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SUMMARY

The yeast Candida albicans colonizes several sites in
the human body and responds to metabolic signals
in commensal and pathogenic states. The yeast-tohyphae transition correlates with virulence, but how
metabolic status is integrated with this transition is
incompletely understood. We used the putative
mitochondrial fission inhibitor mdivi-1 to probe the
crosstalk between hyphal signaling and metabolism.
Mdivi-1 repressed C. albicans hyphal morphogenesis,
but the mechanism was independent of its presumed
target, the mitochondrial fission GTPase Dnm1.
Instead, mdivi-1 triggered extensive metabolic reprogramming, consistent with metabolic stress, and
reduced endogenous nitric oxide (NO) levels. Limiting
endogenous NO stabilized the transcriptional
repressor Nrg1 and inhibited the yeast-to-hyphae
transition. We establish a role for endogenous NO
signaling in C. albicans hyphal morphogenesis and
suggest that NO regulates a metabolic checkpoint
for hyphal growth. Furthermore, identifying NO
signaling as an mdivi-1 target could inform its therapeutic applications in human diseases.
INTRODUCTION
For the human commensal and pathogenic yeast Candida
albicans, the yeast-to-hyphae transition is important in infections, which can be life-threatening if they become systemic
(Brown et al., 2012). The link between hyphal morphology
and virulence is complex and includes hyphae contributing
to immune evasion and expressing a range of virulencerelated factors that drive adhesion, stress resistance, and
host cell damage (Erwig and Gow, 2016; Moyes et al., 2016;
Sudbery, 2011). Fungal cell morphology is regulated by envi-

ronmental signals that control signal transduction pathways
and regulate the activators and repressors of the hyphal transcriptional program (reviewed in Sudbery, 2011). In yeast
morphology, hyphal gene expression is inhibited by the transcriptional repressors Nrg1 and Rfg1 and the co-repressor
protein Tup1 (Braun et al., 2001; Kadosh and Johnson, 2005;
Murad et al., 2001). In response to conditions that signal hyphal development, transcription of hyphae-specific genes is
de-repressed by downregulation of the mRNA and protein
levels of Nrg1 (Braun et al., 2001; Lu et al., 2011; Murad
et al., 2001), and a chromatin-based mechanism that prevents
binding of Nrg1 to the regulatory regions of its target genes
(Lu et al., 2011). Further, transcriptional activators turn on
the expression of hyphae-specific genes (Banerjee et al.,
2008; Carlisle et al., 2009; Lane et al., 2001; Schweizer
et al., 2000; Stoldt et al., 1997).
As a commensal and pathogen, C. albicans colonizes the gut,
bloodstream, mouth, and genital tract. These environments
differ in nutritional composition, including macro- and micronutrients (e.g., carbon source and iron) (Brown et al., 2014; Noble,
2013). In order to thrive in these environments, C. albicans needs
to efficiently adjust its metabolism. Consistent with this, the
metabolic regulatory organelle, the mitochondrion, has been
implicated in the yeast-to-hyphae transition and virulence of
C. albicans, with both mitochondrial respiration and mitochondrial morphology (structure) playing a role (Koch et al., 2017;
Qu et al., 2012; Tucey et al., 2016; Grahl et al., 2015; Huang
et al., 2017; She et al., 2013; reviewed in Calderone et al.,
2015). However, how cellular metabolic status is sensed to control hyphal morphogenesis is incompletely defined. While mitochondria-derived ATP and oxidation of NADH by complex I
have been linked to hyphal signaling, some hyphal growth conditions are more affected than others, suggesting additional
mechanisms (Grahl et al., 2015; Huang et al., 2017). Also, the
common growth defects of mitochondrial and metabolic mutants make it difficult to uncouple fitness defects from signaling
defects. With metabolism emerging as a central control point for
Candida pathogenesis (Brown et al., 2014), it is important to
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decipher how the virulence-related transition between yeast and
hyphae responds to metabolic inputs.
Here, we addressed this question by studying the effects
of the putative mitochondrial fission inhibitor mdivi-1 in
C. albicans. Mdivi-1 was discovered with a chemical screen in
the model yeast Saccharomyces cerevisiae and shown to
repress mitochondrial division in yeast and mammals (CassidyStone et al., 2008; Kashatus et al., 2015; Rehman et al., 2012).
