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Abstract

Purpose of Review Candida auris is a multi-drug-resistant pathogen with many phenotypic variations that contribute to its
pathogenicity. This review aims to characterize its phenotypic heterogeneity while highlighting the variants that should be
prioritized in future research to advance therapies against C. auris.

Recent Findings As the Earth warms, fungi like Candida experience selective pressure to tolerate these higher temperatures
and become the few fungal species capable of successfully colonizing the host. The most recent of these is C. auris, which has
become an acute concern due to its rapid emergence, high mortality rate, and resistance to all known classes of antifungals.
Summary Several studies have contributed rapidly to our general understanding of C. auris, but not enough has been experi-
mentally verified on its morphological variation and its ability to maintain a successful commensal lifestyle on the human
skin. Because of its distinct phenotypic variations compared to other fungal species, especially under the selective pressures
of its host, C. auris presents a unique opportunity to identify unique targets and strategies to contribute to the antifungal

pipeline and control emergent pathogens.
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Introduction

In 2019, Candida auris became the first fungal pathogen to
be declared a global health threat by the CDC [1]. Though
the more prevalent species, Candida albicans, is to date the
most common causative agent of candidemia in the USA [2],
C. auris represents an acute concern due to its rapid emer-
gence, high mortality rate, and resistance to all three classes
of antifungals [3]. Treatment of C. auris is further compli-
cated by its high transmissibility within intensive care and
hospital units. C. auris has been found to linger on hospital
surfaces and equipment, remaining resistant to desiccation
and disinfection for at least several weeks [4, 5]. In the wake
of the COVID-19 pandemic, which overflowed hospitals and
ICUs, C. auris experienced markedly rising incidence and
mortality rates in the USA, presumably due to the increasing
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number of immunocompromised patients in hospitals, ICUs,
and nursing homes [6].

C. auris is one of many fungal infections that plague sev-
eral other organisms, but fungal intolerance of high tem-
peratures has protected most endotherms, including humans,
from these infections. However, as the Earth’s climate warms
due to anthropogenic climate change, fungi across ecosys-
tems experience selective pressure to tolerate these higher
temperatures. The Candida genus, including C. auris, which
can tolerate temperatures greater than 40 °C, are among the
few fungal species capable of colonizing the human host. As
such, they represent a unique opportunity to identify novel
targets and strategies for treating fungal infections. This is
of crucial importance, as fungi represent a major reservoir
of possible novel human pathogens. The threat only grows
as we surpass 1 °C of global temperature increase since the
pre-industrial age [7].

In recent years, several studies have provided insights
into our understanding of C. auris. When C. auris was first
isolated from a woman’s ear in 2009, the field was eager to
classify it—five diverse clades were identified around the
world, but confusion still remained on how it had evolved to
be so different from other Candida [8]. It is now understood
that C. auris likely evolved in salt marshes, which explains
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its unique tolerance to high temperatures and high salinity
[9]. C. auris infections have also been observed in birds
and marine mammals, which suggest possible precursors
to human infection [9, 10e]. Additionally, the field’s grow-
ing understanding of the skin microbiome—and C. auris’s
role within it—has sparked a new understanding of how C.
auris colonizes the skin surface, infiltrates the skin through
wounds associated with invasive medical devices, and suc-
cessfully spreads within clinical settings [11, 12ee, 13].
Although C. auris demonstrates notable differences as
compared with other species in the Candida genus, its phe-
notypic variation demonstrates a common theme shared with
other Candida species and non-Candida pathogenic fungi [14,
15]. C. auris utilizes biofilms, filamentation, and aggregation
to adapt to various niches within the body and avoid host
immune surveillance [15, 16ee]. This review summarizes
the incredible phenotypic heterogeneity demonstrated by C.
auris and highlights the variants that should be prioritized
to advance therapies for this multi-drug-resistant pathogen,
which continues to pose a substantial global health risk.

Candida auris Biofilms Colonize Human Skin

Unlike C. albicans and most other Candida species, which
are mainly commensal microbes in the gut, vagina, and other
internal niches, C. auris cannot survive and persist in an
anaerobic environment [17]. However, on the skin, it forms
high-burden, multilayer biofilms composed primarily of
yeast cells bound by an extracellular matrix [18]. C. auris
skin colonization is asymptomatic in over 90% of individu-
als [19]; still, skin colonization by C. auris is abnormal and
represents the greatest single risk factor for the development
of candidemia [20]. C. auris is not the only Candida spe-
cies known to persist in the skin; this group also includes C.
tropicalis, C. parapsilosis, and C. orthopsilosis. However, C.
auris is relatively more abundant than other Candida species
in the skin when present [12ee].

