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Fungal infections are challenging to diagnose and often difficult to treat, with only a handful
of drug classes existing. Understanding the molecular mechanisms by which pathogenic
fungi cause human disease is imperative. Here, we discuss how the development and use
of genome-scale genetic resources, such as whole-genome knockout collections, can
address this unmet need. Using work in Saccharomcyes cerevisiae as a guide, studies of
Cryptococcus neoformans and Candida albicans have shown how the challenges of large-
scale gene deletion can be overcome, and how such collections can be effectively used to
obtain insights into mechanisms of pathogenesis. We conclude that, with concerted efforts,
full genome-wide functional analysis of human fungal pathogen genomes is within reach.

The goal of this article is to describe the prom-
ise and challenges of systematic and compre-

hensive functional approaches to decipher the
mechanisms of pathogenesis by human fungal
pathogens. To set the stage, we begin with a de-
scription of the multifaceted roles of fungi in
human affairs before introducing the two broad
classes of fungi capable of infecting humans.

FUNGI IN HUMAN WELFARE

The fungal kingdom is arguably the most di-
verse and successful of the eukaryotic king-
doms. With more than 100,000 described and
five million inferred fungal species inhabit-
ing most niches in the biosphere, only bacteria
match the diversity of fungi (O’Brien et al.
2005). Fungi are typically saprophytic organ-
isms that extract energy by decomposing organ-

ic matter and, thus, play an essential role within
the environment: recycling organic matter. Fun-
gi also have many important industrially useful
properties. Besides the familiar edible mush-
room and brewer’s and baker’s yeast, other fungi
produce a variety of bioactive molecules, many
of which are well-known drugs, such as penicil-
lin. A major threat to humans from fungi is the
destruction of crops. Collectively, plant patho-
genic fungi cause 10%–40% of crop loss world-
wide (Fisher et al. 2012).

HUMAN FUNGAL PATHOGENS

Although many fungi are plant pathogens, rel-
atively few (about 200 species) can infect ani-
mals or humans (Richardson and David 2003).
It has been suggested that this is because most
fungi cannot grow at mammalian body temper-
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ature (indeed, it has been suggested to be why
mammals have been successful). Another likely
reason is that innate and adaptive immune sys-
tems of mammals provide an effective defense
against infection by most fungi. A fungal infec-
tion, or mycosis, can be categorized as cutane-
ous, subcutaneous, or systemic. Cutaneous my-
coses are quite common, for example, tinea
(“ringworm”) infections caused by Microspo-
rum, Trichophyton, and Epidermophyton fungi,
but these are generally easily resolved. Systemic
infections are a major clinical problem and chal-
lenging to diagnose and treat. They are caused
either by fungi that are primary pathogens (e.g.,
Histoplasma, Blastomyces, and Coccidioides spe-
cies [spp.]), which infect immunocompetent
hosts, or opportunistic pathogens that require
some degree of host compromise for infection
(e.g., Aspergillus, Candida, Cryptococcus, Mur-
cor spp.).

Presumably, the ability of these pathogens
to cause disease involves the requirement for a
specific set of properties, not shared with most
fungi. Work over the last few decades has shed
some light on the underlying molecular mech-
anisms. There are several simple requirements:
proliferation at body temperature of 37˚C,
adaptation to hostile environments limited in
essential nutrients, and specialization to over-
come otherwise effective immune barriers, such
as recognition and phagocytosis, and killing by
macrophages (Levitz and DiBenedetto 1989).
Fungi appear to have found a range of solutions
for these problems, emphasizing the need for
functional studies of a range of pathogens.

THE SYSTEMATIC PERSPECTIVE

Considering the question of how to most ef-
fectively approach the biology of the human
pathogenic fungi, it is clear that comprehensive
genetic and genomic resources represent an ef-
ficient set of tools that would enable the field to
develop a detailed molecular understanding of
fungal mechanisms of infection and drug sensi-
tivities. In support of this perspective, we will
briefly highlight the success of such approaches
in baker’s yeast, as well as the initial applications
of systematic genome-scale genetic studies in

human fungal pathogens. Of the many impor-
tant human fungal pathogens, the application of
the approaches described above is most ad-
vanced in Cryptococcus neoformans and Candi-
da albicans and, thus, these will be the focus
here. However, the approaches are broadly ap-
plicable once DNA transformation and homol-
ogous replacement strategies are developed in a
given organism. The prospect for the latter is
rapidly improving because of the development
of CRISPR-based genome editing technology
(Mali et al. 2013).

