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Many of the major human fungal pathogens are known to undergo morphological changes, which in
certain cases are associated with virulence. Although there has been an intense research focus on
morphology in fungi, very little is known about how morphology evolved in conjunction with a variety of
other virulence properties. However, several recent important discoveries, primarily in Candida species,
are beginning to shed light on this important area and answer many longstanding questions. In this
minireview, we first provide a description of the major fungal morphologies, as well as the roles of
morphology and morphology-associated gene expression in virulence. Next, focusing largely on Candida
species, we examine the evolutionary relationships among specific morphological forms. Finally, drawing
on recent findings, we begin to address the question of how specific morphological changes came to be
associated with virulence of Candida species during evolution.

Many fungal species possess the ability to change their phys-
ical shape, or morphology. These species include a wide variety
of fungal pathogens, such as Candida albicans, as well as non-
pathogenic fungi, such as Saccharomyces cerevisiae. The study
of morphology was an area of intense interest for mycologists
well before tools were available to identify the molecular path-
ways and mechanisms that drive morphological change. Some
of the earliest sketches of fungi by Helen Beatrix Potter in the
late 19th century depict a wide variety of both yeast and my-
celial forms (111, 112). In modern times, these studies have
taken on additional significance with the discovery that several
human fungal pathogens undergo morphological changes that,
in certain cases, are associated with virulence (50, 71, 76, 119).
Infections by these pathogens are on the rise and have been
associated with a significant increase in the number of individuals
receiving immunosuppressive therapies, such as cancer patients
on chemotherapy and organ transplant recipients (30, 149).

In the past 20 years, a large arsenal of molecular tools has
been developed, which has allowed mycologists to gain a better
understanding of the relationship between fungal morphology
and virulence. While a great deal has been learned, many
fundamental questions about the evolution of morphology and
virulence in fungi remain unanswered. How and why did the
various fungal morphologies evolve? What is the evolutionary
relationship among specific morphological forms? What spe-
cific contribution does each morphology make to virulence in
different species? What mechanisms function to determine
fungal morphology, and are these mechanisms evolutionarily
conserved? How did morphological changes coevolve with
other virulence properties? While answers to many of these
questions are not complete, several recent important discov-
eries, primarily in Candida species, are beginning to provide
better clues. In this minireview, we place these discoveries in

an evolutionary context with the ultimate goal of providing
greater insight into the coevolution of morphology and viru-
lence in human fungal pathogens.

FUNGAL MORPHOLOGIES

Fungal species can grow in three main cellular morphologies:
yeast, pseudohyphae, and hyphae (Fig. 1). Yeasts are single cells
that are oval and can exhibit both axial and bipolar budding
patterns. Many fungi, such as the model organism S. cerevisiae,
are known to grow predominantly in the yeast form. Other fungi,
such as Schizosaccharomyces spp., also grow as yeasts but divide
by binary fission rather than a budding mechanism (31, 36).

Pseudohyphae and hyphae are commonly called the “fila-
mentous” morphologies, because cells typically grow in a po-
larized manner, are elongated in form, and are attached end to
end. Pseudohyphal cells are generally ellipsoidal (i.e., their
width is larger at the center than at the ends) and have con-
strictions at the septal junctions (132). In contrast, hyphal cells
generally have parallel sides, are uniform in width, and possess
true septa lacking constrictions (108) (Fig. 1). Unlike pseudo-
hyphae, hyphal cells also have pores in their septa for cell-cell
communication (48, 108). In pseudohyphae and yeast, nuclear
division and septum ring formation occur across the mother-
bud neck, whereas in hyphae, these events occur entirely within
the germ tube (the initial short filament) during the first cell
division, based on C. albicans studies (52, 133, 146). In addi-
tion, both yeast and pseudohyphal cells grow in synchrony with
the cell cycle, whereas in hyphae, initial germ tube formation
occurs prior to the G1/S transition (6, 51, 151). Following
completion of the first cell cycle, C. albicans hyphal cells re-
main in G1 phase until they accumulate a cytoplasmic mass
sufficient to allow them to enter a second cell cycle; as a
consequence, hyphal filaments tend to be less highly branched
than those of pseudohyphae (132). Based on studies in Asper-
gillus nidulans, additional factors, such as sphingolipid biosyn-
thesis and calmodulin, are known to control cell cycle progres-
sion in hyphae (21, 115). Hyphal cells are also known to
possess several structures that are absent in pseudohyphae.
These include true septa, mentioned above, as well as the
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Spitzenkörper, a specialized organelle that promotes growth at
the hyphal tip by coordinating vesicle secretion in a controlled
manner (23, 129). (For a more detailed description of the
differences among these morphologies, see reference 132.) It is
important to bear in mind that while pseudohyphae may
appear physically more similar to hyphae, they actually
share far more properties with yeasts and might be better
described as elongated, attached yeast cells (108, 132). Al-
though not frequently discussed in the literature, interme-
diate morphologies, such as elongated single yeast cells and
pseudohyphal cells with largely parallel sides and minor
septal constrictions, are also observed in nature. Yeast,
pseudohyphae and hyphae are all vegetative cell types. A
nonvegetative morphology, the spherule, is also generated
by spores of Coccidioides immitis, the causative agent of
valley fever, and is important for invasion of the lungs (55).
A final morphological structure observed in fungal patho-
gens is the chlamydospore. Chlamydospores are large (3 to
4 times the size of yeast), round, thick-walled cells that
typically form at the ends of hyphal filaments (128). These
cells tend to form in response to nutrient-poor conditions in
several fungal pathogens, including C. albicans and Candida
dubliniensis, and have also been observed in Cryptococcus
neoformans, dermatophytes, Fusarium spp., and classical di-
morphic fungi (79, 91, 118, 124, 128, 130). Chlamydospores
have only rarely been observed in infected tissue (20, 22),
and very little is known about the biological function of
these cells. For the purposes of this review, however, we will
focus solely on the yeast, pseudohyphal, and hyphal cellular
morphologies.

