAT1-
2 sgRNA DNA cassette, and 3 ug brg1A::r1HIS1r1 repair template. The BRG1 sgRNA
DNA cassette was generated using split-joint PCR with the primers “sgRNA/F BRG1”

and “SNR52/R BRG1”. The brg1A::r1HIS1r1 repair template was generated in two
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parts. The first was amplified from plasmid pMHO1 using primers “HIS1 CRIME/F” and
“‘BRG1 del rHISr-Kpnl/R”, and the second was amplified from plasmid pMHO02 using
primers “BRG1 del rHISr-Sapl/F” and “HIS1 CRIME/R”. Transformants were selected on
CSM media lacking histidine, and replica plated onto YPD + nourseothricin plates to
screen for nourseothricin sensitivity. Candidate colonies were further genotyped by PCR
using primers “BRG1 check up/F” and “BRG1 check int/R” for absence of the BRG1
ORF, and using primers “BRG1 check up/F” and “CdHIS1 Check Int/R” for presence of

the HIS1 marker at the brg1A locus.

Transformations to delete BRGL1 yielded no colonies in the P87 background using this
method. To isolate brglA mutants in this background, a repair template with extended
homology was employed. This cassette was generated in two pieces, using PCR from
the genomic DNA of an SC5314 brglA::r1HIS1rl strain. Primers “BRG1 FarUp/F” with
“‘HIS1 CRIME/R” were used for the first piece, and “HIS1 CRIME/F” and “BRG1

FarDown/R” were used for the second piece.

To delete EFG1, the hislA strains of each background were transformed with
approximately 1 ug Cas9 DNA cassette, 1 ug EFG1-2 sgRNA DNA cassette, 1 ug
NAT1-2 sgRNA DNA cassette, and 3 ug efg1A::r1HIS1r1 repair template. The EFG1
SgRNA DNA cassette was generated using split-joint PCR with the primers “sgRNA/F
EFG1” and “SNR52/R EFG1”. The efg1A::r1HIS1r1 repair template was generated in
two parts. The first was amplified from plasmid pMHO1 using primers “HIS1 CRIME/F”

and “EFG1 del rHIS1r-Kpnl/R”, and the second was amplified from plasmid pMH02
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using primers “EFG1 del rHIS1r-Sapl/F” and “HIS1 CRIME/R”. Transformants were
selected on CSM media lacking histidine, and replica plated onto YPD + nourseothricin
plates to screen for nourseothricin sensitivity. Candidate colonies were further
genotyped by PCR using primers “EFG1 check up/F” and “EFG1 check int/R” for
absence of the EFG1 ORF, and using primers “EFG1 check up/F” and “CdHIS1 Check

Int/R” for presence of the HIS1 marker at the efglA locus.

To generate strains overexpressing BRG1, a NAT1-pTDH3 cassette containing flanking
homology to the BRG1 upstream region was amplified using primers “BRG1 OE/F” and
“‘BRG1 OE/R” from plasmid CJN542 [40]. The P57055 WT and P57055 bcr1A mutant
were then transformed with 3 ug of this NAT1-pTDHS3 cassette, 1 ug of Cas9, and 1 ug
of P-BRG1 sgRNA DNA cassette. The P-BRG1 sgRNA cassette was generated using
split-joint PCR with primers “sgRNA/F P-BRG1” and “SNR52/R P-BRG1".
Transformants were selected on YPD + nourseothricin plates for the resistant
phenotype, and were genotyped by PCR using primers “BRG1 Check Up/F” and “BRG1
Check Int/R” for the presence of one copy of the native BRG1 promoter, and “NAT1
CRIME/F” and “BRG1 Check Int/R” for presence of the NAT1-pTDH3 cassette in the

BRG1 promoter region.

Reconstituted Strain Construction
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To validate the construction of our TF deletion mutants, we reintroduced a copy of the
SC5314 allele of each TF at the TF deletion locus using our concatemer assembly

method [41].

A BCRL1 cassette was amplified from SC5314 genomic DNA using primers “BCR1
check up/F” and “BCR1 3'R->pNAT 5'/R”, containing concatenating homology to a
NAT1 marker. The SC5314 BCR1 allelic segment amplified by these primers contains
277 bp of the BCR1 upstream region and 399 bp of the BCR1 downstream region. A
NAT1 marker was then amplified from pNAT using “pNAT for adap/F” and “pNAT 3'R-
>BCR1down/R”. As no colonies were recovered from the P75010 using these
cassettes, A NAT1 marker with extended homology was amplified from strain MH351

gDNA using “pNAT for adap/F” and “BCR1 fardown/R”.

A UMES®6 cassette was amplified from plasmid pSG1-UMEG6 (provided by K. Lagree)
containing a SC5314 UMESG allele using primers “UME6 Check Up/F” and “UME6 3'R-
>pNAT 5'/R”, containing concatenating homology to a NAT1 marker. The SC5314
UMES® allelic segment amplified by these primers contains 403 bp of the UMEG6
upstream region and 399 of the UME6 downstream region. A NAT1 marker was then

amplified from pNAT using “pNAT for adap/F” and “pNAT 3’'R->UME6down/R”.

A BRG1 cassette was amplified from plasmid pCW1071 containing a SC5314 BRG1
allele using primers “BRG1 Check Up/F” and “BRG1 3’R->pNAT 5’/R”, containing

concatenating homology to a NAT1 marker. The SC5314 BRG1 allelic segment
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amplified by these primers contains 407 bp of the BRG1 upstream region and 400 bp of
the BRG1 downstream region. A NAT1 marker was then amplified from pNAT using

“‘PNAT for adap/F” and “pNAT 3’'R->BRG1down/R”.

An EFG1 cassette was amplified from plasmid pCW861 containing a SC5314 EFG1
allele using primers “EFG1 Check Up/F” and “EFG1 3'R->pNAT &’/R”, containing
concatenating homology to a NAT1 marker. The SC5314 EFGL1 allelic segment
amplified by these primers contains 153 bp of the EFG1 upstream region and 401 bp of
the EFG1 downstream region. A NAT1 marker was then amplified from pNAT using

“‘PNAT for adap/F” and “pNAT 3’'R->EFG1down/R”.

The TF-containing cassette and corresponding NAT1 marker were transformed into the
respective TF deletion mutant in all clinical isolate backgrounds, with approximately 2
Mg of the TF-containing cassette, 2 ug of the NAT1 marker cassette, 1 ug of Cas9, and
1 ug of r1 sgRNA DNA cassette. The r1 sgRNA DNA cassette was generated using
split-joint PCR with primers “sgRNA/F r1” and “SNR52/R r1”. Heterozygosity or
homozygosity at the edited TF locus was determined using the presence or absence of
an rl scar [35,41] using PCR genotyping with the corresponding “TF Check Up/F” and

“r1 check int/R” primers.

BRG1 Ectopic Expression Strain Construction
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To construct BRG1 ectopic expression strains, we replaced the MDR1 ORF with varying

BRG1 alleles using our concatemer assembly method [41].

A cassette containing 1642 bp of BRG1 upstream sequence, the BRG1 ORF and 712
bp of BRG1 downstream sequence was amplified from SC5314 genomic DNA using
primers “BRG1 1641 5’F->MDR1 up/F” and “BRG1 712 3’'R->pNAT 5’/R”, containing
concatenating homology to a NAT1 marker. A NAT1 marker was then amplified from
pNAT using “pNAT for adap/F” and “pNAT 3’R->MDR1 down/R”. The same process

was performed with P57055 genomic DNA.

The BRG15¢%314 or BRG1P570% containing cassettes and NAT1 marker cassette were
transformed alongside Cas9 and MDR1 sgRNA DNA cassettes into the P57055
bcrlA/A mutant and P57055 brg1lA/A mutant strains. Approximately 2 ug of the BRG1
containing cassette, 2 ug of the NAT1 marker cassette, 1 ug of Cas9, and 1 ug of
MDR1 sgRNA DNA cassette were included in each transformation mix. The MDR1
SgRNA DNA cassette was generated using split-joint PCR with primers “sgRNA/F
MDR1-5” and “SNR52/R MDR1-5". Integration of either BRG1 allele at the MDR1 locus
was determined using PCR genotyping with the primers “MDR1 check up/F” and “BRG1
check int/R”. Heterozygosity or homozygosity of BRG1 integration was determined
using PCR genotyping with the primers with the primers “MDR1 check up/F” and “MDR1

check int/R”.

