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ABSTRACT

The mitochondrion plays wide-ranging roles in eukaryotic cell physiology. In pathogenic fungi, this central metabolic
organelle mediates a range of functions related to disease, from fitness of the pathogen to developmental and
morphogenetic transitions to antifungal drug susceptibility. In this review, we present the latest findings in this area. We
focus on likely mechanisms of mitochondrial impact on fungal virulence pathways through metabolism and stress
responses, but also potentially via control over signaling pathways. We highlight fungal mitochondrial proteins that lack
human homologs, and which could be inhibited as a novel approach to antifungal drug strategy.
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INTRODUCTION

All eukaryotic species contain in their cells a specialized or-
ganelle, the mitochondrion, which functions as a master reg-
ulator of metabolism. The mitochondrion has originated from
the engulfment of an alpha-proteobacterium by the ancestor of
eukaryotes. It is this event, and the capacity for energy produc-
tion and sophisticated metabolic control that came from it, that
enabled the evolution of complex life (Lane and Martin 2010). In
modern eukaryotic cells, mitochondria are not only a key en-
ergy generator through the process of oxidative phosphoryla-
tion, but also a central ‘hub’ that coordinates multiple aspects
of cell physiology. Several metabolic pathways converge on mi-
tochondria, and the mitochondrial respiratory chain is a ma-
jor site of reactive oxygen species (ROS) production (Drose and
Brandt 2012). Stress responses that are critical for cell survival
under adverse conditions, and process such as cellular aging,
apoptotic programmed cell death and tumorigenesis, all involve
mitochondrial functions (Guarente 2008; Hsu and Sabatini 2008;
Green, Galluzzi and Kroemer 2014).

Multiple mitochondria exist in every cell, forming a dy-
namic tubular network that constantly fuses and divides. These
processes known as ‘mitochondrial dynamics’ are required to
maintainmitochondrial health and enable organelle inheritance
during cell division, ultimately equipping the cell to meet
metabolic demand (Labbe, Murley and Nunnari 2014). In addi-
tion, mitochondrial function is intimately linked to other eu-
karyotic organelles for global control over cell physiology. Phys-
ical tethers bridge mitochondria to the endoplasmic reticulum
(ER) and to the vacuole (Kornmann et al. 2009; Elbaz-Alon et al.
2014; Honscher et al. 2014). These inter-organellar communica-
tions mediate lipid trafficking and possibly also calcium home-
ostasis (Kornmann and Walter 2010). Moreover, mitochondria
communicate with the nucleus by multiple mechanisms to reg-
ulate the expression of genes by metabolic and ROS-dependent
signaling pathways (Jazwinski 2013; Schroeder, Raimundo and
Shadel 2013).

Given these central physiological roles, it is not surpris-
ing that mitochondrial activity has been implicated in multiple
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aspects of fungal cell biology. These encompass pathways that
are essential for virulence of critical human pathogens such as
Candida sp., Cryptococcus sp. andAspergillus sp. (Brown et al. 2012).
In fungal pathogens, mitochondria play roles in developmen-
tal and morphogenetic switches such as hyphal differentiation
and biofilm formation, adaptation to stress, cell wall biosynthe-
sis and structure, innate immune cell interaction and suscep-
tibility to antifungal drugs (Shingu-Vazquez and Traven 2011;
Morales et al. 2013; She et al. 2013). Importantly, fungi have their
own repertoire of mitochondrial-specific proteins that are criti-
cal to the activities mentioned above. New advances in our un-
derstanding of how mitochondria are made and regulated pre-
dominantly in themajor humanpathogen Candida albicans are to
be covered in this review. Much of the published data are based
upon knockout strains in mitochondrial genes. As these strains
have various types of dysfunctions mentioned above, especially
growth and virulence, we suggest translational insights based
upon the development of new antifungal therapies that target
key fungal-specific mitochondrial proteins.

MITOCHONDRIAL BIOGENESIS AND
DYNAMICS IN FUNGAL PATHOGENESIS

Several factors that regulatemitochondrialmorphology and bio-
genesis are distinct in fungi compared to metazoans, and there-
fore represent potential therapeutic targets. Recent studies have
begun to shed light on the mechanisms of mitochondrial bio-
genesis and dynamics in fungal virulence, revealing shared and

divergentmechanisms between pathogenic fungi and themodel
yeast Saccharomyces cerevisiae.

Mitochondrial protein import—lessons from C. albicans

The vast majority of the mitochondrial proteome is encoded in
the nucleus, and proteins are imported into the organelle from
their place of translation in the cytoplasm. Mitochondrial pro-
tein import is thus essential for organelle biogenesis. Most of
what is known about factors and mechanisms of mitochondrial
protein import comes from the S. cerevisiaemodel, and themech-
anisms are largely conserved across eukaryotes (Chacinska et al.
2009). In a first assessment of the mitochondrial protein im-
port machinery in a human fungal pathogen, Hewitt et al. (2012)
demonstrated the almost all of the components as known in
S. cerevisiae can be identified in C. albicans (Fig. 1). An excep-
tion is the genes TOM70 and TOM71 encoding subunits of the
TOM (translocase of the outer membrane) complex, which arose
through genome duplication in S. cerevisiae. Only one TOM70-
like gene is found in the C. albicans genome (Hewitt et al. 2012).
Several new discoveries of mitochondrial protein import mech-
anisms were made in the C. albicans system. For example, it
appears that C. albicans uses a different pathway than S. cere-
visiae to import cytochromes c1 and b2 into the mitochondrial
intermembrane space (Hewitt et al. 2012), reviewed in Hewitt,
Gabriel and Traven (2014). These substrates are imported via the
so-called stop transfer pathway in S. cerevisiae, but the C. albi-
cans proteins lack N-terminal sequences needed for this import
mechanism (Hewitt et al. 2012). What import pathway is used in
C. albicans for these substrates remains to be determined. This