In S. cerevisiae, mdivi-1 inhibited mitochondrial fission without
major effects on cellular growth under the conditions tested
(Cassidy-Stone et al., 2008), making it a potentially useful tool
to study the interface between metabolism and fungal morphogenesis. The proposed target of mdivi-1 is the GTPase Dnm1,
a key factor required for mitochondrial division (Cassidy-Stone
et al., 2008). Mdivi-1 has been considered as a therapeutic
candidate for diseases such as stroke, heart attack, and neurodegenerative disorders (Fan et al., 2017; Park et al., 2011; Sharp
et al., 2015; Wang et al., 2017) and was also reported to improve
immune control of tumors (Buck et al., 2016). Despite these
promising features, mdivi-1 has been studied in very few systems, and a recent report in mammalian cells questioned its
mechanism of action against mammalian Dnm1, showing
instead that mitochondrial complex I is the target (Bordt et al.,
2017). To our knowledge, the effects of mdivi-1 in human pathogenic yeasts are unknown.
Here, we report that mdivi-1 represses hyphal growth of
C. albicans, but the mechanism does not involve its presumed
target, Dnm1. We show that mdivi-1 causes metabolic reprogramming and a drastic reduction in the levels of endogenous
nitric oxide (NO) and demonstrate a role for endogenous NO
signaling in hyphal morphogenesis of C. albicans.
RESULTS
Mdivi-1 Blocks Hyphal Morphogenesis in C. albicans by a
Mechanism that Is Independent of Dnm1
To understand the effects of mdivi-1 in C. albicans, we tested
growth in yeast and hyphal morphology in the presence of

this compound. Mdivi-1 is poorly soluble in water. Therefore,
to increase its intracellular availability, previous work in
S. cerevisiae used a mutant in the transcriptional regulators of
efflux pumps (the pdr1 pdr3 strain) (Cassidy-Stone et al.,
2008). In line with this approach, we used a C. albicans efflux
pump mutant in our experiments (strain DSY1050) (Sanglard
and Coste, 2015). Mdivi-1 did not inhibit yeast growth of
C. albicans in YPD medium (Figure S1A). In contrast, mdivi-1 inhibited hyphal growth in a range of conditions: Spider medium,
tissue culture medium (RPMI), and in response to serum
(Figure 1A). The inhibitory concentration 50 (IC50) for hyphal inhibition in Spider medium was 30 mM (Figure S1B). Live-cell microscopy revealed that in the presence of mdivi-1, cells continued
growing as yeast when placed in Spider medium (Video S1,
50 mM mdivi-1). At the higher dose of 100 mM, a temporary
growth inhibition was seen, but then substantial yeast growth
occurred (Video S2). In addition to inhibiting the transition from
yeast to hyphae, mdivi-1 stopped the growth of hyphae when
added to the medium after hyphal growth was established,
which resulted in reversion back to yeast (Video S1). Thus, in
the presence of mdivi-1, C. albicans can neither initiate nor maintain hyphal growth.
Mdivi-1 also inhibited hyphal formation by C. albicans in vivo in
the worm infection model; in the presence of mdivi-1, no fungal
filaments were observed emanating from the worm, although
C. albicans was able to proliferate vigorously as yeast (Figure S1C). An important disease-related situation in which
C. albicans transitions from yeast to hyphae is in response to
phagocytosis by macrophages (Lo et al., 1997). Hyphal formation in macrophages activates the NLRP3-caspase-1 inflammasome, which in turn triggers caspase-1-dependent macrophage
lysis and maturation and secretion of the pro-inflammatory cytokine interleukin-1b (IL-1b) (Joly et al., 2009; Uwamahoro et al.,
2014; Wellington et al., 2014). Mdivi-1 inhibited hyphal formation
by C. albicans during infection of primary mouse macrophages
(Figure 1B; Video S3) and repressed both macrophage lysis by
C. albicans (Figure 1C) and maturation of IL-1b (Figures 1D, 1E,
and S2). Macrophages showed a rounded morphology in the

Figure 1. Mdivi-1 Inhibits Hyphal Growth of C. albicans in a Manner Independent of Dnm1 and Mitochondrial Fission
Unless stated otherwise, strain DSY1050 was used.
(A) Hyphal morphogenesis was assessed in the presence of DMSO (control) or 100 mM mdivi-1 in the indicated media, and images were taken after 4 hr of growth
at 37 C. See also Videos S1 and S2.