Biofilm Growth and Imaging
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To assay biofilm formation, strains were inoculated to an ODeoo of 0.5 from overnight
cultures into 2 ml of RPMI + 10% serum containing a 1.5 cm x 1.5 cm silicone square
(Bentec Medical Inc., Woodland) in the wells of an untreated 12 well plate. The cells
were then incubated in an incubator shaker at 37°C for 90 minutes with mild shaking (60
rpm) to allow for adherence to the silicone square, and following initial adhesion, were
washed of non-adherent cells by brief immersion in 2 ml PBS then reintroduced into a
new well containing fresh 2 ml of RPMI + 10% serum. Biofilms were then allowed to
grow for 24 hours in an incubator shaker at 37°C with mild shaking (60 rpm), before
being washed of media and fixed for one hour using a solution of 4% formaldehyde and

2.5% glutaraldehyde in PBS.

Silicone squares from biofilm assays that were not fixed for confocal imaging were
soaked in distilled water and agitated to remove the bulk of any adherent biofilm
material. Several passes of scrubbing then rinsing in distilled water were then used to
remove any remaining adherent material. Silicone squares were then subsequently
dried and autoclaved for re-use. To ensure reproducibility, recycled squares were used

in all assays in the P57055 background.

Fixed biofilms were stained overnight with Concanavalin A, Alexa Fluor 594 conjugate
(Life Technologies) diluted to 25 ug/ml in PBS. Biofilms were then washed once more in
PBS to remove any excess dye, then transferred to glass scintillation vials and index

matched through subsequent passages through 100% methanol, 50:50 methanol and
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methyl salicylate solution, and 100% methyl salicylate. Biofilms were then imaged using
a slit-scan confocal optical unit on a Zeiss Axiovert 200 microscope with a Zeiss
40x/0.85 NA oil immersion objective. The index matching and imaging are described in

greater detail by Lagree et al. [42].

Hyphal Induction Assays and Imaging

To assay hyphal formation, strains were inoculated to an ODsoo of 0.5 from overnight
cultures into 5 ml of RPMI + 10% serum in glass test tubes. Cells were then grown for 4
hours at 37°C in a roller drum for vigorous agitation. Cells were then collected by
centrifugation and fixed with 4% formaldehyde for 15 minutes. Fixed cells were then
washed twice in PBS and stained with Calcofluor-white. Stained cells were then imaged
using a slit-scan confocal optical unit on a Zeiss Axiovert 200 microscope with a Zeiss
C-Apochromat 40x/1.2 NA water immersion objective. Results were then quantified
using two metrics: length of hyphal units and ratio of hyphal units to yeast cells. To
guantify the length of hyphal units, the distances between septa on hyphae were
measured using ImageJ. At least 50 inter-septal distance measurements were taken
from 3 separate 112 um x 83.5 um fields of view. Hyphal units and yeast cells were then

counted using the same fields of view to obtain the ratio of hyphal units to yeast cells.

RNA extraction and Nanostring
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For all RNA extractions, strains were inoculated from overnight cultures into 25 ml of
RPMI + 10% serum to an ODsoo of 0.2. Cells were then grown for 4 hours with vigorous
shaking (225 rpm) in an incubator shaker then harvested by vacuum filtration and
quickly frozen at -80°C until RNA extraction. Three cultures of each strain were grown to

provide three biological replicates for Nanostring and RNA-Seq experiments.

RNA extraction and NanoString analysis was performed according to previously
published methods [43]. Cell disruption was achieved mechanically using Zirconia
beads (Ambion, Fisher Scientific, Waltham), and extraction was performed using a
25:24:1 phenol:chloroform:isoamyl alcohol method combined with a Qiagen RNeasy
Mini Kit (Qiagen, Venlo, Netherlands). 25 ng of extracted RNA was added to a
nanoString codeset mix and incubated at 65°C for 18 hours, before further binding and
washing on a nanoString nCounter Prep Station and scanning on an nCounter digital
analyzer. Raw counts were normalized against average total counts with background
subtraction. Statistical significance in differential expression was assessed using the

Benjamini-Hochberg procedure at a FDR of 0.1.

RNA-Seq

RNA-Seq was performed on the same RNA samples prepared for Nanostring. Five
micrograms of total RNA was incubated with 2 units of TurboDNAse (Invitrogen) in a 50
ul reaction for 15 minutes at 37 degrees C. The RNA was purified acid phenol-

chloroform extraction, and the supernatant containing the RNA was purified over a
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column and eluted into 15 ul of nuclease free water. Two micrograms of total RNA was
used as input for the Lexogen mRNA sense kit v2. The kit was used according to the
manufacturer’s instructions for shorter amplicons. Eleven cycles of PCR were
performed, incorporating unique barcode indices on each library. The resulting thirty
libraries were pooled evenly and subjected to one lane of lllumina sequencing

(Novogene), resulting in an average of 16 million reads per library.

Raw fastqg reads were trimmed using cutadapt (v 1.9.1) (DOI:

https://doi.org/10.14806/ej.17.1.200), with options “-m 42 -a AGATCGGAAGAGC” to

remove lllumina 3’ adapter sequence and “-u 10 -u -6” to remove the Lexogen random
priming sequences, according to the Lexogen’s instructions. Trimmed reads were
mapped using tophat (v 2.0.8) [44] with options “—no-novel-juncs” and “-G” to align to
the C. albicans SC5314 reference genome assembly 22 annotation gff file. Primary
alignments were selected using samtools (v 0.1.18) [45] with options “view -h -F 256”.
Gene counts were created using “coverageBed” from bedtools (v 2.17.0) [46] with
option “-S” to count stranded alignments (as Lexogen reads are reverse complement).
The SC5314 release 22 is a phased diploid assembly. RNA-Seq reads mapped to the
two alleles of each gene were combined for further analysis. Differential expression was
assessed using DEseqg2 (v 1.22.1) [47] in R (v 3.5.1) using default options (alpha =

0.05).

Software
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Images were compiled and any adjustments were performed in ImageJ [48]. Single
guide RNA sequences were checked for specificity using Cas-OFFinder software [49].
Network graphs were constructed using Cytoscape software [50]. Analyses were
performed with Graphpad Prism version 8.00 (Graphpad Software, Inc., La Jolla). Venn
diagrams were constructed using Venn Diagrams software

(http://bioinformatics.psb.ugent.be/webtools/Venn/).
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FIGURE LEGENDS, CHAPTER 4

Figure 1. Biofilm side-view projections. Wild-type and mutant strains in each clinical
isolate background were assayed for biofilm formation under in vitro conditions. All
strains were grown on silicone squares in RPMI + 10% serum at 37°C for 24 hours.
Fixed biofilms were stained using Concanavalin A, Alexa Fluor 594 conjugate, then
imaged by confocal microscopy. Representative sections from each biofilm are shown;
relevant genotypes are given beneath each column. Scale bars indicate the depth of the
corresponding wild-type biofilm. Strain backgrounds: A. SC5314. B. P76067. C.

P57055. D. P87. E. P75010.

Figure 2. Biofilm apical-view projections. Apical views of representative sections
from each clinical isolate and mutant biofilm are shown. Relevant genotypes are given
beneath each column. White scale bars in each panel are 20um in length. Projections
were generated with the same datasets used in Figure 1. Strain backgrounds: A.

SC5314. B. P76067. C. P57055. D. P87. E. P75010.