Figure 1. The mitochondrial biogenesis apparatus in C. albicans. Proteins required for mitochondrial protein import are shown. All components of the mitochondrial
import apparatus as described in themodel baker’s yeast can be found by bioinformatics searches in C. albicans. TOM is the ‘gateway’ tomitochondria throughwhich all

imported proteins pass. TIM enables translocation into the matrix and targeting to the inner membrane. In C. albicans, some cytochromes (b2 and c1) follow a distinct
route to the intermembrane space to what is known in S. cerevisiae. The pathways required for their mitochondrial import in C. albicans remain to be discovered.
Candida albicans contains an additional Omp85 family member, Sam51, which is part of the SAM complex, and data suggest that SAM and ERMES are bridged together
via Mdm10 (Victoria Hewitt, A.T. and Trevor Lithgow, in preparation). The Sam37 and Sam35 subunits of the SAM complex and entire ERMES complex are not conserved

in humans, and Sam37 and Mmm1 have been found to be required for virulence of C. albicans in the systemic mouse model (Becker et al. 2010; Qu et al. 2012). Links
between SAM and ERMES function and cell wall integrity and hyphal morphogenesis have been made (Dagley et al. 2011; Qu et al. 2012), reenforcing the concept that
mitochondria have broad impact on pathways required for fungal pathogenesis.
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difference between C. albicans and S. cerevisiae is interesting from
the perspective of the evolution of mitochondrial import mech-
anisms in eukaryotes, and we have suggested that metabolic
features in host environments, such as access to oxygen, might
have influenced the selection of pathways for importing these
substrates intomitochondria (Hewitt et al. 2012), reviewed in He-
witt, Gabriel and Traven (2014). Does the ‘evolutionary rewiring’
of the import routes for cytochromes c1 and b2 have relevance
for C. albicans biology? We do not know yet, but cytochrome b2
is essential for growth on lactate, an important carbon source
found in human host niches (Ueno et al. 2011; Hewitt, Gabriel
and Traven 2014).

So far, our studies in C. albicans have mostly focused on two
complexes that are located in the mitochondrial outer mem-
brane: the SAM (sorting and assembly machinery) and the ER-
MES (ER-mitochondria encounter structure) (Fig. 1). Based on
studies in S. cerevisiae, SAM and ERMES play central roles in mi-
tochondrial biogenesis and function by mediating insertion of
proteins into the outer membrane, membrane lipid homeosta-
sis, maintenance of the tubular structure of the mitochondrial
network, inheritance of mitochondria by the daughter cell me-
diated by ERMES and quality control through the roles of ER-
MES in mitophagy (Burgess, Delannoy and Jensen 1994; Gratzer
et al. 1995; Dimmer et al. 2002; Boldogh et al. 2003; Gentle et al.
2004; Ishikawa et al. 2004; Meisinger et al. 2004, 2007; Altmann
and Westermann 2005; Kornmann et al. 2009; Yamano, Tanaka-
Yamano and Endo 2010; Dagley et al. 2011; Bockler and Wester-
mann 2014), reviewed in (Chacinska et al. 2009; Labbe, Murley
and Nunnari 2014). These two complexes exemplify the con-
cept of mitochondria as a ‘hub’ that coordinates multiple as-
pects of cell physiology (Kornmann and Walter 2010). For ex-
ample, in C. albicans the function of SAM is linked to cell wall
biogenesis, echinocandin susceptibility and hyphalmorphogen-
esis (Dagley et al. 2011; Qu et al. 2012). The bioinformatics analy-
sis performed by Hewitt et al. (2012) revealed that in C. albicans,
in addition to the ‘standard’ Omp85-like protein Sam50 that is
the core, essential component of the SAM, a second Omp85-
family protein is found that we named Sam51(Fig. 1). Sam51
can also be found in CTG clade Candida species (members of
this clade translate CTG as serine instead of leucine), and some
other fungal species such as Kluyveromyces lactis, but was lost
in S. cerevisiae following the whole genome duplication event
(Hewitt et al. 2012). In contrast to SAM50, loss of SAM51 in C.
albicans does not lead to lethality, and it does not even obvi-
ously impair growth under standard laboratory conditions, al-
though biochemical analysis suggests a function in mitochon-
drial outer membrane biogenesis (Hewitt et al. 2012). Moreover,
loss of SAM51 did not impair virulence of C. albicans in themouse
systemic tail vein injection model of candidiasis (Yue Qu and
A.T. unpublished). Unlike Sam51, the Sam37 subunit of the SAM
complex is required for fitness and virulence of C. albicans (Qu
et al. 2012). Bioinformatic analysis suggested that fungal Sam37
proteins are very different from their functional homologs in
metazoans, the metaxins (Qu et al. 2012). Therefore, the activ-
ity of the SAM complex could be considered for antifungal ther-
apy through targeting Sam37. Another possible target is fungal
Sam35, a second metaxin-like essential SAM subunit (Qu et al.
2012). Similarly, ERMES, that is involved in ER–mitochondria con-
tacts in yeast and has essential roles in mitochondrial home-
ostasis as described above, is widely conserved in fungi but ho-
mologs are not found in metazoans (Wideman et al. 2013). Of
note, ER–mitochondria contacts occur in higher eukaryotes in-
cluding humans through the so-called mitochondria-associated
membranes, but factors and mechanisms other than ERMES are