Saccharomyces cerevisiae AS A PROTOTYPE

Our perspective is informed by the recent his-
tory of genomics, which was driven by studies of
Saccharomyces cerevisiae. We review the high-
lights below.

From Genome to Public Resources

S. cerevisiae was the first eukaryotic organism
whose genome was sequenced and annotated
(Goffeau et al. 1996). The available genomic
data paved the way for the undertaking of the
construction of a deletion library for every non-
essential gene, as well as a diploid heterozygous
for essential genes (Giaever et al. 2002). Critical
for the success of this effort was the fact that
homologous recombination is unusually effi-
cient in S. cerevisiae, with 50 bp being sufficient
for targeting homology (Bahler et al. 1998;
Longtine et al. 1998). This allows cloning-free,
polymerase chain reaction (PCR)-based con-
struction of targeting vectors. Moreover, trans-
formation using lithium chloride and polyeth-
ylene glycol has been highly optimized, as has
the ability to rapidly screen colonies for homol-
ogous replacement events (Fink and Guthrie
2002). In addition to the well-known gene-de-
letion library, a number of useful ordered whole-
genome libraries have been created. Among
these is a library that allows for the overexpres-
sion and affinity purification of every yeast
protein, which has allowed for efficient activi-
ty-based biochemical screens (Martzen et al.
1999), as well as acomprehensive libraryof genes
tagged with green fluorescent protein, which
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allowed for the determination of protein locali-
zation at an unprecedented scale (Ghaemma-
ghami et al. 2003)

The Efficiency of the Systematic Approach

The ease of genetic manipulations, which in-
clude sexual crosses, combined with the ability
to systematically assay the behavior of stains
lacking every nonessential gene in a controlled,
parallel manner under any desired laboratory
condition or in combination with other muta-
tions (synthetic genetic array), rapidly enhanced
the understanding of the biology of S. cerevisiae
(Botstein and Fink 2011). Two additional ad-
vances enhanced the utility of the deletion
collection. First, robotics for moving arrays of
colonies between agar plates was developed.
Second, strains and methods were developed
that allowed for the selection of the products of
a sexual cross in a high-throughput manner
(Tong and Boone 2006). The most impressive
example of the application of these tools was
the generation and analysis of 5.4 million double
mutants (Costanzo et al. 2010). Such double
mutant analysis (also termed genetic interaction
mapping) has been shown to be very useful for
linking genes to functional categories or phy-
siological processes. Deletions of single genes
often show no easily detectible phenotypes be-
cause other genes can perform similar functions
inside the cell and can, therefore, “cover” for the
absence of the deleted gene. This is the notion
of redundant function and, at one extreme, only
the double mutant displays a phenotype, pro-
ducing a so-called synthetic genetic interaction.
In reality, nearly all single-gene deletions pro-
duce a measurable phenotype (Breslow et al.
2008), and it is in cases in which the double mu-
tant produces more than a multiplicative defect
that it is considered a synthetic interaction.

With the availability of the ordered genetic
arrays of deletion mutants, the rapid screening
for genes whose absence causes sensitivity or
resistance to biological compounds of interest
(chemogenomics) has become possible (Wuster
and Madan Babu 2008). Such studies have been
useful for determining drug mode-of-action
and gene annotation (as gene deletions with

similar phenotypic signature tend to specify
factors that function in the same pathway). Be-
cause the individual deletion strains of the yeast
deletion collection each carry a unique DNA
bar code, experiments in which the entire dele-
tion collection is pooled and subject to chemi-
cal challenge have also been performed. Custom
bar code microarrays or, more recently, bar code
sequencing, have been used to assess the fitness
of individual strains in the pool after treatment.
Such systematic chemical-genetic screens are
now routinely used (Lopez et al. 2008; Wuster
and Madan Babu 2008).