Figure 3. Filamentation assays. Wild-type and mutant strains of each background
were assayed for filamentation under planktonic growth conditions. Strains were grown
in RPMI + 10% serum at 37°C for 4 hours with shaking. Fixed cells were stained with
Calcofluor-white for confocal microscopy. White scale bars in each panel are 20um in

length. Strain backgrounds: A. SC5314. B. P76067. C. P57055. D. P87. E. P75010.
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Figure 4. Variation in the C. albicans biofilm/hyphal regulatory network. Network
diagrams are presented for each clinical isolate as well as for features shared among
them ("Common"). Nodes represent genes analyzed by Nanostring, with white denoting
the four TF genes, and blue and teal denoting prospective target genes. Node positions
are identical across network graphs. The teal color indicates that the gene is annotated
for function in biofilm or hyphal formation. A significant gene expression alteration by a
TF gene mutation is denoted by an edge between two nodes; a dot on an edge
indicates the connected TF was reported to bind in the upstream region of the target
gene [16,23]. A significant gene expression alteration was defined as a two-fold
difference in mMRNA level difference between mutant and wild type, and a significant
difference in mean mRNA Nanostring counts between mutant and wild type (Benjamini-
Hochberg step-up procedure, FDR = 0.1). Three biological replicates were analyzed

using Nanostring for all strains.

Figure 5. Range of TF mutant gene expression impact. Fold-change values are
plotted for RNAs from the CHT2, SOD5, BRG1, and UMEG6 genes in each TF mutant in
all five strain backgrounds. Three biological replicates were analyzed using Nanostring

for all strains. Data are extracted from S1 Table.

Figure 6. Genome-wide Efgl regulons. Global expression was assayed using RNA-
Seq. Three biological replicates were analyzed for each efglA/A mutant and clinical
isolate. Fold change values were determined using DeSeq2. A. Heatmap depicting log2

fold change in gene expression. Upper (Yellow) and lower bounds (Blue) correspond to
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a log2 fold change value of 2 and -2 respectively. Sections labeled glycolysis and
biofilm are enriched for genes annotated for roles in glycolysis and biofilm formation
respectively. B. Venn diagrams depicting intersection of genes dependent upon EFG1
in each clinical isolate background. We considered all genes that were significantly
differentially expressed (p<0.05, Benjamini-Hochberg adjustment), and had at least a 2
fold difference in expression between efglA/A mutant and wild type. C. Heatmap
depicting p-values from GO term analysis of sets of genes that had significantly lower
expression in the efg1A/A mutant vs matched wild type. The analyzed sets were the set
of genes dependent upon SC5134, P76067, P57055, P87, and P75010, the set of
genes common to all 5 clinical isolates (SC5134 N P76067 N P57055 N P87 N
P75010), and the set of genes common to all clinical isolates except P76067 (SC5134
N P57055 N P87 N P75010 - P76067). Upper (white) and lower bounds (dark blue)

corresponding to a log10 P-value of 0 and -8 respectively.

Figure 7. Impact of constitutive BRG1 expression in a Bcrl-dependent strain
background. Parental BRG1/BRGL1 strains and derived BRG1/TDH3-BRG1 were
assayed for planktonic hyphal formation and biofilm production in RPMI + 10% serum at
37°C. Planktonic cultures were grown for 4 hours, and biofilm cultures were grown for
24 hours. A. Fold change in expression of BRG1 mRNA analyzed by Nanostring.
Values shown are mean (SD). Significance is indicated above horizontal bars (Tukey-
Kramer test; “***” P < 0.0001). Three biological replicates were analyzed. B. Hyphal
length and hypha to yeast ratios were quantified in planktonic culture samples. Values

shown are mean (SD). Three technical replicates were performed for each strain. Pairs
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of means connected by a horizontal bar are significantly different (Tukey-Kramer test;
7 P <0.05; “**", P <0.01; “***”/ P<0.0001); all unconnected pairs are not significantly
different. C. Side-view projections of biofilms stained with ConA-Alexafluor 594
conjugate. Scale bar on left indicates depth of wild-type biofilm. D. Images of planktonic
culture samples stained with Calcofluor-white. White scale bars in each panel are 20um

in length.

SUPPLEMENTARY FIGURES

S1 Figure. Depth of biofilms formed by C. albicans clinical isolates.

Biofilm depth was quantified from the indicated clinical isolate strains on silicone
squares in RPMI + 10% serum at 37°C for 24 hours. Three biological replicates were
analyzed for each clinical isolate. Measurements were taken from several positions on
each biofilm by confocal microscopy. Values shown are mean depth (SD). Comparisons
between isolate biofilm depths were significant (Tukey-Kramer test, P<0.05) except

those indicated by a horizontal bar.

S2 Figure. Quantification of clinical isolate filamentation

Filamentation capacities of clinical isolate wild-type strains were quantified following
hyphal induction. Three technical replicates were performed for each strain. A. Boxplots
of the distribution of hyphal unit lengths measured from the indicated clinical isolate
background. Whiskers are 1.51QR. Significant differences in mean hyphal unit length

between isolates are indicated (Tukey-Kramer test, ***, P<0.001; **** P<0.0001). B.
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Ratio of observed hyphal units to yeast cells in the indicated clinical isolate background.
Values are mean (SD). Significant differences in mean hyphal unit : yeast cell ratios are

indicated (Tukey-Kramer test, *, P<0.05; **, P<0.01; **** P<0.0001).

S3 Figure. Quantification of clinical isolate TF mutant filamentation

Filamentation capacities of clinical isolate TF mutant strains were quantified following
hyphal induction. Three technical replicates were performed for each strain. Top Panel:
Boxplots of the distribution of hyphal unit lengths measured from the indicated mutant
and clinical isolate background. Whiskers are 1.5IQR. Significance of the difference in
mean hyphal unit length between mutant and wild type of the same clinical isolate
background is indicated above each value (Dunnett test; *, P<0.05; **, P<0.01; n.s., not
significant). Strains in which hyphae were not detected are marked n/a. Bottom Panel:
Ratio of observed hyphal units to yeast cells in the indicated mutant and clinical isolate
background. Values are mean (SD). Significance of the differences in mean hyphal

unit : yeast cell ratios between mutant and wild type of the same clinical isolate
background is indicated above each value (Dunnett test; *, P<0.05; **, P<0.01; n.s., not

significant). Strains in which hyphae were not detected are marked n/a.

S4 Figure. Hyphal formation by reconstituted strains.

To validate TF mutant strain filamentation phenotypes, BCR1, UME6, BRG1, and EFG1
alleles from SC5314 were reconstituted in the corresponding transcription factor
mutants in all clinical isolates using our concatemer assembly method [41]. The

resultant validation strains were grown in RPMI + 10% serum at 37°C for 4 hours with
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shaking alongside wild-type and efg1A/A mutant strains in the corresponding clinical
isolate backgrounds. Fixed cells were stained with Calcofluor-white and imaged using
confocal microscopy. For efglA/A and brglA/A mutant strains, filamentation in
homozygous validation strains is shown. For ume6A/A mutant validation strains,
filamentation in heterozygous validation strains are depicted. For bcrlA/A mutant
strains, filamentation in heterozygous validation strains are depicted, except for P75010
in which only homozygous transformants were recovered. Images for bcrlA/A, brglA/A,
and ume6A/A mutant strains are taken from Figure 3 for visual reference. White scale

bars in each panel are 20 pm in length.

S5 Figure. Quantification of filamentation in P75010 expressing EFG1 or BRG1
alleles from SC5314

P75010 wild-type and P75010 background strains expressing EFG1 or BRG1 alleles
from SC5314 were quantified following hyphal induction. Three technical replicates
were performed for each strain. Left Panel: Boxplots of the distribution of hyphal unit
lengths. Whiskers are 1.51QR. Significance of the difference in mean hyphal unit length
is indicated for each background (Dunnett test; ns, not significant; *, P < 0.05). Bottom
Panel: Ratio of observed hyphal units to yeast cells. Values are mean (SD).
Significance of the differences in mean hyphal unit : yeast cell ratios are indicated for

each background (Bonferroni test; **, P < 0.01; **** P < 0.0001).