likely to mediate these contacts (Vance 2014). Studies in S. cere-
visiae suggest that there is crosstalk between the SAM and ER-
MES complexes via the Mdm10 subunit, which is a subunit of
both (Meisinger et al. 2004; Wideman et al. 2013) (Fig. 1). The bio-
chemical details of how these two complexes might be cooper-
ating are presently not clear, but using C. albicans as a model,
our data suggest that the two complexes are bridged by Mdm10
into a ‘super-complex’ (Victoria Hewitt, A.T. and Trevor Lithgow,
in preparation, see Fig. 1). ERMES mutants of S. cerevisiae grow
slower than wild type (WT) but can be easily recovered on fer-
mentative carbon sources, whereas in C. albicans the entire com-
plex is practically essential for growth: only very, very slow grow-
ing colonies can be recovered following homozygous deletion of
any of the ERMES genes at 30◦C on glucose-containing media,
and growth is arrested at human body temperature of 37◦C (Tim-
othy Tucey and A.T. in preparation). Consistent with a require-
ment for virulence of C. albicans, a tet-off conditional mutant in
the ERMES subunitMMM1 assessed by Backer et al. (2010) as part
of a large mutant collection screen was found to be essential for
pathogenesis in the mouse systemic model. Therefore, ERMES
is another fungal-specificmitochondrial complex that should be
considered in the context of antifungal therapy.

Mitochondrial dynamics in fungal pathogenesis

An important function of ERMES is in assuring that the tubular
structure of themitochondrial network is preserved (Labbe,Mur-
ley andNunnari 2014). Based on studies in S. cerevisiae andmam-
malian systems, it is clear that mutations that cause changes
to mitochondrial network structure by disrupting fusion, fission
or impacting on tubulation are detrimental to mitochondrial
health and function (Labbe, Murley and Nunnari 2014). However,
little is known about mitochondrial dynamics and morphol-
ogy in fungal virulence mechanisms. The C. albicans mitochon-
drial fusion mutant in the mitofusin homolog, the GTPase FZO1,
displayed drastic fitness impairment, perturbed mitochondrial
phospholipid levels and increased susceptibility to the azole
drugs that inhibit ergosterol biosynthesis (Thomas et al. 2013).
Organelle fragmentation that results from mitochondrial fusion
defects is known to causemitochondrial DNA loss in S. cerevisiae
(Rapaport et al. 1998). This was also the case in the C. albicans fzo1
mutant (Thomas et al. 2013), providing an explanation for the
much more pronounced fitness defect of the C. albicans mutant
compared to S. cerevisiae (mitochondrial genome loss is signifi-
cantly less tolerated in the petite-negative C. albicans than in the
petite-positive S. cerevisiae). It follows from here that, more gen-
erally, dysfunction of mitochondrial fusion will be detrimental
for fitness in C. albicans, and other petite-negative pathogenic
species. A protein that cooperates with Fzo1 in mitochondrial
fusion, Ugo1, has no homologs in humans (Okamoto and Shaw
2005), and therefore represents another fungal-specific mito-
chondrial protein that could be of interest for drug develop-
ment. To our knowledge, the functions of Ugo1 have not been
addressed directly in fungi outside of S. cerevisiae as yet.

To maintain mitochondrial network structure, organelle fu-
sion is balanced by fission. Fission of mitochondria has been
widely studied in both S. cerevisiae and mammals (Okamoto and
Shaw 2005; Labbe, Murley and Nunnari 2014). A link between
mitochondrial fission and fungal virulence comes from stud-
ies of the hypervirulent Cryptococcus gattii strain responsible for
the outbreak on Vancouver Island (Ma et al. 2009; Voelz et al.
2014). The hypervirulent Cr. gattii is able to switch to tubularized
mitochondrial morphology upon engulfment by macrophages,
suggesting that the environment in innate immune phagocytes
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promotes a shift in the mitochondrial fusion–fission balance to-
wards fusion. Mitochondrial hypertubularization promotes sur-
vival of the fungus in the face of macrophage attack, and results
in overall increased fitness of the pathogen (Voelz et al. 2014).
The precise mechanism of mitochondrial hypertubularization
in Cr. gattii remains to be identified, but it was linked to ROS
generated by themacrophage (Voelz et al. 2014). Oxidative stress
and other stimuli, such as acetic acid, can induce cell death in
yeast, and this can under certain conditions result in tipping of
themitochondrial fusion–fission balance towardsmitochondrial
fragmentation (Fannjiang et al. 2004; Tar et al. 2014). ROS pro-
duced by macrophages might be promoting the opposite in Cr.
gattii, i.e. hyperfusion of mitochondria. It should be noted that,
aswas demonstrated by studies in C. albicans, the levels of oxida-
tive stress sensed by fungal pathogens inmacrophages are likely
to be significantly different than the high doses used in in vitro
experiments to cause cell death (Enjalbert et al. 2007). It would
be worth exploring if mechanisms converging on the regulation
of the mitochondrial fission apparatus are responsible for pro-
moting tubularization of the mitochondrial network in Cr. gattii
strains that is observed inside macrophages.