ROLES OF YEAST AND YEAST-ASSOCIATED GENE
EXPRESSION IN VIRULENCE

In many fungal pathogens, the yeast form and yeast-associ-
ated gene expression are specifically correlated with virulence.
This correlation is best observed in a family of six related
dimorphic fungal pathogens, which are collectively responsible
for over 1 million new infections per year: Histoplasma capsu-
latum, C. immitis, Paracoccidioides brasiliensis, Blastomyces der-
matitidis, Penicillium marneffei, and Sporothrix schenkii (71).
These species are typically found in the soil growing in the
nonpathogenic hyphal form. Following inhalation of conidia by
the host (in the case of S. schenkii, conidia are inoculated into

wounds), the organisms convert to the pathogenic yeast form
and establish infection. The morphological transition to yeast
cells is required for virulence and is known to be triggered by
the shift to body temperature, 37°C (71). Causing an irrevers-
ible block to this transition by treatment with p-chloromercuri-
phenylsulfonic acid (PCMS) was shown to render H. capsula-
tum strains highly attenuated for virulence (89). Previous
studies have shown that H. capsulatum yeast cells can evade
killing, multiply in macrophages, and use phagocytic cells as a
transport vehicle to invade and colonize a variety of organs,
including the liver, bone marrow, lymph nodes, and spleen (16,
32, 33). In addition, B. dermatitidis yeast, but not hyphal, cells
have been shown to be too large for engulfment by polymor-
phonuclear neutrophils (PMNs) (28). While not specifically
required for virulence in C. albicans, the yeast morphology is
known to be important for a variety of virulence-related pro-
cesses in Candida species, including colonization and rapid
dissemination to host tissues, adhesion to host cell surfaces,
and biofilm formation (50, 108, 109).

A variety of yeast phase-specific genes that play specific roles
in virulence have also been identified. In B. dermatitidis, H.
capsulatum, and P. brasiliensis, a direct correlation has been
shown between yeast cell wall �-(1,3)-glucan content and vir-
ulence (59). A recent study in H. capsulatum suggests that
�-(1,3)-glucan in the cell wall functions to mask �-glucan res-
idues from detection by the host macrophage receptor dec-
tin-1, thus evading an immune response (113). Consistent with
this hypothesis, disruption of the H. capsulatum yeast-specific
gene AGS1, encoding �-(1,3)-glucan synthase, reduces both
pathogenesis and the ability of yeast to grow in macrophages in
vitro (114). Additional yeast phase-specific virulence factors
include B. dermatitidis BAD1, an adhesin that binds comple-
ment type 3 receptors, as well as CD14 on lung cells and
macrophages, to manipulate the host immune response (12,
98), and H. capsulatum CBP1, a calcium-binding protein re-
quired for pathogenicity, in addition to growth in macrophages
in vitro (8, 122).

Several key regulators of the hyphal-yeast transition have
also been identified in these fungi. In both B. dermatitidis and
H. capsulatum, DRK1 encodes a hybrid histidine kinase that
senses host signals. DRK1 is required for the hyphal-to-yeast
transition, as well as virulence and expression of virulence-
specific genes, such as AGS1 (97). Also, in H. capsulatum,
RYP1 encodes a transcriptional regulator required for both the
transition to yeast phase and expression of the large majority of
yeast-specific genes (including several genes important for vir-
ulence), as determined by DNA microarray analysis (99).