In addition to allowing for the systematic
generation of deletions, the availability of the
annotated genomic sequence for budding yeast
led to the generation of the first whole-genome
DNA microarrays, which allowed for the as-
sessment of messenger RNA accumulation for
all genes at the same time (expression profil-
ing) (DeRisi et al. 1997). This ability to assay
the expression of every gene at once transformed
how questions are framed and investigated (Bot-
stein and Fink 2011). By determining what sets
of genes are induced or repressed by a given con-
dition, one can quickly formulate hypotheses as
to how the condition affects the physiology of
the cell. Although microarray technology is be-
ing superseded by RNA-seq, expression profil-
ing is a mainstay in genetic analysis. Likewise,
systematic whole-genome chromatin immuno-
precipitation of all annotated DNA-binding reg-
ulatory proteins has impacted studies of the
structure, function, and evolution of transcrip-
tion circuits. The latter is only beginning to be
applied to fungal pathogens, whereas transcrip-
tomics is widespread in its application attribut-
able to the ease of isolating RNA from cells.

The Functionally Annotated Genome

As a result of such large-scale studies, most
S. cerevisiae genes have been assigned a func-
tion or role in a particular physiological process.
The assignments produced by the combination
of systematic approaches range in specificity,
from the fine-grained and mechanistic to high-
level and diffuse. Nonetheless, the current state
of genome annotation vastly exceeds what is
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available in other systems (Dolinski and Botstein
2005). An important aspect of this recent history
is the availability of an effective annotation da-
tabase curated by PhD-level scientists (Saccha-
romyces genome database, www.yeastgenome.
org). In addition to allowing for rapid analy-
sis, the availability of these systematic resources
also allows for comprehensive analysis such
that entire pathways can be defined. Important-
ly, a scientific culture of sharing and dissemina-
tion of resources has also accelerated progress.

Can We Systematize the Analysis of Human
Fungal Pathogens?

S. cerevisiae is not a human pathogen, and it is
known that fungal pathogens harbor mecha-
nisms and pathways required for virulence that
either do not exist in model yeasts or have been
substantially repurposed during their evolu-
tion. Thus, the ability to dissect biology of in-
fection and drug responses in these organisms
in an efficient and comprehensive manner re-
quires the development of genetic resources
and, equally important, the effective systematic
analysis of such resources. However, accom-
plishing this task in a human fungal pathogen
is far more challenging than in S. cerevisiae for a
variety of technical reasons discussed below.
Despite these challenges, substantial beginnings
of such efforts have been accomplished in two
human fungal pathogens, C. neoformans and
C. albicans. Although random insertional mu-
tagenesis methods are effective tools for identi-
fying mutants, they have disadvantages for the
application of systematic approaches. Thus, we
will focus on what can be accomplished with
ordered collections. For Cryptococcus and Can-
dida, we will describe the types of technologies
and approaches that allowed the challenges to be
addressed successfully, and insights gained from
the systematic mindset (Table 1).

C. neoformans: SYSTEMATIC GENETICS
IN A HAPLOID FUNGUS

C. neoformans Biology, Life Cycle, and Genome

C. neoformans is a basidiomycetous fungus that
is an opportunistic human pathogen, infect-

ing, predominantly, individuals with a com-
promised immune system. C. neoformans is the
leading cause of fungal meningitis and causes
more than 600,000 deaths per year in sub-Saha-
ran Africa alone. Cryptoccous is found growing in
the environment, typically on decaying wood
matter or bird guano (Lin and Heitman 2006).
Inhalation of desiccated yeast is likely the major
route of infection. Cryptocccus species that in-
fect humans belong to four different serotypes
(A–D): Serotype A is termed C. neoformans var.
grubii, serotype B and C are called Cryptocccus
gatii, and serotype D is called C. neoformans var.
neoformans. The different serotypes of C. neofor-
mans display difference in phenotypes and ge-
notypes (Lin et al. 2005; Lee et al. 2009). Sero-
types A and, to a lesserextent, D account for most
clinical isolates from immunocompromised pa-
tients, whereas the C. neformans var. gatii sero-
type B/C isolates tend to be isolated from more
immunocompetent individuals (Lin and Heit-
man 2006). Virulence factors of C. neoformans
include the ability to grow at 37˚C and produce
melanin and a polysaccharide capsule (Idnurm
et al. 2005; Lin and Heitman 2006).