MITOCHONDRIAL RESPIRATORY ACTIVITY IN
FUNGAL PATHOGENESIS: THE LATEST FROM
C. ALBICANS

Cellular respiration is a key function of mitochondria. Mito-
chondrial respiratory activity has been implicated in several
virulence-related functions in human fungal pathogens includ-
ing transitions between cell types and growth modes (yeast,
hyphae, biofilms), susceptibility to antifungal drugs, cell wall
biogenesis and immune interactions (Watanabe et al. 2006;
Bambach et al. 2009; Dagley et al. 2011; Shingu-Vazquez and
Traven 2011; Qu et al. 2012; Morales et al. 2013; She et al. 2013;
Sun et al. 2013; Lindsay et al. 2014). Below we review recent work
on fungal-specific mitochondrial proteins that impact on mito-
chondrial respiration, andwhich could be promising for antifun-
gal drug development.

Goa1p is required for mitochondrial complex I (CI)
activity but is not a subunit of CI.

Our focus on mitochondria led to studies of the CI of C. albicans.
CI is one of five complexes of the electron transport chain (ETC)
that is responsible mitochondrial generation of cellular ATP. We
initially screened a C. albicans null mutant library to identify pro-
teins that were required for oxidant adaptation (Bambach et al.
2009). Of those primary ‘hit’ mutants, several were of interest,
including an unstudied gene that we named GOA1 because of
its critical roles in cell growth and oxidant adaptation. Two lines
of evidence suggest that Goa1p localizes to mitochondria during
stress conditions in cells. First, a Goa1p-GFP was detected in mi-
tochondria following stress, and second, more recently, the pro-
tein was found enriched in mitochondrial fractions (Bambach
et al. 2009 and unpublished data).

GOA1 is found only among members of the CTG clade of
the Ascomycetous subphylum Saccharomycotina that includes
all Candida pathogens except C. glabrata (Fitzpatrick et al. 2006).
CTG clade specificity suggested that any anti-Goa1p therapeutic
would not broadly target pathogens but nevertheless, could be
potentially useful against most Candida species. Oppositely, the
CTG specificity was of interest. Why does this specificity occur,
and, even more important, are there other mitochondrial pro-

teins that are more broadly fungal specific or even others that
are CTG specific?

GOA1 functions in C. albicans
Subsequently, an isogenic set of strains was constructed that
included a null mutant and a single gene-reconstituted strain
were compared phenotypically to parental WT cells (Bambach
et al. 2009; Li et al. 2011; Chen et al. 2012; She et al. 2013, 2015;
Sun et al. 2013; Khamooshi et al. 2014). The inability of the goa1�

to grow onmitochondrial respiratory-specific substrates such as
glycerol, along with its loss of mitochondrial membrane poten-
tial, reduced oxidative respiration, and reduced ATP synthesis
suggested that Goa1p was required for the activity of the mito-
chondrial ETC. But how?

Since energy production was profoundly reduced in the
goa1�, CI–CIV enzyme activities of the ETCweremeasured. Only
CI complex was reduced in goa1� (Li et al. 2011). Other mutant
phenotypes included an inability tomaintain a chronological life
span or aging (Chen et al. 2012) and elevated ROS, which often is
associated with intrinsic cell apoptosis as O2 acquires free elec-
trons to generate superoxide in CI dysfunctions (Li et al. 2011).

The goa1� was avirulent in a blood-borne, murine model of
invasive candidiasis and displayed reduced recognition by a hu-
man macrophage cell line and human neutrophils (Bambach
et al. 2009; She et al. 2013). Surprisingly, the latter studies sug-
gested an escape of host cell recognition by the mutant, but in
spite of its reduced phagocytosis and recognition by innate im-
mune cells, extracellular killing by neutrophils was enhanced
compared to control strains (She et al. 2013).

A reduction in the recognition of the null mutant by in-
nate immune cells suggested changes in the organization and/or
composition of the goa1� cell wall. Transcriptional profiling of
goa1� showed significant downregulation of genes associated
with cell wall biosynthesis including several types of adhesins
such as those of the ALS family (agglutinin-like sequences)
(Chen et al. 2012). These data were supported by gel perme-
ation chromatography, which indicated that the goa1� mannan
was smaller and less complex than that of WT and the GOA1-
reconstituted cells (manuscript in preparation). Also, increased
sensitivity of the mutant to cell wall inhibitors such as alcian
blue, caspofungin and Congo Red indicates other wall changes.
The cell wall phenotypes andmitochondria ofWT and the goa1�

strains are depicted in Fig. 2 and explained below (Chen et al.
2012). The cell wall defects of the goa1� mutant strain are con-
sistent with a key function of mitochondria in ensuring proper
fungal cell wall functions in C. albicans (Dagley et al. 2011; Qu et al.
2012), reviewed in Shingu-Vazquez and Traven (2011).