In addition to the 6 dimorphic ascomycete fungal pathogens
discussed above, C. neoformans, a basidiomycete, forms fila-
mentous dikaryons during mating but occurs predominantly in
the yeast form during infection (2, 80). C. neoformans basidio-
spores or desiccated yeast cells are likely to be the initial forms
to establish infection in the host, since they are sufficiently
small (�3 �m) to accumulate in lung alveoli following inhala-
tion (78); nondesiccated C. neoformans spores are also known
to have pathogenic potential (45, 134, 156). During infection,
C. neoformans yeast cells are known to replicate in both intra-
cellular and extracellular environments and are likely to sur-
vive better in macrophages, dendritic cells, and neutrophils
(26, 37, 142). In this fungus, the yeast morphology is also

FIG. 1. Major morphologies of human fungal pathogens. (Top)
Images of C. albicans cells as visualized by differential interference
contrast (DIC) microscopy (bar � 10 �m). (Bottom) Schematic rep-
resentation of each morphology.
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associated with a number of virulence properties, including
thermotolerance, capsule formation, and melanin produc-
tion (57). A specific C. neoformans transcriptional regulator,
MGA2, has been linked to thermotolerance (74). In addi-
tion, the cyclic AMP (cAMP) pathway is known to be im-
portant for both capsule formation and virulence, since a C.
neoformans pka1 catalytic mutant is deficient for both of
these processes (29). A laccase gene, LAC1, has also been
shown to be important for both melanin production and
virulence in C. neoformans (116, 117). For a description of
additional genes involved in C. neoformans virulence prop-
erties, see reference 110.

ROLES OF HYPHAE AND HYPHA-ASSOCIATED GENE
EXPRESSION IN VIRULENCE

In several fungal pathogens, the hyphal morphology and
expression of hypha-specific genes is critical for virulence. This
discussion focuses largely on C. albicans, because significantly
more is known about the relationship between hyphae and
virulence in that pathogen. In C. albicans, hyphal formation is
known to promote virulence by several mechanisms: (i) hyphae
can invade epithelial cell layers by exerting mechanical force;
invasion can involve growth between epithelial cells, as well as
penetration of individual cells (76); (ii) hyphae are capable of
breaching and damaging endothelial cells (65, 76, 157); and
(iii) following phagocytosis, C. albicans hyphal growth can
cause lysis of both macrophages and neutrophils (72, 84). In
addition, thigmotropism, or contact sensing, is believed to al-
low C. albicans hyphae to identify and penetrate small grooves,
crevices, and weak points in host tissues during infection (49,
50, 53). In Aspergillus spp., as well as several zygomycetes,
hyphae play a critical role in a process known as angioinvasion
(42, 43, 123). Once inhaled by the lungs, spores of these species
form hyphae that penetrate both pulmonary epithelial and
vascular endothelial cell layers; hyphal fragments then dissem-
inate through the bloodstream and eventually establish sec-
ondary sites of infection (38).

Multiple lines of evidence suggest that the yeast-hyphal tran-
sition is required for virulence in C. albicans. First, a mutant
locked in the yeast form is highly attenuated for virulence in a
mouse model of systemic candidiasis (84); one caveat, how-
ever, is that this strain bears mutations in transcriptional reg-
ulators known to control a variety of processes in addition to
hyphal formation. Second, a strain that can be genetically en-
gineered to grow exclusively in the yeast form during infection
is highly attenuated for virulence; importantly, if this strain is
manipulated to undergo the yeast-hyphal transition at various
postinfection time points, virulence is restored (121). Finally, it
has been shown that virulence is promoted in a strain that is
genetically manipulated to increase hyphal formation during
infection in a mouse model of systemic candidiasis (19). Inter-
estingly, a recent large-scale analysis of C. albicans homozy-
gous deletion mutants has identified 48 genes that appear to
play important roles in infectivity but have no effect on mor-
phology; in addition, out of 24 mutants with significant mor-
phology defects, two-thirds showed normal infectivity (104).
Therefore, while the C. albicans yeast-hyphal transition ap-
pears to be generally important for virulence, these results
challenge the dogma that there is a precise correlation between

morphology and virulence and suggest that several factors play
independent roles in each process as well.

Based on studies in C. albicans, hyphal formation is well
orchestrated, with the expression of genes involved in a
variety of virulence-related processes (67, 76, 96). Certain
filament-induced genes, such as HGC1, are specifically in-
volved in driving the physical process of hyphal develop-
ment. HGC1 encodes a cyclin-related protein important for
septin phosphorylation, inhibition of cell separation, and
activation of the Cdc42 master polarity regulator (47, 125,
144, 145, 154, 155). C. albicans cells deleted for HGC1 are
highly attenuated for virulence, indicating a specific require-
ment for hyphal development in C. albicans pathogenicity.
Interestingly, many other hypha-specific genes are also im-
portant for pathogenicity but not necessarily involved in
hyphal formation per se. For example, ALS3 and HWP1
encode adhesins, which enable C. albicans to move out of
the bloodstream, colonize tissues, and form biofilms (34,
101–103, 127, 138, 153). Secretion of degradative enzymes is
another virulence property associated with hyphal growth.
Several members of the secreted aspartyl proteinase (SAP)
gene family (SAP4, SAP5, and SAP6) are induced during the
C. albicans yeast-hyphal transition and are known to play a
role in host tissue invasion (67, 96, 120). In addition to
secreting SAPs, Aspergillus fumigatus, which grows vegeta-
tively in the hyphal form, also produces elastases, enzymes
that can break down elastin in lung tissue and that have been
suggested to be important for invasive aspergillosis (24).
Expression of genes that protect against host defenses is
correlated with the hyphal morphology, as well. In C. albi-
cans, SOD5, encoding a superoxide dismutase, is induced
during hyphal growth and protects against oxidative stress
(87). HYR1, another hypha-specific gene, is important for
neutrophil killing and is believed to have a role in antifungal
drug resistance (3, 68, 85).