S6 Figure. Heatmap of glycolytic process gene expression.
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Heatmap depicts log2 fold change in expression of genes with “glycolytic process” GO
annotation. Sample and gene orders reflect hierarchical clustering of gene expression
data, with average linkage clustering based on Manhattan distance. Upper (Yellow) and

lower bounds (Blue) correspond to a log2 fold change value of 2 and -2 respectively.

S7 Figure. Hyphal formation of BRG1 ectopic expression strains.

Wild-type and BRG1 ectopic expression strains in the P57055 background were
assayed for filamentation under planktonic growth conditions. Strains were grown in
RPMI + 10% serum at 37°C for 4 hours with shaking. Fixed cells were stained with
Calcofluor-white for confocal microscopy. White scale bars in each panel are 20um in
length. A. Filamentation in wild-type, brg1lA/A, brglA/A
mdrlA::BRG1SC5314/mdr1A::BRG1S¢5314, and brglA/A
mdr1A::BRG1P57055/mdr1A::BRG1P5705 strains. B. Filamentation in berlA/A and berlA/A
strains expressing BRG15¢5314 or BRG1P570%5, Strains carrying one (heterozygous
expression) or two (homozygous expression) copies of BRGL1 alleles from either

background were assayed. Two independent isolates are depicted for each case.
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FIGURES, CHAPTER 4
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S3 Figure
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S4 Figure
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S7 Figure
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TABLES, CHAPTER 4

Table 1. Affected genes in each strain background

Mutant SC5314 | P76067 | P57055 | P87 P75010 | Common
becrlA/A | 23 33 58 46 57 12
ume6A/A | 18 25 34 18 15 0
brglA/A | 69 35 34 27 34 11
efglA/A | 114 56 70 79 56 28

Gene counts are based on Nanostring data (Supplementary Table S1) with a fold-
change >2 and FDR=0.1. Common genes are those shared among all five strain

backgrounds for each TF mutant.
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Table 2. Efgl-regulated genes in each strain background

Number of
genes

SC5314

P76067

P57055

P87

P75010

Common

Efgl-
repressed

327

210

284

243

252

39

Efgl-
activated

536

312

352

541

445

138

Total
Efgl-
responsive

863

522

636

784

697

177

Found by
ChIP-ChIP
or ChlP-
Seq

137

114

117

133

124

42

Gene counts are based on RNA-Seq data (Supplemental Table S3) with a fold-change

>2 and padj < 0.5. Common genes are those shared among all five strain backgrounds.
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Chapter 5: Further analyses in circuit diversification and

regulatory network core targets
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INTRODUCTION

The measure of a transcriptional response or regulatory network’s functional
relationship with a phenotype is commonly prioritized by investigators into a “core”
response or network. These genes may be categorized by effect size on a phenotype or
by clearest functional impact, such as in the Boyle “omnigenic” model of complex traits
(1). This definition provides an important framework for understanding natural variation.
Boyle and colleagues suggest that phenotypic variation of traits coordinated by highly
interconnected regulatory networks may occur by variation in peripheral genes that

affect regulation or function of core genes (1).

In C. albicans, modeling of the filamentation network has previously suggested that
regulatory pathways converge on a core set of functional effectors (2,3). Previous
analysis of the transcription factors BCR1, TEC1, NDT80, EFG1, ROB1, and BRG1,
identified a set of 19 genes whose expression was regulated by all 6 transcription
factors (4). Of these 19 genes, 8 were consistently expressed at lower levels in each of
the 6 transcription factor mutants compared to wild type (4). These were ALS1, TPO4,

orf19.3337, orf19.4000, EHT1, HYR1, HWP1, and CAN2 (4).

Martin and colleagues defined an environmental condition-independent core
transcriptional filamentation response by correlation-based network modeling. They

examined transcriptional profiles in three different filament inducing media conditions,

157



as well as across 4 time points (2). Differentially regulated genes were organized into
networks based on highest pearson correlation coefficients, revealing an early and late
filamentation network (2). The combination of these two networks revealed an eight
member set of genes consistently highly expressed throughout the filamentation
process, comprised of ALS3, DCK1, ECE1, HGTZ2, IHD1, HWP1, RBT1, and orf19.2457
(2). These genes are known to express cell wall or cell membrane proteins, excepting
orf19.2457 whose function and cellular component is unknown. Azadmanesh and
colleagues also defined a core transcriptional filamentation response, and identified in
total 129 genes upregulated and 15 genes downregulated during filamentation across 8

different filament-inducing conditions, including both solid as well as liquid conditions

3).

While these approaches have defined core networks that isolate environmental effects
on phenotypic variation, a core transcriptional network has not yet been defined to
address genetic background effects on phenotypic variation. We previously examined a
5-strain common set of efgl regulated targets using RNA-seq and identified 177 target
genes which were differentially regulated across all strains. Herein we expand that
approach to three additional regulators, and define a set of 28 targets which are
differentially expressed in filamentation defective mutant strains. These targets are
enriched for biofilm and filamentation process annotated genes, but also contain a large
number of uncharacterized targets. We examine these uncharacterized targets for

function in filamentation in liquid and solid media conditions across three strains, two
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strong biofilm formers and one moderate biofilm former. Our analysis reveals a number

of novel functional targets required for filamentation processes.
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RESULTS

Circuit Diversification in Biofilm Regulators

Using the clinical isolates P76067, P57055, P87, and P75010, as well as the common
lab strain SC5314, we previously identified widespread circuit diversification in the C.
albicans biofilm regulatory networks under the control of the transcription factors Efg1l,
Brgl, Ume6, and Bcrl (See Chapter 4). To identify core targets of these regulatory
networks, we extended our analysis genome-wide using RNA-seq. All genes with a fold
change in expression greater than 2 and an adjusted p-value less than 0.05 between
regulator mutant and associated wild type strain were considered differentially
expressed and target genes of that regulator in the given background. Three biological

replicates for each transcription factor mutant were analyzed.

The individual target sizes ranged from 327 to 724 for Brgl, 263 to 508 targets for Bcrl,
and 152 to 569 targets for Ume6 (Table 1). However, we identified 1578 total unique
target genes regulated by Brgl in at least one of five isolates, 1097 total unique target
genes regulated by Ume6 in at least one of five isolates, and 1538 total target genes
regulated by Bcrl in at least one of five isolates (Table 2). For comparison, 1546 total
unique target genes were previously found to be regulated by Efgl in at least one
isolate. Furthermore, less than nearly a quarter of targets found in any one clinical
isolate background were common across all backgrounds for any transcription factor

(Table 1). These observations are consistent with our previous findings for Efgl, and
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highlight the ubiquity of circuit diversification in C. albicans biofilm regulatory networks

(Figure 1).

We previously found that both bcrl mutants and ume6 mutants were defective in biofilm
formation only in some clinical isolate backgrounds. Correspondingly, common targets
of Ume6 and Bcrl were not enriched for GO annotated genes involved in biofilm
formation processes. Several cell wall genes, including the major adhesin ALS3 were
among core targets of Bcrl, demonstrating a conserved role for Berl. Ume6 mutants
showed the greatest defect in filamentation formation in the P57055, P76067, P75010
backgrounds, and 6 targets were common to these three strains, but not to SC5314 or
P87 (Figure 2). These included ALS3 in addition to HGC1, which has been shown to
play critical roles in filamentation and biofilm formation. We previously demonstrated
that brgl mutants were defective in filamentation and biofilm formation across all
strains. As expected, Brgl common targets were enriched only for GO annotated genes
involved in both biofilm formation and adhesion, and included well known genes such as

ALS3, HWP1, HYR1, SAP5, SAP6, HGC1, and YWP1.

Network Modeling

We hypothesized that differential regulation of target genes across backgrounds might
occur indirectly through other transcription factors. This was previously shown to
underlie differences in bcrl mutant phenotypes through BCR1->BRGL1 circuit
diversification. Candida biofilm regulatory networks show properties characteristic of
small-world networks, which are highly connected and efficient in signal propagation.

However, the connectivity of such networks also suggests fragility, as perturbations will
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similarly propagate efficiently through a network, potentially by connections to other

transcription factors.