Downregulation of genes associated with β-1,2 mannosyla-
tion (BMT 3,6–9) was observed in the goa1� which may indicate
a reduction in β-1,2 oligomannan (Fig. 2) (Chen et al. 2012). β-
1,2 Mannosylation of cell wall mannan is not found in S. cere-
visiae, but is in C. albicans where it is a component of both phos-
phopeptidomannan and phospholipomannan (Mille et al. 2004,
2008, 2012; Fradin et al. 2008). There is an association of length
of β-linked mannosyl residues with serotype, which is higher
in serotype A than in serotype B C. albicans. β-Mannosylation of
both N- and O-linked mannan has been observed (Fradin et al.
2008). In C. albicans, β-mannosylation is a component of ad-
hesins and induces innate immune cells to produce cytokines.
Surprisingly, loss of BMT1–4 genes had a minor impact on anti-
genic expression in these mutants when analyzed by western
blot analysis (Mille et al. 2008). Functional activities of some
members of the BMT gene family, based upon studies with null
mutants, include virulence, the induction of biofilm formation,
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Figure 2. Cell wall changes upon respiratory dysfunction in the C. albicans goa1� mutant. The cell wall structures of WT (left) and the null goa1� (right) are shown. Cell
wall polysaccharides and their linkages are color coded. In addition, phosphate, inositol and phosphate ceramide are shown as a GPI-anchored cell wall glycoprotein.
Below the cell membrane, mitochondria are depicted with fewer mitochondrial ETC CI in the goa1�. The reduction of β-1,2 mannan and β-1,6 glucan (unpublished) is

shown in the mutant cell wall.

proinflammatory response by macrophages and regulation of
multidrug transporters (Karababa et al. 2004; Mille et al. 2004;
Fradin et al. 2008; Bonhomme et al. 2011; Devillers et al. 2013;
Ueno et al. 2013). As several of the ALS family of adhesins has
been associated with virulence, their transcriptional downreg-
ulation, as well as that of β-1,2 oligomannosylation BMT genes,
may account for reduced survival in mice infected with goa1�

(Bambach et al. 2009; Chen et al. 2012). While it is clear that mito-
chondrial function is necessary for proper cell wall structuring
in C. albicans, it is not understood what the biochemical links
are. It also appears that different mitochondrial mutants might
have distinct perturbations in cell wall topography. For example,
the SAM complex mutant sam37� does not display altered glu-
can/mannan levels in the wall, although the cell wall is thicker
than in WT cells (Qu et al. 2012). Therefore, while we can pre-
dict that disruption of mitochondrial function in C. albicans, and
likely other fungal pathogens, will cause cell wall defects, the
precise nature of those defects and therefore the impact on vir-
ulence pathways might be distinct depending on the affected
mitochondrial activities.

TRANSCRIPTIONAL REGULATORS OF
MITOCHONDRIAL RESPIRATION IN C.
ALBICANS

If Goa1p regulates CI activity in some fashion, what regu-
lates GOA1? To answer this question, we screened a library of
transcriptional regulatory knockout mutants (TRKO) for their
growth on glycerol, a mitochondrial, respiratory-specific sub-
strates (Homann et al. 2009; Khamooshi et al. 2014). We identi-
fied 5 of 143 mutants that had reduced growth on glycerol, but
grew on glucose. Three of thosemutants, dpb4�, hfl1� and rbf1�

displayed a transcriptional downregulation of GOA1, indicating
that each is probably a positive regulator of GOA1 (directly or
indirectly). Rbf1p is a repressor of the yeast → hyphal morpho-
genesis (Ishii et al. 1997).We showed that both the dpb4� and the
hfl1�were similarly constitutively filamentous (Khamooshi et al.
2014). As the goa1� is not constitutively filamentous, we suggest

that Rbf1p, Dpb4p and Hfl1p have other gene targets unrelated
to GOA1.

The sensitivity of the TRKO strains and goa1� to antifungal
drugs was compared using standardized MIC assays. The goa1�,
rbf1� and hfl1�, but not dpb4� were hypersensitive to caspofun-
gin or fluconazole (Khamooshi et al. 2014). Each of these TRKO
strains had reduced oxygen consumption, reduced CI and CIV
enzyme activity, and were hypersensitive to the CI inhibitor,
rotenone. Transcriptional profiling indicated more similarities
for rbf1� and hfl1� compared to dpb4�, while DPB4 appeared
to regulate mtDNA maintenance and mtRNA processing. These
data indicate a common role for these transcriptional regulators
on GOA1 transcription and mitochondrial activities in general,
but also distinct functions suggesting broad direct or indirect
regulatory activity in cells.

Fungal-specific CI subunit proteins

Most of the CI subunit proteins of fungi are broadly con-
served among eukaryotic species (Azevedo et al. 1992; Mc-
Donough et al. 2002; Videira and Duarte 2002; Abdrakhmanova
et al. 2004; Gabaldon, Rainey and Huynen 2005; Bridges, Fearn-
ley and Hirst 2010; Pereira, Videira and Duarte 2013). In C. al-
bicans, CI is composed of ∼39 subunit proteins, including at
least two fungal-specific subunits (see below). Most of these
subunits have not been functionally studied in human fun-
gal pathogens aside from their presumed enzyme activity as
NADH:UbiquinoneOxidoreductases (Gabaldon, Rainey andHuy-
nen 2005; Noble et al. 2010). The fungal-specific subunits were
first identified as the NUXM and NUZM in Neurospora crassa
(Azevedo et al. 1992). NUXM is broadly conserved in C. albi-
cans, N. crassa, Yarrowia lipolytica, Arabidopsis thaliana and Chlamy-
domonas reinhardtii. NUXM is orf19.6607 in the Candida Genome
Database, while NUZM is orf19.287. These two genes have
been named NUO1 and NUO2 as they are both NADH:ubiquione
oxidoreductases (She et al. 2015). The null mutants of NUO1 and
NUO2 had normal profiles of respiratory dysfunction, includ-
ing reduced oxygen consumption and membrane potential, ele-
vated ROS and reduction of CI enzyme activity (She et al. 2015).
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These phenotypes were similar to the phenotypes for a mutant
in NDH51, which is broadly conserved among eukaryotic CI sub-
unit proteins (Gabaldon, Rainey and Huynen 2005). The fungal
specificity of Nuo1p and Nuo2p as well as important activities,
such as virulence (see below), suggests that both may be attrac-
tive targets for therapeutic intervention.