Because of its medical importance, clinical
C. neoformans isolates belonging to serotype A
and D have been sequenced and their genomes
have been annotated. Draft sequence of a sero-
type B isolate is also available (Broad Institute
Serotype B Genome Project www.broadinstitu-
te.org/annotation/genome/cryptococcus_neo
formans_b). C. neoformans var. neoformans
has a 19-Mb genome containing 14 chromo-
somes encoding 6962 predicted proteins (Loftus
et al. 2005). The genome of C. neoformans var.
grubii is very similar in size. C. neoformans has a
complete sexual cycle with two mating types,
thus allowing for standard genetic crosses (Hull
and Heitman 2002; Lin and Heitman 2006; Id-
nurm 2010). A current deficit in C. neoformans
genomics is that there is no publicly funded
annotation database akin to the Saccharomyces
genome database or the Candida genome data-
base. However, Broad Institute maintains the se-
quence database for theH99serotypeA reference
strain genome (Broad Institute Serotype A Ge-
nome Project www.broadinstitute.org/annota
tion/genome/cryptococcus_neoformans).
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Gene-Deletion Methods C. neoformans

C. neoformans can be transformed by electro-
poration or bombardment by DNA-coated par-
ticles (biolistic transformation) (Toffaletti et al.
1993). The latter is the mainstay of work in the
most common clinical serotype, serotype A (C.
neoformans var. grubii). Early studies showed
that substantial homology was required for ho-
mologous gene replacement, with replacement
frequencies increasing steadily until homology
reached !1 kb on either side of a selectable
marker (Davidson et al. 2000; Nelson et al.
2003). Cloning-free fusion PCR methods were

found to be suitable for the addition of long
homology arms for gene targeting, which aided
in the rapid synthesis of targeting constructs.
These advances, together with the development
of methods for rapid screening of colonies
(which was nontrivial for an encapsulated or-
ganism) and optimization of transformation
parameters, made it feasible to construct large
numbers of gene deletions in C. neoformans
(Chun and Madhani 2010). In addition, the
development of multiple dominant drug select-
able marker systems was also critical. This mo-
lecular toolbox, together with a complete sexual
cycle, make C. neoformans a particularly exper-

Table 1. Summary of genomic resources available for C. neoformans and C. albicans and some of the insights
they have provided

Organism Genomic resource Screens Major findings

1201 gene-deletion
library

In vivo infectivity (Liu
et al. 2008)

Identified 197 genes with increased or decreased
virulence

Phagocytosis resistance
(Liu et al. 2008)

Identified critical role for GAT201 in preventing
engulfment by macrophages

Melanin production
(Liu et al. 2008)

Identified 38 genes with defective melanin
production; many of the genes also had virulence
defects

Growth at 37˚C (Liu
et al. 2008)

Identified 92 genes important for proliferation at
body temperature

Capsule production
(Liu et al. 2007,
2008)

Identified CPL1, GAT201, PBX1, and PBX2 as
regulating capsule production or assembly

Growth under hypoxia
(Chang et al. 2007;
Chun et al. 2007)

SREBP pathway controls growth under hypoxia

C. albicans !700 homozygous
gene-deletion
library

In vivo infectivity
(Noble et al. 2010)

Identified 115 mutants defective in infectivity; 46
of those had no defects in morphogenesis

Growth at 37˚C (Noble
et al. 2010)

Identified 68 mutants defective in proliferation

Colony morphology
(Noble et al. 2010)

Identified 133 mutants defective in morphogenesis;
66 of those had no defect in infectivity

143 homozygous
transcription
factor deletion
library

Tested 55 conditions
(Homann et al.
2009)

Most mutants affect growth under at least one
condition

Surface adherence
(Finkel et al. 2012)

Identified the transcription factor SNF5 as a key
regulator of adhesion

GRACE collection
(!1100
conditional
mutants)

Growth requirement
(Roemer et al. 2003)

Identified 567 essential genes

See text for details. GRACE, gene replacement and conditional expression; SREBP, sterol regulatory element-binding
protein.
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imentally tractable pathogen, perhaps the most
tractable eukaryotic pathogen of humans.