Importantly, during the yeast-hyphal transition, expression
of genes involved in a wide variety of virulence processes is
coordinately controlled by a common set of signal transduction
pathways and downstream transcriptional regulators. In C. al-
bicans host filament-inducing conditions are known to promote
hyphal growth by activation of mitogen-activated protein
(MAP) kinase, cAMP-protein kinase A (PKA), and GlcNAc,
as well as pH- and amino acid-sensing, pathways (10, 15).
These pathways target a variety of transcriptional regulators,
including Efg1, Ume6, and Nrg1, to control the expression of
filament-specific transcripts (11, 35, 152). In A. fumigatus, a
MAP kinase pathway has been shown to play an important role
in nutrient sensing, as well as conidial germination, which is
important for virulence (88, 150). Coordinated expression of
genes involved in multiple virulence properties is also likely to
be correlated with the hyphal morphology in a variety of ad-
ditional fungal pathogens (17, 106).

EVOLUTION OF YEAST, PSEUDOHYPHAL, AND
HYPHAL MORPHOLOGIES

Early evolution of morphology in fungi. In order to better
understand the evolution of morphology in fungal pathogens,
it is important to first examine how morphology evolved in
their ancestors. Applying dating methods based on the Sordar-
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iomycetes calibration, the first fungi are believed to have ap-
peared approximately 1.5 billion years ago (136). Chytrids are
the most ancient fungal species (63). Interestingly, having
evolved in an aquatic environment, chytrid zoospores possess
flagellar structures and are motile. In addition, chytrids also
possess a cell wall containing chitin and can be found in both
unicellular and aseptate hyphal forms (Table 1); the hyphae
typically form rhizoid-like structures (58, 63, 64, 137). Both
zygomycetes and glomeromycetes evolved after chytrids (63).
These species are capable of forming mostly aseptate hyphae.
The divergence of ascomycetes and basidiomycetes is believed
to have occurred at a later point in time, and these species are
capable of forming yeast, pseudohyphae, and predominantly
septated hyphal morphologies (1, 136). Based on these obser-
vations, yeast and aseptate hyphae appear to have been the
first fungal morphologies to have evolved. Septated hyphae, as
well as pseudohyphae, most likely evolved at a later point in
time. These observations also imply that most fungi once pos-
sessed basic machinery for growth in both the yeast and hyphal
forms. A variety of evolutionary mechanisms, including gene
loss, loss-of-function mutations, and alterations in gene expres-
sion patterns, may account for the fact that many fungi are
known to grow only in one form or the other.

Evolution of morphology in Candida species. Given that
mammalian hosts appeared long after fungi, it is also useful to
examine the more recent evolution of fungal pathogen mor-
phology under host selective pressures. For many years, very
little was known about this topic. However, several recent and
important discoveries are starting to shed some light on how
morphology may have evolved, at least in Candida species. In
one of these experiments, expression levels of a filament-spe-
cific transcriptional regulator, UME6, were shown to be suffi-
cient to determine C. albicans morphology in a dosage-depen-
dent manner (19). When UME6 is not expressed, cells grow in
the yeast form. Low-level UME6 expression generates a largely
pseudohyphal population (the remaining cells are mostly
yeast). As UME6 levels increase, cells gradually shift from
pseudohyphal to hyphal morphology (hybrid pseudohyphal-
hyphal filaments are observed). Finally, constitutive high-level
UME6 expression is sufficient to generate a nearly complete
hyphal population. Importantly, this experiment was carried
out in the complete absence of filament-inducing conditions so
as to exclude the possibility that morphologies were deter-
mined by environmental stimuli. Interestingly, Northern anal-
ysis indicated that a subset of filament-specific transcripts were
expressed at significantly reduced levels in the largely pseudo-
hyphal population. As UME6 levels rose, there was an increase
in both the number of transcripts expressed as well as their
levels of induction. These results strongly suggest that a com-

mon transcriptional mechanism specifies the shift from yeast to
pseudohyphal to hyphal morphology in a dosage-dependent
manner and argue against models in which pseudohyphal and
hyphal growth is determined by distinct genetic mechanisms.
In addition, these results suggest that in the case of Candida
species, morphology may have evolved in a stepwise fashion
from yeast to pseudohyphae to hyphae (7). Consistent with this
hypothesis, while many Candida species are capable of forming
yeast and pseudohyphae, only three species, which are phylo-
genetically closely related (Candida tropicalis, C. dubliniensis,
and C. albicans), are known to form hyphae as well (39, 94,
135) (Table 2).