Usually, C. auris occupies a commensal role within the
skin microbiome; it takes up space so that other more harm-
ful microbes are outcompeted, and therefore, it does not
cause disease or clinically significant inflammation. Through
direct cell-to-cell interaction and indirect immune modula-
tion, it helps control pathogenic populations and promote
diversity and stability in the ecosystem [21].

There is some evidence that the presence of C. auris colo-
nization alters gene expression in the host. In a 3D skin epithe-
lial model, formation of C. auris biofilms was found to induce
modest increases in gene expression for several inflammatory
cytokines [16ee]. In a murine model of skin colonization, C.
auris skin colonization triggered a protective IL-17A+ and
IL-17F+ response in both innate and adaptive immune cells
[22e]. Mice lacking an IL-17 response had a much higher

fungal burden, demonstrating that these cytokines play an
important role in host control of C. auris.

In addition to host immune modulation in the presence
of C. auris colonization, the skin microbiome plays a cru-
cial and largely understudied role in the formation and
maintenance of C. auris biofilms in the skin. In a 2021
investigation into the skin microbiomes of patients at a
skilled nursing facility, C. auris colonization was associ-
ated with a highly dysbiotic microbial profile characterized
by the presence of hospital-associated microbes, includ-
ing Acinetobacter baumannii, Klebsiella pneumoniae, and
Enterococcus faecalis. The absence of C. auris coloni-
zation was associated with lower levels of Candida and
instead the dominance of fungal commensal Malassezia
[11]. These findings suggest that C. auris colonization is
likely related to skin dysbiosis, which may be induced by
antibiotics, antifungals, and disinfectants. Indeed, treat-
ment with antibiotics is a risk factor for C. auris coloniza-
tion [12ee].

C. auris is an efficient colonizer of the skin surface and
hair follicles, but it does not typically compromise the skin
or invade other tissues spontaneously [18]. Ultimately, C.
auris is understood to enter the bloodstream and cause sys-
temic infection mostly through wounds, especially those
made by catheters, feeding tubes, and other invasive health-
care equipment [16ee]. The artificial wound model used in
one study demonstrated that tissues colonized by C. auris
exhibited increased cytotoxicity and altered gene expres-
sion in response to the induction of a wound [16ee]. Of
great importance, C. auris is capable of forming persistent
and multi-drug-resistant biofilms on surfaces and equip-
ment found in healthcare settings, such as I'V poles, axil-
lary probes, lifts/scales, and window curtains [23]. This is
a likely mechanism of spread throughout ICUs and nursing
homes [4].

In the host skin and on medical equipment, biofilm forma-
tion allows for increased resistance to antifungals and desic-
cation [18, 24]. The increased resistance to antifungals can
partially be attributed to the biofilm’s extracellular matrix,
which includes a conserved mannan-glucan complex that
absorbs antifungals and prevents them from reaching the
cells [24]. Another possible mechanism for increased resist-
ance to antifungals in biofilms as compared to planktonic
cells is the upregulation of genes encoding efflux pumps,
including major facilitator superfamily transporters and
ATP-binding cassettes, which may serve to pump antifungals
out of vulnerable cells [25].

While understanding C. auris biofilms can provide
insights into the pathogenesis and transmission of C. auris
infection, its biofilms are typically indicative of a commen-
sal lifestyle. To investigate C. auris—associated candidemia,
one must turn to other changes in cellular morphology,
including shape and adhesion.
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The Filamentation Phenotype of C. auris
is Understudied In Vivo

C. auris utilizes distinct morphotypes in different niches
within the host to survive, persist, and evade the host
immune system [16ee]. This strategy is characteristic of the
kingdom fungi. One of the most well-conserved phenotypes
across fungal genera is the formation of filaments in the
shape of hyphae (long, straight lines of cells with continu-
ous, parallel edges) or pseudohyphae (formed by simple
budding in one direction) [15]. These long-reaching arms of
clonal cells can help invade tightly packed tissues while also
being too extensive to be affected by phagocytic cells, such
as macrophages and neutrophils. While shared phenotypes
contribute to generally comparable invasion and evasion tac-
tics across fungi, there is still significant morphological and
functional diversity.