Systematic Genetic Analysis of Virulence
in C. neoformans

To systematically identify virulence factors in
Cryptococcus, our laboratory previously con-
structed a collection of approximately 1200 de-
letion mutants and screened them in vitro and in
vivo for virulence phenotypes (Liu et al. 2008).
Each deletion harbored one of 48 DNA oligonu-
cletoide bar codes (Gerik et al. 2005) that en-
abled quantitative detection of each mutant in
a pooled sample. Mutants were pooled in groups
of 48 and used to infect mice with an intranasal
inhalation model that is thought to mimic the
natural route of infection. After allowing for in-
fection to be established, mice were killed, and
C. neoformans cells were isolated from the lungs.
The relative representation of each of the 48
mutants could be assessed by quantitative PCR
using 48 bar-code-specific primer pairs on ge-
nomic DNA prepared from cells obtained from
the mouse versus those derived from a portion
of the input pool. Mutants that were signifi-
cantly reduced in abundance were reconstructed
to verify linkage between genotype and pheno-
type. Importantly, nearly all mutants that were
reconstructed maintained, indicating that un-
linked mutations rarely caused phenotypes in
the deletion strains. Moreover, all mutants that
displayed a defect in a pooled setting also dis-
played the anticipated impact on virulence in
a single infection experiment. Many of the
identified mutants were defective in the produc-
tion of the well-characterized virulence factors.
Capsule or melanin—or growth at 37˚C—as
many as 40 virulence mutants without clear de-
fects in the well-established virulence markers
were also isolated (Liu et al. 2008). These are
outstanding candidates for factors that partici-
pate in novel virulence pathways. These studies
validated the use of large-scale signature-tagged
mutagenesis screens for C. neoformans using
comprehensive collections of mutants. Two ad-
ditional screens of this gene-deletion collection
(described below) revealed new aspects of Cryp-
tococcal disease.

A Major Role for Capsule-Independent
Phagocytosis Inhibition in Cryptococcal
Disease

A great advantage of a deletion collection is that
the same collection can be screened for any phe-
notype of interest. One such study asked the
question of which genes mediate the ability of
C. neoformans to resist phagocytosis. C. neofor-
mans can be phagocytosed by activated macro-
phages in vitro (Levitz and DiBenedetto 1989;
Liu et al. 2008). The expectation would be that
genes required for the synthesis of the C. neo-
formans capsule would be the critical factors.
Remarkably, screening of the 1200 deletion li-
brary on RAW264.7 macrophage cells revealed
that a deletion of the gene coding for the GATA
family transcription factor Gat201 had caused
an increase in phagocytosis that was far greater
than that caused by lack of capsule (Liu et al.
2008). Additional genetic studies showed that
this phenotype did not require the major cap-
sular polysaccharide (Liu et al. 2008). In subse-
quent work, the first whole-genome chromatin
immunoprecipitation studies of C. neoformans
were reported that identified the direct targets
of Gat201 (Chun et al. 2011). Systematic dele-
tion of the Gat201 target genes identified two
genes, Gat204, encoding another GATA family
transcription factor, and Blp1, a member of a
family of C. neoformans–specific proteins that
each harbors a putative amino-terminal signal
sequence, which played a key role in mediating
phagocytosis inhibition and pathogen fitness
during infection. Further evidence indicated
that this was independent of the production of
polysaccharide capsule, underlining the conclu-
sion that phagocytosis avoidance and virulence
in Cryptococcus requires mechanisms that have
yet to be identified (Chun et al. 2011).

A Role for the SREBP Pathway in Virulence and
the Discovery of Novel Virulence Factors

Another independent screen of the deletion col-
lection asked the question of whether C. neo-
formans experienced hypoxia during infection
and whether this was important for survival in
the host environment. This screen revealed two
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pathways required for hypoxic adaptation. Both
played a role in C. neoformans fitness, imply-
ing that the ability to respond to hypoxia is
critical for infection (Chun et al. 2007). One
of the two pathways encodes a fungal analog
of the sterol-sensing SREBP (sterol regulatory
element-binding protein) system of mammals.
In the mammalian system, SREBP is processed
from a membrane-bound precursor in response
to sterol depletion in the membrane, yielding
an active transcription factor that translocates
into the nucleus to activate cholesterol biosyn-
thesis genes. This system had been shown to
function as hypoxia sensor in Schizosaccharo-
myces pombe because of the requirement for
molecular oxygen in fungal ergosterol biogene-
sis (Hughes et al. 2005). A similar mechanism
was shown to operate in C. neoformans (Chun
et al. 2007). Directed studies of the SREBP path-
way came to the same conclusions (Chang et al.
2007).