Previous to our current studies of NUO1 and NUO2 (She et al.
2015), we had screened for fluconazole susceptibility a library
of CI mutants (Sun et al. 2013). Of the 12 suspected CI mutants
tested, nine were hypersusceptible to fluconazole. Each of the
nine hypersusceptible mutants was unable to grow on glycerol-
yeast-peptone agar medium (YP-glycerol) but could in glucose-
yeast-peptone (YP-glucose). The fluconazole hypersusceptible
mutants included orf19.6607 (NUO1) and orf19.287 (NUO2). The
three mutants that grew as well as WT cells in the presence of
fluconazole were also able to grow in both YP-glycerol and YP-
glucose, indicating they were very likely not required for mito-
chondrial respiration and perhaps unlikely to be CI subunit pro-
teins. These data indicate a strong fluconazole hypersusceptibil-
ity with the loss of CI and point out another interesting feature
of CI subunit proteins such as Nuo1p and Nuo2p.

Both nuo1� and nuo2� are avirulent in a murine model of
hematogenously disseminated candidiasis (She et al. 2015). Rel-
evant to the avirulence phenotype, we expected many similari-
ties among the CI mutants as a consequence of gene loss. Rel-
atively unexpected was, however, that the transcription profiles
of nuo1� and nuo2� were quite different than that of ndh51�.
Especially noted were the changes in genes relevant to cell wall
and mitochondrial functions (Fig. 3). These data may imply ad-
ditional functions (besides CI enzyme activity) associated with

NUO1, NUO2 and NDH51. Below, we present data on differences
among cell wall encoding genes in Nuo1p, Nuo2pand Ndh51p
(CI subunit proteins) as well as Goa1p, which is not a subunit
protein of CI.

The three mitochondrial CI subunit proteins Nuo1p,
Nuo2p and Ndh51p were not created equally

We were interested in explaining the loss of CI enzyme activity
of nuo1� and nuo2� mutants. For these experiments, we also in-
cluded the ndh51�, which as mentioned above is a broadly con-
served CI subunit protein (Gabaldon, Rainey and Huynen 2005).
Are the reason(s) for reduced CI activity the same for each mu-
tant?We do not know for certain, but a significant 70–80% loss of
the CI complex was observed (She et al. 2015) (Fig. 3). We refer to
this reduction in the amount of CI as disassembly, also reported
in N. crassa for the loss of CI subunit proteins, summarized in
Mimaki et al. (2012). Thus, our hypothesis is that a reduction in
CI enzyme activity occurs because the CI is not assembled prop-
erly. A similar loss of CI is observedwith the goa1� (Li et al. 2011).
In comparison to the CI subunit proteins, we believe that Goa1p
is either responsible for the assembly of the C. albicansCI subunit
proteins individually or more likely is needed for the assembly
of one or more subcomplexes of CI. Future experiments need to
be done to resolve this hypothesis. In any case, similar defects
in each of the mutants suggest that a CI assembly defect causes
reduced respiratory activity.

Are other activities of each subunit protein uniform, or are
they different? Transcriptional profiling revealed general simi-
larities among Nuo1p and Nuo2p that are quite different from

Figure 3. Left. A WT mitochondrion is shown with an intact CI–CV ETC chain (red squares). The five subunits of the ETC are shown as rectangles. As for the individual
subunit proteins of CI mentioned below, Ndh51p is critically located at the ubiquinone reduction site within the CI where other NADH oxidoreductases are located. The

location of Nuo1p and Nuo2p is not known. Right. The outer/inner membranes are shown. In the CI mutants as well as goa1�, a loss (disassembly) of the CI complex
from the inner membrane is depicted. The CI in the WT is represented as larger in molecular mass versus the other complexes. For each mutant, the disassembly of
the CI is represented. Table below. Upregulated and downregulated genes in each of the CI mutants and in the putative CI regulator (goa1�) are listed for specific gene
categories. Nuo1p and Nuo2p are nearly functionally redundant. All of the mutants except goa1� have major upregulation in genes of the ETC complexes, except CI

(left column). These data may suggest that mutants have ETC compensatory activities that include one of the two alternate oxidases AOX2 and the NDE1.



Calderone et al. 7

the Ndh51p in families of β-glucanases, chitinases and man-
nosyl transferases, and compensatory upregulation of a larger
number of genes encoding the mitochondrial biogenesis appa-
ratus in nuo1� and nuo2� compared to ndh51�. These observa-
tions suggest subunit-specific activities particularly in regard to
effects on cell wall integrity and potentially mitochondrial bio-
genesis (Fig. 3).