Within the Candida genus, species utilize numerous spe-
cialized phenotypes [26, 27]. The most prevalent of these,
C. albicans, is found in the upper respiratory, gastrointes-
tinal, and genital tracts, in addition to the skin. C. albicans
utilizes a white-opaque bi-stable phenotypic switching sys-
tem. Each phenotype has a unique metabolic, morphologi-
cal, and antigenic profile. Opaque cells are more elongated
and specialized for skin infections. They perform oxidative
metabolism as there is no glucose available on the skin
surface. White cells are specialized for systemic and blood
infections, performing fermentation in their comparably glu-
cose-rich environment. While both phenotypes are capable
of forming pseudohyphae or true hyphae in order to escape
phagocytosis or invade new tissues, this response is induced
differently in each group [28].

While the white-opaque transition is unique to C. albi-
cans, the ability to form hyphae or pseudohyphae is semi-
conserved throughout the genus; C. tropicalis and C.

Fig. 1 Colony and cellular mor-
phological variations of C. auris
as artistic renderings: A Typical
yeast phenotype, B filamentous
phenotype, C aggregated phe-
notype, D mixed phenotype
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parapsilosis readily form pseudohyphae, while other Can-
dida species form these phenotypic variations more rarely.
Notably, C. glabrata rarely forms pseudohyphae and is often
found in aggregates or biofilms within the host which allow
increased resistance to stress, including antifungals [15].
Across the Candida genus, the formation of hyphae and
pseudohyphae is generally associated with more invasive
and more virulent behavior [15, 28].

Until a study in 2018, C. auris was widely thought to be
filamentation-incompetent, exhibiting only the yeast phe-
notype (Fig. 1A). In contrast to its relatives in the Candida
genus, the filamentation phenotype has not been successfully
induced in vitro using any established methods, including
exposure to high temperatures, serum, or high CO, levels
[29]. In keeping with the unique halo tolerance of C. auris,
however, the formation of structures resembling pseudohy-
phae had been induced by treatment with 10% NaCl [30].
This encouraged the search for the unique conditions, which
might unlock the key to inducing filamentation in C. auris.

In the aforementioned study [29], the morphological
transition to a filamentous phenotype could be induced by
passage through a mammalian body. After extraction and
incubation in vitro, cells recovered from the kidney and
liver (but not the brain, spleen, or lungs) demonstrated a
100-fold increase in switching frequency to the filamentous
phenotype (Fig. 1B) as compared with the control cells,
which had not been passaged through mammalian cells.
This capacity for filamentation is heritable; while some cells
remained in typical yeast form regardless of condition, cells
that switched to the filamentous phenotype were observed
to switch between the unicellular yeast and the filamentous
phenotype. This switch was bi-directional and was observed
in fungal burdens depending on incubation conditions [29].
More recently, another study found that a phenotype resem-
bling filamentous growth can also be induced by genotoxic
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stress [31]. In both cases, C. auris filaments were found to
have both common and distinct characteristics as compared
with the hyphae and pseudohyphae found in C. albicans.
Specifically, C. auris filaments were found to be multicel-
lular and connected by septa as in C. albicans but are pro-
portionally wider, lack parallel sides, and contain relatively
more vacuoles [29, 32e].

The filamentation-competent (FC) yeast [29] also had
a notable response to temperature. While in C. albicans,
higher temperatures have been observed to induce filamenta-
tion, the opposite is observed in C. auris. FC cells incubated
at 37 °C were found to revert to typical yeast form, while
FC cells incubated at 20 °C maintained their filamentous
form in high numbers. This unique response to temperature
makes sense in the context of C. auris’s role as a commensal
microbe on mammalian skin, which typically maintains a
much lower temperature than the internal niche of C. albi-
cans [15, 29]. However, the inhibitory effect of high tem-
peratures on filamentation is common outside the Candida
genus, as evidenced by parallel observations in another
pathogenic fungus, Histoplasma capsulatum [15].