Although the polysaccharide capsule has
been the subject of genetic screen for decades,
the systematic approach identified a number of
novel players in capsule production. Two of
these genes, PBX1 and PBX2, were initially iden-
tified on the basis of their dry colony phenotype,
which hinted at a capsule defect (Liu et al. 2007).
These proteins encode paired b-helix proteins.
Many proteins with this structure play a role
in carbohydrate biochemistry. Indeed, the two
mutants, although capable of producing cap-
sule monomers, were defective in properly as-
sembling the capsule (Liu et al. 2007). The bio-
chemical function of Pbx1 and Pbx2 is at present
unclear, but likely plays a key role in capsule
assembly, a process that is poorly understood.

The examples described above show the
utility and efficiency of screening a large dele-
tion collection, and emphasize the additional
utility of construction and analysis of a compre-
hensive collection.

Cross-Species Genetic Interaction Mapping:
Leveraging S. cerevisiae to Study Pathogen
Proteins

Because many C. neoformans genes that appear
relevant for virulence lack assigned biological

function, the genetic tools available for Saccha-
romyces have been used to uncover the function
of C. neoformans genes (Brown and Madhani
2013). The cross-species genetic interaction ap-
proach consists of introducing genes of interest
from Cryptococcus into the S. cerevisiae deletion
collection and measuring their genetic interac-
tions, assessed as growth phenotypes, with any
of the S. cerevisiae gene deletions. Based on the
plethora of existing datasets of genetic interac-
tions of the identified S. cerevisae genes, one can
predict the function of the tested C. neformans
gene. Six C. neoformans genes with unknown
function, but important for virulence, were ini-
tially tested. One of the tested genes, LIV7, had a
genetic interaction profile similar to that of
S. cerevisae mutants defective in Golgi trans-
port, indicating that Liv7 may be involved in
vesicle trafficking, a hypothesis that was tested
and supported by further evidence (Brown and
Madhani 2013). Predictions about the function
of the remaining five tested C. neoformans genes
could also be made (endosome vesicle fusion,
proteolysis, cell cycle progression, etc.), and
preliminary experiments indicate these predic-
tions to be correct (Brown and Madhani 2013).

Lessons Learned

Given its genetic tractability, Cryptococcus rep-
resents an obvious test bed for the application of
genomics. The concerted investment into meth-
ods development by a small number of labora-
tories was critical in producing the conditions
conducive to the construction of the first large-
scale genetic resource and its use in studies of
pathogenesis. Ongoing efforts are aimed at con-
structing a whole-genome deletion collection,
which we anticipate to have a significant impact
on studies of this important human pathogen.

C. albicans: SYSTEMATIC GENETIC ANALYSIS
IN A DIPLOID COMMENSAL: PATHOGEN
WITHOUT A COMPLETE SEXUAL CYCLE

C. albicans Biology, Life Cycle, and Genome

C. albicans, an ascomyceteous fungus, is a com-
mensal of humans found in the gut, skin, and
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mucous membranes. A common cause of mu-
cosal infections, C. albicans can also cause seri-
ous disseminated infection in immunocompro-
mised individuals. According to the Centers for
Disease Control, C albicans is the fourth most
common cause for hospital acquired blood-
stream infections. In response to environmental
stimuli, such as pH, hypoxia, and starvation, C.
albicans can switch from yeast to hyphal, inva-
sive growth (Whiteway and Bachewich 2007).
The switch between yeast and hyphal forms is
crucial for pathogenesis (Calderone and Fonzi
2001). The potential sexual cycle of Candida has
been the subject of much interest. Although
haploid strains can be selected in the laboratory
(Hickman et al. 2013), naturally occurring
strains are diploid or close to diploid. Candida
is thought not to undergo meiosis, a specialized
cell cycle during which diploid cells produce
haploid gametes, as it lacks many of the key
genes that regulate meiosis that are conserved
from Saccharomyces to humans. Nonetheless,
C. albicans encodes a mating-type locus encod-
ing DNA-binding regulators of cell type (Hull
and Johnson 1999). Derivatives capable of mat-
ing can be constructed (Hull et al. 2000). These
can be used to derive tetraploids, which then
lose chromosomes, presumably via errors in
chromosome segregation, to produce diploids
(Bennett and Johnson 2005).

The C. albicans genome encodes more than
6200 genes, the majority of which (more than
4500 genes) are considered uncharacterized ac-
cording to the C. albicans genome database
(www.candidagenome.org). Aneuploidy is com-
mon, as is heterozygosity (Selmecki et al. 2006).
These factors and the diploid nature of C. albi-
cans represent enormous challenges for func-
tional analysis. Nonetheless, steady advances in
genetic and genomic tool production have led
to the development and use of several large-
scale genetic resources.