To estimate the proportion of circuit diversification connected through differential
regulation of other transcription factors, we analyzed our RNA-seq using a method
modified from the Martin and colleagues network modeling protocol (2). We
conservatively identified a total of 150 unique genes annotated as transcription factors
manually or by high-throughput experiments on the Candida Genome Database (GOID:
0043565 and 0003700) (5). A total of 55 other transcription factors were differentially
expressed across all five isolates in brgl mutants, 41 in efgl mutants, 52 in bcrl

mutants, and 31 in ume6 mutants (Table 3).

We examined the correlation or anticorrelation (referred to simply as correlation)
between transcription factor genes and target genes across all 20 conditions (4
transcription factor mutants in 5 backgrounds). For the four master transcription factors
(EFG1, BRG1, UME6, BCR1), correlation with target genes was only considered in the
15 conditions where that transcription factor had not been deleted. Pairwise Pearson
correlation coefficients between all regulated transcription factors and regulated target
genes were calculated using the Scipy package (v1.3.2) in Python (v3.7.4). We
considered all transcription factor - target gene pairs with a score above 0.75 or below -
0.75, corresponding to a maximum p-value of 0.0013. For each transcription factor, a
significant proportion of the total unique regulated elements were strongly correlated or

anticorrelated with the expression of another regulated transcription factor (Table 2).
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More than half of the transcription factors differentially expressed in our master biofilm
regulator mutants were annotated for roles in flamentation and biofilm formation. These
included well known transcription factors such as TEC1, NRG1, NDT80, ROB1, and
CPHL1. Correlations between transcription factors and target genes did not appear to
simply reflect an underlying global correlation with filamentation outcomes. While some
overlap was observed between genes correlated with biofilm-annotated transcription
factors, the correlated gene sets were largely disjoint. For example, the known biofilm
regulators BRG1, ROB1, and TEC1 were all differentially expressed in some efgl
mutants. Of all Efgl regulated target genes, 130 correlated with BRG1 expression
levels, 34 correlated with ROB1 expression levels, and 79 correlated with TEC1
expression levels. The overlap between all three sets of correlated genes was limited to

5 genes (Figure 3).

Known targets were found between tightly correlated regulators and target genes.
CPH2 is known to directly regulate TEC1 expression (6). We observed that TEC1 was
highly correlated with CPH2 expression, and jointly found among BCR1 and EFG1
regulated targets. Functional relationships were also recapitulated in the correlation
data. Of the genes differentially expressed in bcrl mutants, 103 were strongly
correlated with BRG1 expression, including many biofilm annotated genes (p =
0.00019). We furthermore identified that 64 of these 103 target genes were also
differentially expressed in at least one brgl mutant. The distribution of target genes
correlated with regulated transcription factors for each master regulator are shown in
Figure 4. While it remains unclear if or how the correlated targets are truly affected by

changes to other transcription factors, these observations illustrate a potential
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mechanism for circuit diversification through interactions with other regulatory network

members.

Cross-strain Core Targets

We modeled the biofilm regulatory network using the target genes regulated in common
across all five isolates by the master regulators, BCR1, BRG1, UMES6, and EFG1
(Figure 5). While many targets depended on some combination of multiple master
regulators for expression, significant common targets depended only on a single master
regulator for expression. Interestingly, we identified no target genes that required all four
master regulators for expression, though some became apparent if P75010 was

excluded from analysis (data not shown).

We previously observed that BRG1 and EFG1 had uniform roles on filamentation and
biofilm phenotype, as all brgl and efgl mutants were defective in both traits across all
backgrounds. Given our previous observations with divergent bcrl mutant phenotypes,
where divergent phenotypic impact arose from divergent regulatory connections, we
reasoned that shared phenotypic impact should arise from shared regulatory
connections. We identified a core set of 28 genes that required at least BRG1 and
EFG1 for expression (Table 4). These genes were highly enriched for biofilm and
filamentation (p = 0.0048), and many of these target genes play known roles in biofilm
formation and filamentation, such as ALS3, HYR1, HWP1, SAP5 and SAP6 (Table 4).
While it is possible that Brg1-Efgl roles in biofilm and hypha formation are mediated by
these known targets genes, several target genes that did not have clear functional roles

were also highlighted in this core target set..
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We reasoned that these core targets may be enriched for functional relationships. We
functionally analysed core targets by constructing parallel deletion mutants of core
targets in a panel of 3 isolates, P76067, P57055, and SC5314. Using previously
described CRISPR-Cas9 techniques, we successfully deleted 25 of the 28 core target
genes in all three clinical isolate backgrounds. Where practicable, our CRISPR induced
marker excision method was employed to excise the NAT1 marker resident at the hisl
locus to allow for future manipulations of mutant strains. Otherwise, where possible, two
independent isolates were catalogued for subsequent phenotyping. Filamentation
phenotypes were examined for planktonic growth in RPMI + serum or Spider media,
alongside surface-associated filamentous growth on Spider plates. Mutant phenotypic

outcomes are summarized in Table 5.

Many core target mutants did not display aberrant filamentation phenotypes under our
assay conditions. Two core targets that did not display filamentation defects were well
characterized adhesin genes, ALS3 and HWP1. While als3 and hwpl mutants were not
defective in filamentation, mutants in all backgrounds failed to flocculate under
planktonic growth conditions, consistent with defects in cell-cell adhesion (data not
shown). Other core target mutants also recapitulated known phenotypes. Hgcl is a G1
cyclin related protein that has been shown to be required for both filamentation and
biofilm formation in the SC5314 background (7,8). While hgcl mutants were defective in
filamentation under both planktonic growth conditions in all backgrounds, hgcl mutant
severity was greater in the P76067 and P57055 backgrounds (Figure 6). In RPMI +
serum, the SC5314 hgcl mutant is still capable of forming infrequent true hyphae, but

predominantly forms pseudohyphae, whereas in a P76067 hgcl mutant, true hyphae
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are absent, and the mutant forms only shorter, non-adherent pseudohyphae. A P57055
forms predominantly yeast-form cells, with pseudohyphae infrequently observed. These
data suggest that HGCL1 function may be partially bypassed in SC5314 background, but

not in P57055 or P76067.

We identified novel roles in filamentation for several previously uncharacterized genes.
Compared to wildtype, ihd2 mutants form colonies with hyphal portrustions that extend
farther into the surrounding media (Figure 7A). This phenotype was clearly evident in
the P76067 background, and to a lesser extent observed in the SC5314 background. In
contrast, an ihd1 mutant in the P57055 but not the P76067 background is
hyperfilamentous under planktonic growth conditions in liquid Spider media, as well as
hyperfilamentous when grown on solid Spider plates (Figure 6, Figure 7A). (Increased
filamentation was also observed to a lesser extent in a P76067 ihd1 mutant under
planktonic growth conditions in certain batches of Spider media.) Only a single ihd1
mutant was obtained in the P57055 background, and additional independent isolates or
complement strains will be required. An erg251 mutant in the P76067 and P57055
backgrounds was defective in filamentation when grown on solid Spider plates (Figure
7B). This phenotype was not readily apparent in the SC5314 background, where an

erg251 mutant only showed aberrant colony morphology.
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METHODS

Strains and Media

The following C. albicans clinical isolate strains were obtained through BEI Resources,
NIAID, NIH: Strain P76067, NR-29442; Strain P57055, NR-29439; Strain P87, NR-

29453; Strain P75010, NR-29437.

All strains were archived in 15% glycerol stocks stored at -80°C. For non-assay growth,
strains were grown on YPD (2% Bacto Peptone, 2% dextrose, 1% yeast extract) for 2
days at 30°C, and then cultured overnight in liquid YPD at 30°C in a roller drum
incubator. For all transformations, cells were plated on complete synthetic media lacking
histidine (CSM -His) (2% dextrose, 1.7% Difco yeast nitrogen base with ammonium
sulfate and auxotrophic supplements without histidine). For phenotypic assays, strains
were grown in liquid RPMI-1640 Media (Sigma-Aldrich, Inc., St. Louis) adjusted to pH
7.4 and supplemented with 10% fetal bovine serum (Atlanta Biologicals, Inc., Flowery
Branch), Spider Media (1% D-Mannitol, 1% Nutrient Broth, 0.2% Potassium Phosphate
Dibasic) with 2% Bacto Agar for solid media. A list of strains used in this study is

available upon request (provided under supplemental files (S1 Table)).