(B) Murine bone-marrow-derived macrophages (BMDMs) infected with C. albicans (at the MOI of 3 Candida to 1 macrophage) in the presence of DMSO (control)
or 100 mM mdivi-1. Shown are representative images from infected macrophages taken from Video S3 after 7 hr of infection. In control conditions, C. albicans
forms long hyphae during incubation with macrophages (yellow arrows), while in the presence of mdivi-1, yeast cells are predominantly seen (red arrow).
(C) Quantification of macrophage cell death during co-incubation with C. albicans (MOI 3 Candida:1 macrophage) in the presence of DMSO (control) or 100 mM
mdivi-1. Shown are the average and SEM from 2 independent experiments. At least 900 macrophages were counted in each condition in each of the independent
experiments. Time point 0 indicates the start of the imaging, which corresponds to 2 hr following addition of C. albicans to macrophages. See also Video S3.
(D) Left: western blot of IL-1b from culture supernatants of BMDMs infected with C. albicans in the presence of DMSO (control), 100 mM mdivi-1 or 10 mM nigericin.
Samples were collected at the indicated time points. Right: western blot of IL-1b from culture supernatants of uninfected BMDMs incubated for 3 hr with 100 mM
mdivi-1 or DMSO (control) and then treated with 10 mM nigericin. Culture supernatants were harvested after the indicated time points following nigericin
treatment. Figure S2 displays additional independent experiments.
(E) ELISA of IL-1b from culture supernatants. Conditions are as in (D). Three independent experiments are shown, each performed with 2 technical replicates.
Western blots of these samples are shown in Figure S2.
(F) Cells of the indicated strains were grown to early log phase in YPD medium at 30 C, and mitochondria were stained with MitoTracker. Top: wild-type (WT)
C. albicans strain SN250 and the isogenic dnm1D/D mutant. Bottom: C. albicans strain DSY1050 in the presence of DMSO (control) or 100 mM mdivi-1.
Representative cells are shown.
(G) The wild-type strain SN250 (WT) and the dnm1D/D mutant were placed in the indicated hyphae-inducing media, and images were taken after for 4 hr of growth
at 37 C.
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presence of mdivi-1 (Video S3), but the viability of uninfected
macrophages was not compromised by the compound (Figure 1C). Moreover, mdivi-1-treated macrophages responded
normally to the potassium ionophore nigericin to induce maturation of IL-1b (Figure 1D). Therefore, although we cannot exclude
that mdivi-1 had an effect on macrophage physiology in our assays (as mdivi-1 shows activity in both yeast and mammalian
cells), we conclude that inhibition of hyphal formation by mdivi-1
is the primary reason for reduced host cell death and reduced
maturation of IL-1b by Candida-infected macrophages.
Mdivi-1-treated C. albicans cells maintained wild-type mitochondrial morphology and did not show a mitochondrial fission
defect, even in the presence of a 100-mM concentration of the
drug (Figure 1F, bottom panels). This was surprising, since in
S. cerevisiae mdivi-1 causes a mitochondrial fission defect by inhibiting Dnm1 (Cassidy-Stone et al., 2008). To directly test the
link between mitochondrial fission and hyphal growth, we constructed a C. albicans dnm1D/D mutant. As expected, the
mutant displayed a clear mitochondrial fission defect, with one
large mitochondrion seen in cells (Figure 1F, top panels). The
dnm1D/D mutant grew as wild-type at different temperatures
and carbon sources (Figure S3A). Unlike mdivi-1-treated cells,
the dnm1D/D mutant was able to filament normally in a range
of hyphae-inducing conditions in liquid media (Figure 1G) and
also on plates, although with slightly shorter filaments compared
to control strains (Figure S3B).
Differences in the Mitochondrial Fission Apparatus in
C. albicans Compared to S. cerevisiae
Since there was a difference in mdivi-1’s mechanism of action
between S. cerevisiae and C. albicans in regards to repression
of mitochondrial division, we investigated the C. albicans mitochondrial fission apparatus in more detail. Deletion of the
C. albicans homolog of the S. cerevisiae mitochondrial fission
factor FIS1 did not impair mitochondrial fission (Figure S3C).