MITOCHONDRIAL ACTIVITY IN C. ALBICANS
DEVELOPMENTAL TRANSITIONS

Widely studied virulence pathways of C. albicans are the devel-
opmental transitions between yeast and hyphal morphology, as
well as the ability to adhere to substrates for biofilm growth
(Finkel and Mitchell 2011; Sudbery 2011). Signaling mechanisms
and gene expression regulators that mediate the morpholog-
ical and physiological changes in response to environmental
cues are well characterized (Finkel and Mitchell 2011; Sudbery
2011). Metabolic reprograming accompanies the yeast to hyphae
morphogenesis and biofilm formation (Bonhomme et al. 2011;
Nobile et al. 2012; Fox et al. 2014, 2015; Guedouari et al. 2014;
Holland et al. 2014). It is easy to imagine that metabolic re-
programing could signal directly to the pathways that regulate
hyphal and biofilm growth, and/or could be involved in quorum-
sensing mechanisms in the multicellular biofilms. While there
is evidence of their involvement, how precisely mitochondrial
functions arewired into the complex cellular pathways that con-
trol hyphal and biofilm growth remains to be fully defined.

Generally, mitochondrial dysfunction cripples hyphal mor-
phogenesis in C. albicans, reviewed in Shingu-Vazquez and
Traven (2011). Some studies however suggest the opposite, for
example treatment with the mitochondrial inhibitor antimycin
promoted hyphal morphogenesis in one study (Mulhern, Logue
and Butler 2006), while in another study it had no effect
(Watanabe et al. 2006). A recent report using biochemical
assays to measure outputs such as TCA cycle and oxygen con-
sumption suggests that robust mitochondrial activity is neces-
sary to support growth of hyphae (Guedouari et al. 2014). It has
been suggested that mitochondrial respiration might be signal-
ing to RAS/PKA (Watanabe et al. 2006), a critical signal trans-
duction pathway for the morphogenetic switch in C. albicans
(Hogan and Sundstrom 2009). Direct proof of this remains to
be established. Interestingly, several reports in S. cerevisiae link
mitochondrial activity with RAS/PKA pathway status. A recent
report using the filamentous Sigma1278b strain of S. cerevisiae in-
dicated that mitochondrial dysfunction reduced Ras/PKA path-
way activity, thereby inhibiting the expression of the adhesin
FLO11 and impairing the ability to grow as pseudohyphal fil-
aments (Aun, Tamm and Sedman 2013). A previous study by
one of us supports the idea that a S. cerevisiae mitochon-
drial petite mutant displays reduced Ras/PKA pathway activity
(Traven et al. 2001), but another report from the Nunnari lab
found the opposite—hyperactivation of Ras/PKA upon mito-
chondrial inhibition (Graef and Nunnari 2011). Future studies
should directly test the effects of mitochondrial dysfunction on
hyphal signaling pathways in C. albicans. In any case, if future
antifungal drugs are developed that target mitochondrial activ-
ity, these compounds are likely to block hyphal formation—this
could be beneficial for reducing virulence of C. albicans, and also
for modulating the inflammatory response that is triggered by
the hyphal form and which likely contributes to pathology (Tra-
ven and Naderer 2014).

Robust hyphal formation is needed for C. albicans biofilm
maturation, and thus the prediction is that mitochondrial res-

piration is necessary for biofilm formation. In support for this
idea, a mutant in the kinase domain of the transcriptional regu-
lator Mediator displays higher mitochondrial respiration and is
able to form biofilms more robustly than the WT strain (Lind-
say et al. 2014). Accordingly, Mediator kinase domain mutants
are resistant to the inhibitory effects on morphogenesis of the
phenazine pyocyanin (Lindsay et al. 2014). Pyocyanin is produced
by Pseudomonas aeruginosa and it mediates P. aeruginosa–C. albi-
cans interspecies interactions by targeting fungal succinate de-
hydrogenase. Pyocyanin inhibits the formation of biofilms by C.
albicans (Morales et al. 2013), suggesting that targetingmitochon-
dria could be beneficial for blocking biofilm formation.

While it appears that cellular respiration is necessary for C.
albicans hyphal morphogenesis and consequently biofilm mat-
uration, transcriptomic and metabolomics studies suggest that
mitochondrial activity is downregulated as the biofilms ma-
ture (Nobile et al. 2012; Zhu et al. 2013; Holland et al. 2014; Fox
et al. 2015) (Fig. 4). These seemingly contradictory results might
be reconciled if one thinks about the temporal context dur-
ing biofilm formation, and the structural complexity of three-
dimensional biofilm growth (Fig. 4). Hyphal morphogenesis is an
early event that follows substrate adhesion in the biofilm for-
mation process (Finkel and Mitchell 2011). It is possible that at
this early stage, mitochondrial activity is necessary and bene-
ficial (Fig. 4). As the biofilms mature, the changes in nutrient
and oxygen availability might drive a decline in mitochondrial
function (Fig. 4). In fact, it has recently been shown that biofilms
do contain hypoxic pockets (Fox et al. 2014). Could a decline in
mitochondrial function be beneficial for biofilm growth? Analy-
sis of S. cerevisiae colonies as a proxy for biofilm structures pro-
vides some insight in this regard (Cap et al. 2012; Traven et al.
2012). Fractionation of the inside from the outside colony layers
and subsequent transcriptomics showed that the outside cells
are active, but their mitochondrial function might be reduced,
while the inside cells do not appear to be actively growing, but
mitochondrial activity is present, as the capacity of these inner
cells to consume oxygen is higher than in the outside cells (Cap
et al. 2012). It has been suggested that reduction in mitochon-
drial activity observed on the outside colony layers might pro-
tect the colony from the detrimental effect of oxidative dam-
age by ROS produced via mitochondrial respiration (Cap et al.
2012). How these results with S. cerevisiae colonies correlate to
C. albicans biofilms is not clear at the moment, but these studies
nevertheless suggest that modulation of mitochondrial activity
in biofilms might be triggering some of the biofilm phenotypes,
such as stress resistance. In fact, Cap et al. (2012) suggested that
it might be promoting prolonged survival of biofilm cells (Fig. 4).
Direct studies of mitochondrial activity in C. albicans biofilms,
and its effects on stress resistance and antifungal drug suscep-
tibility should provide new insight into the interplay between
metabolic reprograming and developmental switches in C. albi-
cans, and informhow targetingmitochondriamight be beneficial
for biofilm-related Candida infections.