Primers, Plasmids, and Strain Construction

A list of primers and plasmids used in this study is available upon request (provided

under supplemental files (S2 Table)).

To generate each core target mutant, cells were transformed with 3 ug yfgXA::r1HIS1r1

deletion cassette, 1 ug Cas9 DNA cassette (also referred to as repair template), 1 ug
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SgRNA DNA cassette targeting the gene of interest, and optionally 1 ug NAT1-5 sgRNA
DNA cassette. All strains marked his1A::r3 in the strain list are Nat sensitive and had a

resident NAT1 marker excised from the his1A locus.

For each YFGX, the yfgXA::r1HIS1r1 cassette was generated per previously discussed
methods in two pieces. The first piece was amplified from plasmid pMHO1 using primers
“‘HIS1 CRIME/F” and “yfgX del rHISr-Kpnl/R”, and the second was amplified from

plasmid pMHO02 using primers “yfgX del rHISr-Sapl/F” and “HIS1 CRIME/R”.

For each YFGX, the sgRNA DNA cassette was generated per methods discussed by
Min and colleagues (9,10). Briefly, sSgRNA DNA cassettes were amplified by split-joint
PCR using “YFGX sgRNA/F”, “sgRNA/R”, “sgRNA/F” and “YFGX SNR52/R” with
pV1093 as a template. When utilized, the NAT1-5 sgRNA DNA cassette was generated
by split-joint PCR using “NAT1-5 sgRNA/F”, “sgRNA/R”, “SNR52/F” and “NAT1-5
SNR52/R” with pV1093 as a template as well. sgRNA design principles have been
discussed elsewhere, but guides targeting either end of the ORF of the gene of interest

have generally proven to be efficient.

The Cas9 DNA cassette was amplified from pV1093 as previously described (9,10).

Hyphal Induction Assays under Planktonic Growth Conditions
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In either liquid RPMI + Serum or Spider Media, strains were inoculated from overnight
cultures into 5 ml of prewarmed media at an OD600 of 0.5. Cells were grown in a roller
drum incubator for 4 hours at 37 degrees celsius at 60 rpm. Cells were collected by
centrifugation and fixed with 4% formaldehyde for 15 minutes. Fixed cells were washed
twice in PBS and stained with Calcofluor-white. Stained cells were imaged using a slit-
scan confocal optical unit on a Zeiss Axiovert 200 microscope with a Zeiss C-

Apochromat 40x/1.2 NA water immersion objective.

Colony Morphology Assays

Overnight cultures were diluted in PBS to an OD600 of 0.3, then subsequently serially
diluted five-fold six times to an OD600 of 1.9 x 10-5. 50 ul of diluted cell suspension
were then plated on Spider plates and grown for 7 days at 37 degrees Celsius. Plates

were subsequently photographed and examined for differences in colony morphology.

RNA-seq

RNA-seq was performed on RNA-samples previously harvested, and using the same
protocol as previously described in Chapter 4. Differential expression was assessed

using DEseq2 (v 1.22.1) (11) in R (v 3.5.1) using default options (alpha = 0.05).

Network Modeling and Software

Network modeling was performed based on methods described by Martin and
colleagues (2). Using RNA-seq expression profiles across brgl, efgl, ume6, and bcrl
mutants in all five clinical isolate backgrounds, pairwise Pearson correlation coefficients

were calculated between differentially expressed transcription factors and differentially
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expressed target genes using the Scipy package (v1.3.2) in Python (v3.7.4). All
correlations scoring above 0.75 or below -0.75 were considered. Correlations between
differentially expressed transcription factors and target genes per each master regulator

are available upon request (provided under supplemental files (S3 Table)).

Graphical representations of networks were created in Cytoscape (12). Some statistical
analyses were performed with Graphpad Prism version 8.00 (Graphpad Software, Inc.,
La Jolla). Venn diagrams were constructed using Venn Diagrams software

(http://bioinformatics.psb.ugent.be/webtools/Venn/).
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DISCUSSION

In this chapter, we extended our expression profiling of regulatory mutants to include
genome-wide transcriptome data. We observed that genome-wide, circuit diversification
was recaputiluated at an even greater scale for all transcription factors. Furthermore, we
leveraged natural variation across a panel of five isolates to identify a core set of 28
genes regulated by master biofilm regulators and consistently differentially expressed in
filamentation defective master regulator mutants. Within these 28 genes, we identified
functional relationships connecting three previously uncharacterized genes, IHD1, IHD2,

and ERG251 with filamentation phenotypes.

Our analysis of regulatory relationships suggests one mechanistic model for circuit
diversification. While circuit diversification may occur at many levels of regulation, the
regulatory relationships connecting master regulators and other transcription factors
possibly account for a significant proportion of regulatory variation between strains.
ChiP-seq experiments may reveal if master regulators are less likely to bind upstream
of genes whose expression correlates strongly with secondary transcription factors. The
phenotypic consequences of secondary transcription factor gene expression programs

also remains to be explored.

Our data suggest the uniform brgl mutant filamentation defective phenotype occurs
primarily through diminished expression of HGC1. The filamentation defect of hgcl
mutants closely phenocopied the severity of brgl filamentation defects. One
disadvantage in our approach was that we were limited by the overlap of brgl and efgl

mutant filamentation defects. While efgl mutants form only yeast form cells, brgl
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mutants may still form pseudohyphae. The expression changes that result in the more

severe efgl mutant may logically be absent from brgl mutants.

While our assays primarily examined filamentation capacity, core targets may be
involved in separate aspects of functions shared between relevant regulators, as
evidenced by ALS3 and HWPL1. These two genes were identified as core targets of both
Brgl and Efgl, but did not display a defect in filamentation. Instead, the presence of
these genes in the core joint Brgl-Efgl response appears to reflect the shared biofilm
defective phenotype common to brgl and efgl mutants in all isolate backgrounds.
Seven other cell wall or cell membrane predicted genes are present in the core set, and

may play roles in adhesion or biofilm formation.

Of the three previously uncharacterized genes with newly identified roles in
filamentation, IHD1 and ERG251 are predicted to localize to the cell membrane.
ERG251 functions in the synthesis of ergosterol, an integral membrane component
required for membrane fluidity and integrity (13,14). IHD1 has been annotated as a
putative GPI-linked cell wall protein commonly induced during hyphal development,
though its function is unknown (15). For cell periphery genes to affect filamentation,
these genes may play roles in signal sensing or signal transduction. Furthermore, given
that their mutant phenotypes were only apparent in some strains, complex genetic
interactions may exist to mask their mutant phenotypes. One strong candidate for
interaction partners would be other cell periphery predicted core targets, and an

examination of double mutants may be informative.
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FIGURE LEGENDS, CHAPTER 5

Figure 1. C. albicans RNA-seq based biofilm regulator networks

Regulatory relationships between master regulators and all target genes are shown for
each clinical isolate. A. SC5314 B. P76067 C. P57055 D. P87 E. P75010 F. Common
across all five isolates. Outer rings consist of nodes representing genes differentially
expressed in at least one master regulator mutant in at least one background. Node
positions are the same in each panel. Center nodes correspond to master regulators,
EFG1, BRG1, UMEG6, and BCRL1. Edges connecting center nodes to outer nodes denote
differential expression of the target gene in the connected master regulator mutant.
Networks are justified based on the SC5314 regulatory connections. Coloring of outer
nodes denotes number of master regulators required for expression: Blue, 1; Purple, 2;

Red, 3; Yellow, 4.

Figure 2. Intersection of master regulator targets per isolate background

Venn diagrams depicting intersection of genes depending on each transcription factor

per clinical isolate background.