Gene-Deletion Methods in C. albicans:
Technical Challenges and Solutions

Because most laboratory C. albicans stains are
diploid, introducing recessive mutations in the
genome requires two successive transformation

steps to modify both copies of the locus of inter-
est (Fonzi and Irwin 1993). Initially, the strategy
applied to introduce mutations used ura3 defi-
cient mutants and replaced the gene of interest
with a URA3 cassette (Fonzi and Irwin 1993).
Flanking of the URA3 gene with repeats allowed
for the recycling of the marker using the negative
selective agent 5-fluororotic acid. The sequential
deletion of the two alleles was challenging for
two reasons. First, the marker had to be recycled,
and, second, there was no way to select for ho-
mologous recombination at the unaltered (vs.
deleted) allele. A clever genetic trick was devel-
oped by Mitchell and colleagues that used an
ARG4 gene flanked by overlapping fragments
of the URA3 gene (the UAU1 marker) (Nobile
and Mitchell 2009). This construct allows for a
double selection, thus, greatly increasing the
likelihood forcells lacking both wild-type alleles.
This was used to generate the first-ordered ho-
mozygous mutant libraries for C. albicans and
discoveryof the first regulators of biofilm forma-
tion (see below). Biofilms are thought to be
important clinically as a significant number of
Candida infections are associatedwith indwelling
catheters. This early application of an unbiased
approach is what led to the discovery of what we
now know to be a complex regulatory circuitry
that controls biofilms (Nobile et al. 2012). Al-
though clearly powerful, the UAU1 method suf-
fers from the complication that it relies on sec-
ondary genetic events that are difficult to control
and can result in loss-of-heterozygosity for large
regions (Nobile and Mitchell 2009).

Furthermore, URA3 has turned out to not be
the ideal marker for studies of C. albicans. ura3
null mutants are defective in both morphoge-
netic switching an pathogenesis (Lay et al. 1998;
Cheng et al. 2003; Brand et al. 2004). Moreover,
strains complemented with the wild-type URA3
gene can suffer from position effects that impact
the expression of URA3 and the associated phe-
notypes it controls (Brand et al. 2004). These
findings raised the possibility that studies inves-
tigating the virulence of C. albicans strains in the
ura3 genetic background may have missed im-
portant aspects of C. albicans virulence. These
findings and other challenges spurred the devel-
opment of strains better suited to genetic inves-
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tigations of pathogenesis mechanisms. These
strains used the arg4, leu2, and his1 loci, which
have no detectible virulence or commensalism
phenotypes (Noble and Johnson 2005). More-
over, new heterologous complementing auxo-
trophic markers and cloning-free methods for
the generation of homologous targeting con-
structs containing several hundred base pairs
of targeting homolog were also developed. Fi-
nally, the ability to select for the first deletion
allele using one marker, and the second using a
distinct marker, was used. Together, these ad-
vances allowed for the rapid generation of dele-
tions. These strains and approaches are widely
used in the field. Dominant drug selectable
markers and conditional promoter-based sys-
tems have also been developed, and the C. albi-
cans toolbox continues to expand rapidly.

Systematic Analysis of a Homozygous
Knockout Collection Reveals Multiple Insights

In the largest such academic effort to date, No-
ble et al. (2010) generated more than 3000 KO
strains covering nearly 700 genes. Each homo-
zygous deletion was constructed twice indepen-
dently to enhance the probability that a given
genotype and phenotype pair would be linked.
The mutants were systematically assayed for
growth at 37˚C, colony and cell morphology,
and fitness in a pooled infection of mice. Prior
studies had shown that nearly all mutants defec-
tive in virulence that had been described in the
field also had defects in the morphology switch
from yeast to hyphae (Calderone and Fonzi
2001). However, unbiased screens of the new
library showed that many mutants defective in
virulence had no detectable defects in morpho-
genetic switching or growth (Noble et al. 2010).
Thus, the first insight from this unbiased ap-
proach was that there is evidently much more
to C. albicans pathogenesis than morphogenetic
switching.