MITOCHONDRIA AS A SOURCE FOR
POTENTIAL ANTIFUNGAL DRUG TARGETS

The most recent additions to the antifungal armature are re-
modeled triazoles (Calderone et al. 2014). An approach to find-
ing antifungal drugs is to screen repurposed- or off-patent
compounds that have anticancer, antidepressant and other
established activities. Several are known to have antifungal
activities (Roemer and Krysan 2014). Still, new targets and
correspondingly, new antifungal compounds to those targets
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Figure 4. Roles of mitochondrial activity in C. albicansmorphogenesis and biofilm formation. Mitochondrial activity is necessary for the transition from yeast to hyphal
growth, but in mature biofilms mitochondria might be repressed perhaps due to changes in nutrients or access to oxygen. Reduction of mitochondrial activity might

be driving protection from stresses, such as oxidative stress, thereby promoting cellular fitness. Whether and how mitochondrial functions impact on antifungal
susceptibility of Candida biofilms remains to be determined.

are needed. The new compounds should optimally be fungal
specific, not toxic to humans, fungicidal and protective in an-
imal models. Fungal specificity of potential targets is the easi-
est of prerequisites to establish, given the availability of genome
databases. However, what is time consuming, in most cases, is
verification that a target is important to growth and virulence of
pathogens. In this regard, there are examples such as the hybrid
histidine kinases (Defosse et al. 2015). There is also a growing lit-
erature that loss of fungal-specific mitochondrial targets begat
avirulence in gene-specific mutants (Bambach et al. 2009; Becker
et al. 2010; Noble et al. 2010; Qu et al. 2012; Guan et al. 2015). Re-
purposed compounds are plentiful and available upon request
from the NIH libraries Program [The Molecular libraries Small
Molecule Repository (MLSMR) http://mli.gov/mil/mlp-overview].
With regard to antifungal drug discovery that targets CI, a
dual platform high-throughput screen of compounds could
be established. The assay could combine a screen of com-
pounds to inhibit growth in the presence of glycerol and a sec-
ondary screen utilizing heterozygous CI or non-CI mitochon-
drial mutants with a read out of haploinsufficiency or resistance
(of null mutants).

As we have discussed previously, mitochondrial dysfunction
in some fungi, notably S. cerevisiae and C. glabrata, can lead to
drug resistance, including reduced susceptibility to the azoles
(Shingu-Vazquez and Traven 2011). However, we observed the
exact opposite with CI mutants in C. albicans, i.e. increased
azole susceptibility (Sun et al. 2013), and generally mitochon-
drial dysfunction leads to higher sensitivity to the echinocan-
dins, reviewed in Shingu-Vazquez and Traven (2011). Candida
glabrata and S. cerevisiae lack CI NADH-oxidoreductases (Koszul
et al. 2003), so that antifungal drug resistance in both of these
organisms very likely reflects other mechanisms. However, a
better understanding of the molecular basis of mitochondrial
function in drug susceptibility is needed to fully appreciate the
dangers of drug resistance if targeting mitochondrial function
in pathogens. Having said that, as we have previously argued,
the severe viability defects upon mitochondrial dysfunction in
pathogenic fungi suggest that inhibition of mitochondria would
be an effective way to combat fungal disease (Shingu-Vazquez
and Traven 2011).

CONCLUSIONS AND OUTLOOK

The central place for mitochondrial activity in eukaryotic cell
physiology makes the mitochondrion a prime target for the de-
velopment of new therapeutics to treat fungal disease. The ob-
vious concern is the conservation of mitochondrial proteins and
their functions between fungi and humans, which could lead to
host toxicity of mitochondria-targeted drugs. As we have dis-
cussed in this review, there are several mitochondrial proteins
that play an essential role in organelle biogenesis or function,
and yet they lack structural homologs in humans. There is now
evidence from studies inC. albicans that some of these pathogen-
specific mitochondrial proteins are virulence determinants in
the systemic model in mice (Bambach et al. 2009; Becker et al.
2010; Noble et al. 2010; Qu et al. 2012; Guan et al. 2015). In some
cases, the pathogen-specific mitochondrial proteins are broadly
conserved in fungi and are likely to play important roles in fun-
gal virulence more broadly than only in CTG species of Candida.
This means that mitochondrial inhibitors have a chance to act
as pan-fungal drugs. Finally, targeting mitochondrial function
would be a novel approach for antifungal therapy, which is a
significant advantage when considering the limited spectrum of
current antifungal therapeutics.
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