Figure 3. Intersection of select regulated TF correlated targets

Venn diagram depicting intersection of Efgl target genes who significantly correlated

with ROB1, TEC1, and BRGL1 respectively.

Figure 4. Distribution of all regulated TF correlated targets
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X-axis in each bar graph lists all the differentially expressed transcription factors in at
least one clinical isolate background for the indicated master regulator. Bar graphs
depict number of differentially expressed target genes that strongly correlate with a

given transcription factor.

Figure 5. Common biofilm regulatory network

Regulatory relationships from Figure 1F are arranged to show individual target genes.
Target genes are grouped by relationship to master regulators. Target nodes are
colored to denote number of master regulators required for expression: Blue, 1; Red, 2;

Yellow, 3.

Figure 6. Hyphal induction assays

Filamentation for wild type, ihd1, and hgcl mutants under planktonic growth conditions
in Spider or RPMI + Serum are shown. Strains were grown in each inducing media at 37

degrees Celsius for 4 hours in a roller drum incubator. Scale bars are 20um in length.

Figure 7. Colony morphology assays

Strains were grown on Spider agar for 7 days at 37 degrees Celsius. Where possible,
two isolates were assayed for colony morphology. A. Colony morphologies of ihd2 and
ihd1l mutants in corresponding clinical isolate backgrounds. Only one ihd1l mutant was
obtained in the P57055 background. B. Colony morphologies of erg251 mutants in
corresponding clinical isolate backgrounds. Panel A and Panel B depict experiments

performed on separate batches of Spider media.
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FIGURES, CHAPTER 5

Figure 1.
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TABLES, CHAPTER 5

Table 1. Biofilm Regulator Target Sizes

Numbers of TF responsive genes
P76067 | P57055 | P87 | P75010 | SC5314 | Common

BCR1 508 990 440 658 263 67
UMEG6 298 569 299 152 369 16
BRG1 327 641 724 574 691 83

Proportion of targets common across isolates

P76067 | P57055 | P87 | P75010 | SC5314 Max
BCR1 0.132 0.068 |0.152 | 0.102 0.255 0.255
UMEG 0.054 0.028 |0.054 | 0.105 0.043 0.105
BRG1 0.254 0.129 |0.115| 0.145 0.120 0.254

Table 2. Circuit Diversification Network Modeling

Total Unique
Regulated Total TF Correlated
Targets Elements
BCR1 1538 810
UMEG6 1097 398
BRG1 1578 752
EFG1 1546 607

Table 3. Regulated TF Per Background

Regulated TF per background

P76067 | P57055 P87 | P75010 | SC5314 Unique TF
BCR1 11 33 17 28 6 52
UMEG 8 16 16 3 11 31
BRG1 16 29 31 18 28 55
EFG1 20 20 24 23 27 41
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Table 4. Summary of Core Targets

Connection to
Hyphae/Biofilm
Gene: Formation Summary:
FAV1 No
RBT4 No
Transcriptional repressor that regulates filamentation and adhesion. Mutant reported to be
RFX2 Yes hyperfilamentous on solid media.
ALS3 Yes Cell wall adhesin required for biofilm formation.
IHD2 Yes* Protein of unknown function whose mutant appears hyperfilamentous on solid media (in P76067).
G1 cyclin-related protein required for filamentation and biofilm formation through interaction with
HGC1 Yes Cdc28.
Cell wall protein whose mutant appears appears hyperfilamentous in solid and liquid media (in
IHD1 Yes* P57055).
RCT1 No
HYR1 No
Fatty acid transporter that is related to filamentous growth; a transposon insertion mutant proximal
RTA4 Yes to the RTA4 ORF shows decreased filamentation on solid Spider media.
Ferric reductase involved in cell wall integrity, deletion leads to an iron-dependent defect in
CFL1 Yes filamentation and decreased adhesion to polystyrene.
DAG7 No
PGA23 No
C-4 sterol methyl oxidase involved in ergosterol synthesis. Deletion leads to a filamentation
ERG251 Yes* defect on solid Spider media.
0rf19.6148 No
0rf19.1964 No
0rf19.7455 No
orf19.2317 No
CBP1 No
PGA34 No
IFA14 No
orf19.2457 No
HWP1 Yes Cell wall adhesin required for biofilm formation.
0rf19.3621 No
orf19.217 No
SAP5 Yes Secreted aspartyl protease, mutant shows decreased biofilm formation.
SAP6 Yes Secreted aspartyl protease, mutant shows decreased biofilm formation.
PTP3 No

* Denotes characterized in this work
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Table 5. Mutant Phenotypes of Brgl-Efgl Core Targets

P76067 P57055 SC5314
RPMI + Spider RPMI + Spider RPMI + Spider
Gene: Spider-L | Serum L Solid Spider-L | Serum L Solid Spider-L | Serum L Solid
FAV1 normal normal n/a normal normal n/a normal normal n/a
RBT4 normal normal n/a normal normal n/a normal normal n/a
RFX2 normal hyperfil n/a normal normal n/a normal normal n/a
ALS3 normal normal n/a normal normal n/a normal normal n/a
IHD2 normal normal hyperfil normal normal normal normal normal hyperfil
HGC1 defective | defective n/a defective | defective n/a defective | defective n/a
IHD1 hyperfil normal normal hyperfil normal hyperfil normal normal normal
RCT1 normal normal | abnormal | normal normal normal normal normal normal
HYR1 normal normal normal normal normal normal normal normal normal
RTA4 normal normal n/a normal normal n/a normal normal n/a
CFL1 normal normal | abnormal | normal normal | defective | normal normal | abnormal
DAG7 normal normal normal normal normal normal normal normal | abnormal
PGA23 normal normal normal normal normal normal normal normal | abnormal
ERG251 normal normal | defective | normal normal | defective | normal normal | abnormal
0rf19.6148 | normal normal normal normal normal normal normal normal normal
0rf19.1964 | normal normal n/a normal normal n/a normal normal n/a
orf19.7455 | normal normal n/a normal normal n/a normal normal n/a
orf19.2317 | normal normal n/a normal normal n/a normal normal n/a
CBP1 normal normal n/a normal normal n/a normal normal n/a
PGA34 normal normal n/a normal normal n/a normal normal n/a
IFA14 normal normal n/a normal normal n/a normal normal n/a
0rf19.2457 | normal normal n/a normal normal n/a normal normal n/a
HWP1 normal normal n/a normal normal n/a normal normal n/a
0rf19.3621 | normal normal n/a normal normal n/a normal normal n/a
orf19.217 normal normal n/a normal normal n/a normal normal n/a
PTP3 n/a n/a n/a n/a n/a n/a n/a n/a n/a
SAP5 n/a n/a n/a n/a n/a n/a n/a n/a n/a
SAP6 n/a n/a n/a n/a n/a n/a n/a n/a n/a
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Chapter 6: Concluding Discussion

While laboratory strains have been vital to the study of C. albicans pathogenesis and
biology, their use has proceeded with the tacit understanding that laboratory adapted
strains do not represent the full breadth of diversity within the species. Until recently (ca.
2015), manipulation of clinical isolates proved a daunting task, constrained by slow
methodology and a lack of reliable markers. The development of CRISPR-Cas9
techniques, two of which have been described here, greatly simplified the task of
genetic manipulation and allowed us to thoroughly analyze natural variation of virulence
in this clinically relevant pathogen. Here we have shown that regulatory networks are
highly variable between members of the same species, and that both regulatory

differences and similarities may have functional impact on phenotypic outcomes.
Regulatory Relationships

Core targets conserved across strains were found to be highly enriched for annotated
functional targets. Furthermore, we examined uncharacterized core targets requiring
both Brgl and Efgl and identified several genes with novel functional roles in
filamentation. As the phenotypic impact on C. albicans filamentation and biofilm
formation of an efgl mutation is greater than a brgl mutation, it may also be likely that
other core targets required for biofilm formation exist among genes dependent solely on
Efgl. In either case, the evolutionary conservation of interactions between master
regulators and functional core targets raises several interesting questions. The
evolutionary history of a particular strain reflects the environmental pressures

encountered throughout its genealogy, and C. albicans strains may inhabit a number of
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niches in the human body, each specifying different stressors and nutrient conditions.
Passage through antibiotic-treated mouse Gl tract selects against strains competent in
virulence and filamentation, allowing flo8, efgl, or ume6 mutants to outcompete (1-3).
However in a healthy gut, normal gut flora may exert selective pressures to maintain
capacity for virulence and filamentation (1). What selective pressures act on, and what
mechanisms maintain regulatory relationships between master regulators and core

targets across dynamic, shifting environments?