Gene expression profiles of both unicellular yeast and
filamentous phenotypes revealed differential gene expression
in numerous metabolic, structural, and regulatory pathways.
While filamentous cells exhibit higher rates of transcription
for fatty acid metabolites, typical yeast cells demonstrate
upregulation in many genes related to glycolysis and the
Krebs cycle [29]. The metabolic specialization observed in
C. auris resembles that of the white-opaque phenotypic tran-
sition in C. albicans. Secreted aspartic proteinases (SAPs),
which play a major role in virulence in pathogenic yeasts,
were mostly found to be transcribed at similar levels in both
yeast and filamentous cells. However, a proteolytic assay
found differential SAP activity in each phenotype—fila-
mentous and FC cells demonstrated more SAP activity at
higher temperatures, while typical yeast cells demonstrated
an inverse relationship [29]. This suggests that unicellular
yeast cells in the bloodstream may benefit from post-trans-
lational mechanisms, which prevent SAPs from triggering
an immune response.

Many filamentation-specific genes with homologs in C.
albicans are differentially expressed in a similar pattern to C.
auris, with at least two exceptions: EFGI and CPH2. These
genes regulate the white-to-opaque switch in C. albicans
but are both downregulated in C. auris [29]. Notably, there
are several genes of crucial importance to filamentation in
both C. albicans and S. cerevisiae that are completely absent
from the genome of C. auris. These include ECE1, HWPI,
FLOI11, EEDI, and HWP2 [32e]. This may partially explain
the unique characteristics of C. auris filaments. Interestingly,
Tupl, which serves as a transcriptional repressor for fila-
mentous growth in C. albicans, was identified in the genome
of C. auris. However, a C. auris Tupl knockdown mutant

did not exhibit increased filamentation, indicating that this
pathway is not primarily responsible for the filamentation
behavior of C. auris [32e].

While filamentation has been induced in C. auris in vitro,
the presence of filamentous cells in vivo in mammalian cells
has not been confirmed. It does seem likely, given the find-
ings described above, that epigenetic changes, which pro-
mote the filamentous phenotype, are induced upon infection
of the liver and kidneys [29]. Since the filamentous pheno-
type is associated with protection from immune killing in
other pathogenic fungi [15], it would make sense for C. auris
filaments in the liver and kidneys to serve as defensive res-
ervoirs of C. auris. However, given the inhibitory effect of
basal body temperatures on filamentation, it is also possible
that C. auris does not convert to the filamentous phenotype
within the mammalian host at a high frequency. This is an
important topic for future research.

Utilizing the methods to induce filamentation [29],
another study found that filamentous strains were more viru-
lent than those of the typical yeast phenotype in a Galleria
mellonella infection model [32¢]. This makes sense given
that filamentation is associated with increased virulence
and pathogenicity in most pathogenic fungi, including Can-
dida. However, this finding is difficult to interpret further
as the use of a non-mammalian host introduces numerous
confounding factors, and the presence of the filamentous
phenotype in mammalian cells has not been fully experi-
mentally verified.

The Aggregate Phenotype is Highly
Resistant to Antifungals and Attack
by the Immune System

The aggregate morphology (Agg) is characterized by large
numbers of cells growing in contact with one another
(Fig. 1C). This kind of growth can occur within a biofilm
or planktonically [33]. Aggregation has been described in
several Candida and non-Candida species [33-35] and has
been implicated in decreased susceptibility to antifungals
and increased virulence in the host [34, 36-38]. While the
aggregate phenotype is considered a subset of filamentous
growth in other yeast [33], unicellular yeast cells often form
aggregates in C. auris [34]. Aggregation in C. auris dem-
onstrates substantial heterogeneity across its clades and
strains, with some strains incapable of forming aggregates
(non-Agg) [16ee].

In C. auris, the Agg phenotype was first described and
noted for its seeming immunity to disruption methods
[34]. The pathogenicity and virulence of several common
Candida species were assessed in a G. mellonella infec-
tion model, finding that C. albicans and C. tropicalis were
significantly more virulent than C. parapsilosis and other
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tested species. Yeast incapable of forming competent pseu-
dohyphae, such as C. glabrata and S. cerevisiae, showed
little to no killing of G. mellonella larvae. The exception
to this rule was C. auris—although dissections of infected
larvae revealed no pseudohyphal growth, the non-Agg phe-
notype was as virulent as C. albicans, the most virulent of
assessed Candida species. The Agg phenotype was observed
to preserve its aggregates in vivo but was significantly less
virulent than its non-Agg counterpart [34].