The results described above may also imply, at least in the
case of Candida species, that the pseudohyphal form is an
intermediate morphology between yeast and hyphae. Consis-
tent with this notion, pseudohyphae more closely resemble
elongated yeast cells that fail to separate at the end of the cell
cycle (108, 132). Specialized structures, such as true septa and
the Spitzenkörper, are also absent in pseudohyphae but pres-
ent in hyphae (23, 133). Of note, specialized structures that are
unique to pseudohyphae have not yet been reported. In addi-
tion, based on C. albicans studies, weak filament-inducing con-
ditions (e.g., high-phosphate medium) tend to induce more
pseudohyphal growth, whereas stronger filament-inducing con-
ditions, such as the combination of serum and 37°C, direct a
greater proportion of cells to grow in the hyphal morphology
(60, 107). Indeed, a continuum of yeast to pseudohyphal to
hyphal morphologies has been observed as inducing signals
increase (107, 132). These observations suggest that stepwise
evolution of morphology in Candida species may have oc-
curred in response to a variety of environmental stimuli. It is
important to note that while the model yeast S. cerevisiae, a
distant relative of Candida species, is known to have the ability
to transition between yeast and pseudohyphae, this transition
does not occur frequently and has been observed only in the
presence of a very limited set of environmental cues (46). It is
therefore likely that the earliest Candida species also possessed
a very weak ability to form pseudohyphae and over time
evolved to undergo this morphological transition more fre-
quently in response to a broader array of host environmental
conditions and niches.

While the precise mechanisms by which stepwise evolution
of morphology in Candida species may have occurred are un-
known, recent comparative genomic analyses suggest that gene
duplication, rather than horizontal gene transfer, as well as
rapidly evolving combinatorial transcription networks appear
to have played important roles in the evolution of many prop-
erties associated with fungal virulence and/or adaptation to the
human host (93, 139, 140). The fact that the most ancient fungi,

TABLE 1. Early evolution of morphology in the fungal kingdom

Phylum Morphology

Chytridiomycota ........................Yeast, aseptate hyphae
Zygomycota................................Yeast, predominantly aseptate hyphae
Glomeromycota .........................Yeast, predominantly aseptate hyphae
Basidiomycota............................Yeast, pseudohyphae, predominantly

septate hyphae
Ascomycota................................Yeast, pseudohyphae, predominantly

septate hyphae

TABLE 2. Morphologies of pathogenic Candida species

Species Morphology

C. glabrata .................................................Yeast, pseudohyphae
C. lusitaniae...............................................Yeast, pseudohyphae
C. guilliermondii........................................Yeast, pseudohyphae
C. parapsilosis ...........................................Yeast, pseudohyphae
C. tropicalis................................................Yeast, pseudohyphae, hyphae
C. dubliniensis ...........................................Yeast, pseudohyphae, hyphae
C. albicans .................................................Yeast, pseudohyphae, hyphae
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chytrids, were capable of forming aseptate hyphae (58, 63, 64,
137) strongly suggests that hyphae may have reappeared,
rather than emerged de novo, during the evolution of Candida
species. Given that pseudohyphae appear to express a subset of
hyphal genes at lower levels in C. albicans (19), it is reasonable
to hypothesize that mutations which caused an increase in the
level and duration of expression of the filamentous growth
transcriptional program also played an important role in the
evolution of morphology in Candida species.