Further analysis of mutants defective in in-
fection, but not in growth or morphogenetic
switching, led to studies that revealed the impor-
tance of glucosylceramide in infection (Noble
et al. 2010). The investigators note that related
yeasts, like S. cerevisiae and S. pombe, have lost

the glucosylceramide synthesis genes, indicating
that this glycolipid may be directly relevant for
survival in the host. Additional studies of a tran-
scription factor required for virulence, but not
growth or morphology, led to discovery of a new
iron regulatory network whose activation is crit-
ical for virulence and repression is important for
gut commensalism (Noble et al. 2010). Genetic
screens of this library in the context of gastroin-
testinal tract led to the identification of a spe-
cialized cell type required for C. albicans com-
mensalism in the gut (Pande et al. 2013). We
emphasize that these three insights came directly
out of the systematic, unbiased, forward genetic
approach enabled by the development of new
genetic tools and resources for C. albicans.

Transcription Factor Knockout Collection:
A Systematic Analysis

In a related study, the 143 deletion mutants of
nonessential C. albicans transcription factors
were constructed (Homann et al. 2009). Initial
characterization of the mutants revealed most
mutants affected growth under at least one
condition. In addition, about a quarter of the
mutants affected sensitivity to commonly used
antifungal drugs, and a quarter of the mutants
affected colony morphology (Homann et al.
2009). Other groups used the transcription fac-
tor library to investigate the adherence to sur-
faces by growing Candida cells (biofilm forma-
tion) (Finkel et al. 2012). As mentioned above,
biofilms are thought to allow C. albicans cells
to colonize the surfaces of medical hardware
and withstand drug treatment and immune
responses (Lynch and Robertson 2008). The
study identified multiple factors regulating bio-
films, but the chromatin-remodeling factor Snf5
had one of the most pronounced phenotypes.
The investigators also showed that the effects
of Snf5 are largely through regulating another
transcription factor, Ace2 (Finkel et al. 2012).

Collections Constructed in Industry:
Insights and Challenges

To recognize possible drug targets, several large-
scale studies have attempted to identify new
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essential or haplo-insufficient genes in Candida
via the systematic construction of mutants. A
company constructed a library of more than
1100 mutants, which carry a deletion of one
copy of a gene and the second copy is placed
under a conditional, doxycycline-repressible
promoter (Roemer et al. 2003). The methodol-
ogy used was termed GRACE (gene replace-
ment and conditional expression), and has the
benefit of allowing the investigation of essential
genes, as one copy can be kept expressed for
the purposes of maintaining the strain. Using
this resource, the 567 essential genes were iden-
tified and prioritized as potential drug targets.
One interesting finding was the discordance
of essentiality among homologous genes in C.
albicans, S. cerevisiae, and S. pombe. Only 61%
of the tested C. albicans genes that are homo-
logous to S. cerevisiae essential genes showed
significant reduction in growth. Unfortunately,
this resource was not made available for aca-
demic research until recently. Current use re-
quires negotiation of a materials transfer agree-
ment with Merck Sharp & Dohme (Whitehouse
Station, NJ) for academic use. The same is true
of a larger heterozygous mutant collection. The
latter was successfully used to profile the effects
of 35 small molecules and identify their targets
(Xu et al. 2007).

Lessons Learned

As an important human fungal pathogen, C.
albicans remains the focus of research for mo-
lecular mycologists worldwide. As a diploid
pathogen without a complete sexual cycle, the
technical challenges it poses are substantial.
Nonetheless, the patient development of meth-
ods for systematic gene deletions has shown that
the construction of comprehensive resources is
feasible, even in an organism without tradition-
al genetics. Moreover, insights obtained to date
from unbiased functional approaches indicate
that whole-genome resources, if created and
made available without restriction, would have
an enormous impact. Importantly, an extremely
well-curated genome database (www.candida
genome.org) is in place and widely used in the
field. Together with advances in genetic tools,

the field, as a whole, is poised to make the next
move.

CONCLUDING REMARKS

This work makes it evident that the construc-
tion of whole-genome deletion collections, as
well as other resources (tag libraries, overexpres-
sion libraries, etc.), could have a transformative
impact on our ability to rapidly and efficiently
develop insights into the mechanism of patho-
genesis of human fungal pathogens. Although
such efforts require substantial investment of
time and resources and are not without substan-
tial challenges, there seems little doubt that the
impact on the field would be strong and sus-
tained.
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