A 2020 study sought to further compare pathogenicity
and gene expression of C. auris in the Agg and non-Agg
phenotypes using in vitro wound models. More genes were
found to be upregulated in the Agg than the non-Agg pheno-
type, across both planktonic and biofilm states. In addition
to the difference in quantity, there was also a significant dif-
ference in quality—in Agg biofilms, most upregulated genes
were structural, including TSAI, ECM33, MP65, PHRI, and
several adhesins including ALSI. These genes have been
found to play important roles in aggregation and biofilm
formation in C. albicans. These changes make sense as pos-
sible contributors to cellular “stickiness.” Conversely, non-
Agg biofilms exhibited the most increase in expression for
genes related to metabolism and biological processes [16ee].

Of clinical importance, Agg and non-Agg C. auris
showed similar low cytotoxicity on an intact skin model,
and only after the induction of the wound did these pheno-
types become highly cytotoxic and induced inflammation in
the tissue. Following the induction of the wound, the Agg
phenotype was significantly more cytotoxic and pro-inflam-
matory as compared with the non-Agg phenotype [16ee].

This study paints a contradictory picture compared to the
first study that described the Agg phenotype [34]. The non-
Agg phenotype of C. auris is more virulent when inoculated,
but Agg C. auris has more potential for invasive growth and
immunogenicity when introduced via a skin wound. Both
have the potential to participate in biofilms and persist com-
mensally on the skin. These observations are consistent with
the concept of phenotypic plasticity in yeast. The human
host is composed of numerous distinct niches, and to mount
a competent infection across these changing conditions, C.
auris benefits from shifting between different morphotypes
and antigenic profiles. Unicellular, non-Agg, planktonic C.
auris is in stealth mode; it is virtually undetectable by innate
immune cells [39] and has a rather unique transcriptional
profile that shares minimal similarity to other pathogenic
yeast [16e¢]. Conversely, the Agg phenotype of C. auris
represents a more heavy-duty, defensive phenotype. For the
cost of increased immunogenicity [16ee], it gains increased
resistance to members of all known classes of antifungals
with significant heterogeneity across clades and strains [35].
This is supported by the fact that even low-level exposures to
triazole and echinocandin antifungals strongly and reversibly
induce aggregate formation [35].
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Stress may also play a role in the induction of the Agg
phenotype. In all known fungal pathogens, Hogl, a con-
served stress-activated protein kinase, has been shown to
be crucial to virulence in vivo [17]. Interestingly, C. auris
Hog1 knockdown mutants were found to form large aggre-
gates, which exhibited increased resistance to antimicrobials
targeting the cell wall, decreased virulence in a C. elegans
model, and decreased tolerance to osmotic, oxidative, and
SDS-imposed stresses. While Hog1 may play a role in aggre-
gate formation, these knockdown mutants are hardly a rep-
licate of the aggregate phenotype, as they exhibit decreased
stress tolerance and are easily disturbed, in contrast to the
physically tough and highly stress-tolerant wild-type Agg
phenotype. Still, Hogl plays a crucial role in C. auris viru-
lence as it does in other fungal pathogens and may relate to
the decreased virulence of the Agg phenotype [17].

A recent investigation into C. auris aggregation distin-
guished typical aggregation from antifungal-induced aggre-
gation [40]. In Agg-competent strains, aggregation can be
induced by nutrient-rich media and is primarily mediated
by the Als-family adhesin found in C. albicans. In con-
trast, aggregation induced by antifungals was found to be
caused by defects in cell separation—this is referred to as
clustering. This finding has major implications for differ-
ences in gene expression between the two visually similar
phenotypes. However, both the true Agg phenotype and the
clustering phenotype share functional similarity in their
increased resistance to antifungals and their immunity to
clearing by macrophages [40].

The aggregate phenotype provides an opportunity for
C. auris to survive and persist within the body even in the
face of immune surveillance and treatment with antifungals.
Aggregates of C. auris have been identified within the kid-
ney tissue of mice killed by candidemia [41], further sug-
gesting that aggregates may serve as a persistent reservoir
of infection. As such, the aggregate phenotype represents a
crucial target for further study and treatment.