Is the mechanism of dosage-dependent morphology deter-
mination evolutionarily conserved across a wide variety of fun-
gal species? While intriguing, the answer to this question is
currently unknown but under active investigation in our labo-
ratory. However, a very recent report indicated that expression
of the UME6 homolog in C. dubliniensis, a close relative of C.
albicans, is sufficient to promote C. dubliniensis hyphal forma-
tion (106). Interestingly, unlike the situation in C. albicans,
C.d.UME6 was found to be specifically induced in response to
nutrient-poor, rather than nutrient-rich, conditions; a certain
core set of filament-induced genes was also found to be con-
served in both C. albicans and C. dubliniensis. These findings
suggest that while components of the basic machinery impor-
tant for hyphal growth may be conserved in Candida species,
transcriptional regulators and signaling molecules that control
the expression of this machinery appear to have been rewired
during evolution to respond to specific host environmental
cues. Consistent with this notion, in S. cerevisiae, a MAP kinase
signal transduction pathway important for mating in haploids
was shown to be rewired to mediate diploid pseudohyphal
growth in response to nitrogen starvation (83). Components of
the same pathway were also shown to play an important role in
mediating C. albicans filamentation signals (82). Several com-
ponents of a Ras/Cdc42/PAK signaling pathway originally im-
plicated in S. cerevisiae mating and pseudohyphal growth are
also known to play important roles in morphology and/or
pathogenicity of the fungal pathogens C. neoformans, A. fu-
migatus, and C. albicans; interestingly, this pathway appears to
have a conserved role in C. neoformans mating and is also
involved in A. fumigatus asexual development (4, 15, 40, 41, 92,
100, 143, 147, 148). In addition to signaling pathways, several
key transcriptional regulators are also conserved in various
pathogenic fungi. For example, Ryp1, a key regulator of the H.
capsulatum hyphal-yeast transition in response to temperature
induction, is a member of a family of transcription factors that
includes Wor1, an important regulator of C. albicans white-
opaque switching and mating (61, 99, 126, 158). Homologs of
several S. cerevisiae transcriptional regulators involved in pro-
cesses not related to filamentation also appear to have been
rewired over evolution to play important roles in the regulation
of filamentous growth and virulence in C. albicans (5, 9, 13, 66,
70, 95, 131). It is also likely that during the evolution of Can-
dida species certain key filamentous growth signaling and tran-
scriptional response pathways were gradually wired to respond
to an increasing repertoire of environmental cues in the host.

It is important to note that, in addition to the stepwise
yeast-to-pseudohyphal-to-hyphal evolution model described
above, a reductive evolution model, involving the loss of hy-
pha-specific virulence factors, has also been suggested in the
case of C. dubliniensis (62). The stepwise yeast-to-pseudohy-
phal-to-hyphal model also does not explain the existence of

dimorphic fungal pathogens, such as H. capsulatum, in which a
transition from hyphae to yeast is required for pathogenicity.
Furthermore, this model does not explain the existence of
fungal pathogens for which a morphological transition is not
required for virulence, such as Candida glabrata, which grows
primarily in the yeast form, or A. fumigatus, which grows in the
hyphal form. In order to answer these questions, we need to
examine how the complex relationship between fungal mor-
phology and virulence evolved in response to different envi-
ronmental selective pressures.

COEVOLUTION OF FUNGAL MORPHOLOGY
AND VIRULENCE

It is important to bear in mind that morphological variation
is one of many properties that have been shown to contribute
to fungal virulence. In certain fungal pathogens, such as C.
albicans and H. capsulatum, morphology and morphology-as-
sociated gene expression are critical for virulence, whereas in
other fungal pathogens, genes important for virulence are ex-
pressed without an accompanying transition in morphological
form (57). In order to better understand these observations, we
need to examine the environmental and selective pressures
encountered by different fungal pathogens during evolution.

Coevolution of the hyphal-to-yeast transition with virulence.
The natural reservoir for dimorphic fungal pathogens, such as
H. capsulatum, C. immitis, P. brasiliensis, B. dermatitidis, P.
marneffei, and S. schenkii, which require the hyphal-to-yeast
transition for virulence, is the soil (71). Given that hyphal
filaments allow fungi to more rapidly and effectively penetrate
the soil in their search for nutrients (hyphae can also produce
airborne conidia, which serve as a very effective mechanism for
dispersal to new soil habitats [25]), it is logical to assume that
evolutionary genetic events, which caused these fungi to grow
predominantly in the hyphal form, conferred a clear selective
advantage. Molds, which grow exclusively in the hyphal mor-
phology, are the best example of soil and ambient fungi that
are very well adapted to compete successfully for nutrients in
the environment. It is not surprising, therefore, that dimorphic
fungal pathogens, such as H. capsulatum and C. immitis, pri-
marily grow as hyphae in their natural reservoir, the soil (78).
Interestingly, however, over evolution, these pathogens have
either retained or regained an ability to transition back to the
yeast form. This transition occurs primarily in response to
environmental conditions (e.g., body temperature, 37°C) once
spores have been inhaled by the host and is believed to confer
protection from killing by neutrophils, monocytes, and macro-
phages; the transition to yeast form also allows these patho-
gens to more rapidly disseminate from the lungs through the
bloodstream to establish a systemic infection (71). In turn, the
expression of genes encoding proteins important for additional
virulence-related properties, such as the AGS1 �-(1,3)-glucan
synthase (H. capsulatum) and BAD1 adhesin (B. dermatitidis),
is closely orchestrated with the hyphal-to-yeast transition (71).
The recent identification of DRK1, a global regulator of both
the hypha-yeast transition and virulence gene expression in B.
dermatitidis and H. capsulatum (a highly conserved homolog is
also present in C. immitis) (71, 97), strongly suggests that these
two processes have coevolved to confer a distinct selective
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advantage for dimorphic fungal pathogens in the host environ-
ment.