One hypothesis is that master regulator binding sites upstream of core targets differ
gualitatively from master regulator binding sites upstream of subset specific targets.
Under this model, a point mutation in the former may not significantly affect binding
affinity, whereas a point mutation in the latter may. Binding sites upstream of core
targets may contain optimal motifs allowing the strongest possible transcription factor
binding. A SNP in an optimal motif may still allow strong transcription factor binding, but
a SNP in a sub-optimal motif may abolish transcription factor binding. ChiP-seq analysis
of master regulator binding will reveal if binding motifs calculated from peaks upstream
of core targets differ from motifs calculated from peaks upstream of specific/subset
targets. If distinct motif populations exist, future directions may include an analysis of
each population of binding motifs by comparison of ChiP-seq peak heights or assays of
binding affinity using convenient reporter constructs. A non-exclusive, second possibility
may be that recruitment by cofactors or other transcription factors binding at adjacent
sites may overcome decreased affinity for a mutated binding site. Although direct
protein-protein interactions between master biofilm regulators has not been examined in

detail, promoters of hyphal associated genes are often bound by multiple biofilm
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regulators (4). Analysis of motifs adjacent to ChlP-seq peaks upstream of core targets

can also reveal possible binding partners.

Functional targets were also identified among strain/subset specific targets for both
regulators with uniform and variable mutant phenotypes (e.g. ALS1 dependence on
Brgl, BRG1 dependence on Bcrl). Similarly, while hyphal gene expression in different
environments converged upon core targets, some functional targets were still identified
in temporally and environmentally distinct portions of filamentation responses (5,6). The
presence of these functional targets in the “optional” regulatory regimes of regulators
with uniform phenotypic impact raises the question: what are the minimum criteria both
sufficient for a C. albicans strain to form a biofilm? One simplified model is that some
combination of core network genes may be both necessary and sufficient for biofilm
formation while “optional” relationships may modulate overall phenotypic outcome and
are insufficient for biofilm formation. This model would further suggest that circuit

diversification affects phenotypic variation through interactions with “optional” targets.

Alternatively, it may be that “optional” targets may also be sufficient for biofilm formation
with some combination of core targets. This conceptually more complex model is
supported by findings that protein abundance is under greater selective pressure than
MRNA abundance (7). Selective advantages for biofilm formation may only exert
pressure on expression of any basic combination of biofilm effector proteins, and not a

specific “core” set.

To test these models, future experiments may examine if heterologous expression of

core network genes on an artificial chromosome in S. cerevisiae drives filamentation or
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biofilm formation. We may also determine if engineered constitutive expression of all or
some subset of core network genes drives filamentation and biofilm formation under
non-inducing conditions. Alternatively, if CRISPR/dCas9 epigenome editing is adapted
for C. albicans, targeted activation of subsets of genes may be achieved by the use of
multiplex sgRNAs (8,9). The minimum set of necessary and sufficient targets may then
be determined by a library approach using all possible combinations of sgRNAs. This
approach may additionally be employed to examine if any combination of core and
“optional” targets is sufficient for biofilm formation. If a minimum sufficient set of targets
may be identified, we may ask if base substitution rates across isolates are lower for
these specific targets compared to core targets or optional targets and identify how

selective pressures influence networks.

Defining Core Networks

Should P75010 be included in the filter sets defining a core network? The wild type
P75010 strain is the most defective in biofilm formation, and will only form intermittent
hyphae in our acute hyphal induction assays. We present two arguments to support the
inclusion of P75010. First, the regulatory targets of the P75010 biofilm regulatory
network are not an outlier in comparison to the other isolates. The P75010 network is
roughly commensurate in size with the other regulatory networks, and exclusion of
P75010 does not greatly change the proportion of any master regulator’s core targets.
Efgl regulates 697 targets in P75010, and Brgl regulates 579 targets in P75010. The
P75010 Brgl and Efgl regulons intersect with other backgrounds fairly evenly (see

Chapter 5, Figure 2; Chapter 4, Figure 6B).
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Second, the use of P75010 affords an opportunity to filter out targets whose differential
expression stems from expression changes that correlate solely with filamentous
growth. As the P75010 wild type forms predominantly yeast cells, the shift between wild
type and mutant shows the least change in yeast to hypha ratio, providing dynamic
range to identify what target genes solely correlate with morphology. Furthermore, on a
conceptual level, while P75010 has low filamentation capacity, it is still a bona fide
bloodstream isolate, and is in fact more virulent in a mouse model of disseminated
candidiasis than P87, an oral candidiasis isolate (10). Lastly, one may argue that any
strain that contains functional alleles of a transcription factor should be considered in
any core network analyses, as by definition, core regulatory targets should be those
present in all strains. Each regulator clearly was still functional in the P75010
background. While the P75010 wild type is the weakest filamenter, intermittent hyphae
are still observed. When each master regulator mutant was examined, the mutants

always entirely failed to form hyphae.

One argument against the inclusion of P75010 in the core network is that P75010 may
carry variant alleles of BRG1 and EFGL. In Chapter 4, we validated our brgl and efgl
mutants in the P75010 background by reintroducing a copy of the corresponding
SC5314 BRG1 or EFG1 allele. The P75010 validation strains carrying SC5314 alleles
were more strongly filamentous as compared to the P75010 wild type, suggesting that
the SC5314 alleles we introduced contain cis-elements that may affect BRG1 or EFG1
expression or function (See Chapter 4, S4 Figure). Interestingly, we could not identify
any SNPs specific to the P75010 BRG1 or EFGL1 alleles. BRG1P75010 and EFG1P75010

alleles shared SNPs with at least one allele in each other examined clinical isolate
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background. While we did not examine the relative expression levels of specific BRG1
alleles and the differences in allele strength still require validation, this finding may
suggest that the relevant binding sites upstream of functional targets of BRG1 or EFG1
are clearly intact in P75010. Differentially expressed genes between strains carrying
alleles from different sources may lend insight into how regulatory variation affects

phenotypic diversity.

Circuit Diversification

Our primary criteria for circuit diversification was if a target gene was differentially
expressed in one background, but not (or oppositely differentially expressed) in another.
One aspect of regulatory variation we did not consider was relative differences in the
magnitude of differential expression, i.e. if a target gene’s expression increases by 3
fold in background A, but by 9 fold in background B. These differences may reflect
additional differences in interactions with other regulatory mechanisms, even for genes

we identified as shared or “core” targets.

Herein we have examined circuit diversification on the level of transcriptional response,
but circuit diversification may affect regulatory networks at post-transcriptional levels.
Differences in mRNA abundance may often agree with differences in protein
abundance. While a consensus in the literature does not exist, a landmark study by
Albert and colleagues showed that more than half of loci which affected mRNA
expression levels similarly affected protein abundance, highlighting general
correspondence between expression QTL and protein QTLs (11). Furthermore, while

transcriptional variation appears to be primarily governed by trans acting QTL, a study

190



by McManus and colleagues identified in a comparison between S. cerevisiae and
Saccharomyces paradoxus, divergence in translational efficiency was primarily
governed by cis-regulatory differnces (12). Herein we have identified both cis-regulatory
(differences in allele strength, such as between P75010 and SC5314 BRG1 and EFG1
alleles), as well as trans-regulatory elements (variable dependence of BCR1 on Brgl)
that affect filamentation or biofilm outcomes. Future studies to address these additional
mechanisms of circuit diversification will provide greater resolution on the scope and

nature of regulatory variation in C. albicans.
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