Conclusions

The ability to undergo microevolution in the host is impor-
tant to the survival and persistence of microbial pathogens.
For many members of the human microbiome, changes
in phenotype can influence the shift between commensal
and pathogenic lifestyles. Phenotypic variation is caused
by changes in gene expression, which might correspond to
altered metabolic pathways, modified susceptibility to drugs,
and differential antigenicity.

C. auris has acquired several unique phenotypes in the
relatively short amount of time it has interacted with and
adapted to its host. The identification of five geographi-
cally and phylogenetically distinct clades of C. auris [8]
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represents only one facet of its diversity. While different
strains may demonstrate varying abilities to form filaments
and aggregates [34], a single strain may also exhibit sig-
nificant morphological plasticity in response to various
conditions [29]. Given this functional and morphological
diversity, unraveling the phenotypic switches employed by
C. auris in vitro and in vivo remains difficult.

Based on what has been observed in C. auris and other
pathogenic fungi within and outside of the Candida genus,
we can make some predictions about the functional role of
each unique phenotype. It is understood that C. auris forms
robust and high-burden biofilms on the skin [18]. The pres-
ence of C. auris is associated with an altered microbial
profile [11]. Conditions found on the human skin, including
lower temperatures and the presence of salt in the form of
sweat, promote filamentation in some C. auris strains [29].
Filamentation is associated with increased invasiveness,
especially in hair follicles, which may serve as a reservoir
of C. auris colonization, allowing it to persist on the skin
for many months undetected [22]. Regardless of the pres-
ence of biofilms or filamentation, C. auris likely enters
the bloodstream mostly through wounds, including those
created by invasive medical equipment [16ee]. High tem-
peratures in the blood are associated with the yeast pheno-
type, which is the most prevalent, virulent, and least immu-
nogenic form of C. auris, promoting systemic infection
[29]. The aggregate phenotype is perhaps the most variable
between strains [35] but can be triggered by environmental
conditions or exposure to antifungals [40]. Having been
found in the kidneys of C. auris—killed mice, aggregates
may also serve as a reservoir for C. auris infection [41].

Of great importance in future studies is the utilization of
mammalian hosts, as temperature and immunogenicity have
a large influence on fungal phenotypic switching and the
transition from commensal to pathogenic lifestyles. More
in vivo experiments might prove increasingly crucial to an
understanding of the morphological plasticity and dynamic
nature of C. auris infection.

More research should be done exploring C. auris as a
commensal species and considering how the interaction of
C. auris with other commensal skin microbes, including
bacteria and Malassezia, might influence the transition to
pathogenicity. Since the presence of Malassezia on the skin
is associated with decreased Candida, including C. auris
[12ee], it may prove an important target for promoting a
resilient skin microbiome. The role of sweat in inducing the
filamentous phenotype and therefore increasing virulence
should also be a focus of future experiments, as this may
serve as a viable target for avoiding transmission from the
skin surface to the bloodstream.

Given the robust resistance to antifungals found in many
strains of C. auris, the creation of new antifungal drugs may
improve the scope of treatment options for candidemia.

However, this is a slippery slope, as the use of antifungals
continues to select for more drug-resistant pathogenic fungi,
which already exist in the environment [42]. Additionally, the
effects of antifungal drugs on C. auris may result in increased
antifungal and immune resistance, as in the case of the aggre-
gate phenotype triggered by antifungal exposure [40].

As an alternative to new antifungals, reduction of invasive
procedures/devices and the exploration of noninvasive alter-
natives should be considered, as wound induction is a major
factor in C. auris pathogenesis. Updating hygiene practices
and disinfection of medical equipment might also reduce the
likelihood of C. auris spread among ICUs and nursing homes.

C. auris represents a unique opportunity to study the rise
of a novel pathogen. Given the fact that climate change is
causing rising temperatures in many regions across the globe
and that this in turn selects for more thermotolerant fungi, it
is likely that more novel fungal and non-fungal pathogens will
arrive on the scene in the years to come. Because C. auris is
a thermo- and halo-tolerant fungus, which has only recently
evolved to infect the mammalian host, and because it demon-
strates remarkable resistance to antifungals, it is truly a fungus
for our time, emblematic of the issues that face the medical
field as it progresses further into the twenty-first century.
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