Coevolution of the yeast-pseudohyphal-hyphal transition
with virulence. Unlike the dimorphic fungal pathogens dis-
cussed above, certain fungal pathogens, primarily Candida spe-
cies, are not generally found in reservoirs outside the mam-
malian host. Instead, these opportunistic pathogens reside as
commensals in the host oral cavity, gastrointestinal (GI) tract,
skin, and/or vagina and are held at bay until the host immune
system is compromised (18, 108, 109). Clearly, these species
faced very different selective pressures over evolution than
their distant soil-dwelling relatives. It is not surprising, there-
fore, that Candida species are generally found in both yeast
and filamentous forms in the host environment (78). In the
commensal state, the yeast form allows for rapid transport
across mucosal surfaces via bodily fluids (e.g., saliva, vaginal
secretions, and water in the GI tract); in contrast, the hyphal
form allows for rapid attachment, biofilm formation, and
nutrient scavenging in specific regions of the mucosa (108,
109). During a systemic infection, the yeast form is believed
to be important for rapid dissemination to target organs via
the bloodstream, and the hyphal form has been shown to
play an important role in the lysis of macrophages and
neutrophils, thigmotropism, biofilm formation, and immune
evasion by antigenic variation, as well as the invasion of
epithelial cell layers and a variety of tissues (14, 15, 44, 56,
75, 76, 90, 107–109) (Fig. 2).

In C. albicans, virulence gene expression is closely associated
with the yeast-to-hyphal transition. Several transcriptional reg-
ulators (e.g., EFG1) simultaneously control the expression of
genes important for the physical process of hyphal growth,
such as HGC1, as well as genes involved in a wide variety of

additional virulence processes, including adhesion and secre-
tion of degradative enzymes (11, 15, 35, 81, 154). Strains de-
leted for these transcription factors are both defective for
filamentous growth and highly attenuated for virulence. A
strain overexpressing a key transcriptional repressor of fila-
ment-specific genes, NRG1, is locked in the yeast form, shows
reduced expression of filament-specific genes, and is highly
attenuated for virulence (121, 141). In contrast, a strain ex-
pressing high constitutive levels of a transcriptional regulator
important for hyphal extension, UME6, causes increased hy-
phal formation and elevated expression of filament-specific
genes and promotes virulence in a mouse model of systemic
infection. However, the hyphal morphology is not sufficient for
virulence, since the initial inoculum of this strain consisted of
yeast cells (19, 152). Combined, these results provide strong
evidence for coevolution of the Candida yeast-hyphal transi-
tion with virulence.

While the evolutionary advantage of the yeast-hyphal
transition for virulence is clear, what is the evolutionary
significance and advantage of the pseudohyphal morphol-
ogy? It is important to note that a variety of significantly less
pathogenic Candida species are primarily found in infected
tissues as a combination of yeast and pseudohyphae (e.g., C.
tropicalis, Candida parapsilosis, Candida guilliermondii, and
Candida lusitaniae); indeed, a number of these species ei-
ther rarely or never appear to form hyphae (77, 135). Recent
completion of the genome sequences for several of these
species (17) has indicated that many, but not all, of the
genes expressed during the yeast-to-filament transition in C.
albicans are evolutionarily conserved. We have observed
that approximately 85% of the genes originally identified in
the C. albicans filamentous-growth transcriptional program

FIG. 2. Model for evolution of morphology and virulence in Candida species. In the mammalian host reservoir, the yeast form is believed
to have adapted for colonization of mucosal cell surfaces in the oral cavity, gastrointestinal tract, and/or vagina. Stepwise evolution from
yeast to pseudohyphae to hyphae is believed to be associated with increased virulence gene expression and the development of a variety of
virulence properties. As an evolutionarily intermediate morphology, pseudohyphae were initially most likely important for promoting
nutrient scavenging and motility in the host environment, although they may eventually have evolved to possess a weaker version of several
virulence properties associated with hyphae. It is important to note that these morphological transitions are typically reversible and that the
yeast form has also evolved to play a number of important roles in the virulence process. While the precise time points at which each
morphology came to be associated with specific virulence properties are unknown, the entire time since the divergence of C. albicans (which
is likely the most highly evolved Candida species) from the nonpathogenic model yeast S. cerevisiae is approximately 841 million years (54).
Similar to S. cerevisiae, the most primitive Candida species are likely to have possessed a very weak ability to form pseudohyphae in response
to a very limited set of environmental cues. Over evolution, Candida species are believed to have acquired the ability to form pseudohyphae
more frequently and in response to a broader range of conditions in the host environment. Finally, it is important to bear in mind that not
all fungal pathogens are likely to have evolved virulence properties in association with morphological shifts, as depicted in the model.
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(67) have homologs in non-albicans Candida species. Inter-
estingly, a comparative genomic analysis has revealed that
Candida species show significant expansion, relative to S.
cerevisiae, in a number of gene families associated with
virulence, including those encoding cell wall components,
secreted proteins, and transporters involved in a variety of
processes, such as nutrient acquisition, nutrient uptake, and
energy production (17). C. albicans and C. tropicalis, both of
which form hyphae, appear to show greater expansion in the
number of genes in these families relative to that of other
Candida species examined. Consistent with this observation,
many less pathogenic non-albicans Candida species, which
are only capable of forming yeast and pseudohyphae, have a
reduced ability to adhere to buccal epithelial cells and vas-
cular endothelial cells, as well as reduced protease secre-
tion. In contrast, hypha-forming C. albicans, C. dubliniensis,
and C. tropicalis appear to have an increased ability to
adhere to host cells and secrete proteases relative to other
Candida species, which lack the ability to form hyphae (94).
As indicated previously, a recent study has also shown that
in C. albicans, pseudohyphae appear to express a subset of
hyphal genes, including known virulence factors, at signifi-
cantly reduced levels (19). Combined, these observations
are consistent with the stepwise yeast-pseudohyphal-hyphal
model for the evolution of morphology in Candida species
(Fig. 2) and suggest that the pseudohyphal morphology may
be correlated with low-level virulence and reduced expres-
sion of genes important for a variety of virulence-related
processes. Based on the role of pseudohyphae in S. cerevi-
siae (46), the initial shift toward increased pseudohyphal
growth during the evolution of Candida species is likely to
have facilitated nutrient scavenging and promoted de facto
motility in the host environment. Over time, it is likely that
pseudohyphae may have also acquired a weaker version of
several, but most likely not all, of the virulence properties
associated with hyphae. Why has the pseudohyphal mor-
phology been conserved throughout evolution in one of the
most virulent fungal pathogens, C. albicans? One possibility
is that specific microenvironments and niches within the
host may require reduced levels of invasion and virulence
factor expression. Transitioning to the pseudohyphal mor-
phology may allow C. albicans to modulate its invasion and
virulence activity in tissues where nutrient levels and other
host resources are not optimal at given time points during
infection. In a sense, the pseudohyphal morphology may
therefore serve as an evolutionary adaptation for the devel-
opment of measured niche-specific invasion patterns. Con-
sistent with this hypothesis, certain Candida species that are
only capable of forming yeast and pseudohyphae appear to
more frequently infect specific sites in the human host (86,
94, 105).

EVOLUTION OF FUNGAL VIRULENCE NOT ASSOCIATED
WITH A MORPHOLOGICAL SHIFT

As we discussed above, certain fungal pathogens grow pre-
dominantly in the yeast or hyphal form both in their natural
reservoirs and during infection in the host. C. glabrata is pri-
marily a yeast form pathogen that resides in host mucosal
cavities (27). This pathogen has evolved to express a large

family of adhesins important for biofilm formation and viru-
lence in response to niche-specific host environmental cues,
such as nicotinic acid limitation in the urogenital tract (69). A.
fumigatus, a filamentous fungus that grows vegetatively in the
hyphal form, has evolved a variety of virulence traits that are
not associated with a morphological shift, including melanin
production and thermotolerance, as well as the secretion of
proteinases and toxins (24, 38). Interestingly, C. neoformans, a
predominantly yeast form pathogen, shares several of these
virulence properties (melanin production and the ability to
grow well at 37°C) and has also evolved distinct features, such
as capsule formation, that promote survival in the host envi-
ronment (57, 73, 78). Similar to the case of C. albicans, expres-
sion of genes important for a number of virulence properties in
C. neoformans, including capsule synthesis, is induced in re-
sponse to body temperature (37°C). However, unlike C. albi-
cans, C. neoformans does not undergo a yeast-to-hyphal tran-
sition under these conditions; instead, C. neoformans hyphal
growth is initiated during the mating and monokaryotic fruit-
ing processes, which do not occur in vivo (57, 78). These ob-
servations suggest that while pathogenic fungi are evolution-
arily wired to respond to similar host signals, these signals may
trigger different virulence mechanisms. It is important to bear
in mind that morphological change is one of many mechanisms
that are known to play a role in virulence. Several virulence
properties appear to have coevolved with morphological shifts,
whereas others have not. Ultimately, selective pressures in
both the natural reservoir and the host environment are likely
to have played a role in determining whether morphology and
virulence coevolved in specific fungal pathogens. In the case of
Candida species, these pressures were encountered exclusively
in the mammalian host. While our knowledge of the evolution-
ary relationship between fungal morphology and virulence re-
mains limited, it is hoped that future work, including more
extensive cross-species comparative and functional analyses
based on newly sequenced fungal pathogen genomes, will shed
more light on this important area of study.
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