This is in contrast to the situation in S. cerevisiae, where Fis1 is
essential for recruitment of Dnm1to mitochondria and hence
the fis1 mutant displays a mitochondrial fission defect (Mozdy
et al., 2000). The C. albicans fis1D/D mutant displayed normal
fitness under standard laboratory conditions, in line with the expected growth phenotypes based on studies in S. cerevisiae
(Figure S3D). The C. albicans genome does not encode recognizable orthologs of S. cerevisiae Mdv1 and Caf4, two paralogs
that participate in recruitment of Dnm1 to Fis1 on the surface
of mitochondria (Tieu and Nunnari, 2000). In S. cerevisiae,
Dnm1 binds Mdv1 via an 8-amino-acid motif termed the InsertB
domain (Bui et al., 2012). Within the InsertB domain, four residues are essential for Dnm1-Mdv1 binding. Of these, two
phenylalanine residues are not conserved in C. albicans and
the closely related species C. dubliniensis and C. parapsilosis
(Figure S3E), although they are substituted by relatively conservative amino acid changes (phenylalanine to leucine or tyrosine,
respectively). In contrast, all four amino acids important for the
Dnm1-Mdv1 interaction are conserved in the filamentous fungal
species Aspergillus fumigatus and Magnaporthe oryzae (Figure S3E), and both these species encode an Mdv1 homolog
required for mitochondrial morphology (Neubauer et al., 2015;
Zhong et al., 2016). Also in contrast to C. albicans, deletion of

FIS1 or DNM1 in A. fumigatus and M. oryzae triggered a mitochondrial morphology defect and a growth defect (Neubauer
et al., 2015; Zhong et al., 2016). Additionally, it was shown
that mdivi-1 causes a mitochondrial morphology defect in
M. oryzae (Zhong et al., 2016). Taken together, our data support
the existence of a somewhat different mitochondrial fission
apparatus in C. albicans compared to S. cerevisiae and the
two filamentous fungal species mentioned. Whether the architecture of the mitochondrial division apparatus dictates sensitivity to mdivi-1 remains to be seen.
Mdivi-1 Inhibits Hyphal Growth Independently of
Mitochondrial Complex I or the Ras-PKA Pathway
A recent study in mammalian cells showed that mdivi-1 has a
second target: mitochondrial respiratory complex I (Bordt
et al., 2017). In C. albicans, the activity of complex I has been
implicated in hyphal growth (Huang et al., 2017; McDonough
et al., 2002; She et al., 2015). Therefore, we wondered whether
the effects of mdivi-1 on hyphal morphogenesis in C. albicans
were caused by inhibition of complex I. However, unlike complex
I mutants, which cannot utilize mannitol as a carbon source
(Huang et al., 2017), mdivi-1-treated cultures grew substantially
in mannitol-containing Spider medium (Figure 2A). The nuo1D/D
mutant lacks a complex I subunit and displays reduced complex
I activity (She et al., 2015). In agreement with complex-I-independent effects, mdivi-1 was able to repress serum-induced filamentation by the nuo1D/D mutant (Figure 2B).
Activation of the Ras-protein kinase A (PKA) pathway during
hyphal morphogenesis requires mitochondria-derived ATP
(Grahl et al., 2015). The levels of ATP were not reduced by treatment of cells with mdivi-1 (Figure 2C), and activating Ras ectopically by using the constitutively active Ras1 variant G13V did not
bypass inhibition of hyphal growth by mdivi-1 (Figure 2D).
Another way to activate the Ras-PKA pathway and trigger filamentation is by inhibition of Hsp90 with geldanamycin (Shapiro
et al., 2009). This mechanism was also inhibited by mdivi-1 (Figure 2E). Taken together, these results are consistent with mdivi-1
inhibiting hyphal formation via a pathway that is distinct from
mitochondrial complex I or Ras-PKA.
Mdivi-1 Triggers Metabolic Reprogramming and
Repression of Mitochondria-Related Genes
To define the pathways affected by mdivi-1 in C. albicans, we
determined the transcriptional changes in mdivi-1-treated cells
using RNA sequencing (RNA-seq). For these experiments, hyphal growth was established by culturing C. albicans in Spider
medium for 2 hr. At that point, mdivi-1 was added to the cultures,
and six time points were sampled over a time course of 2 hr
(Figure 3A). The entire dataset can be accessed at http://
rnasystems.erc.monash.edu/2017/papers/mDivi_candida/ and
is shown in Table S1.
The majority of the changes in gene expression occurred rapidly
upon addition of mdivi-1, with 875 genes differently expressed at
30 min with a false discovery rate (FDR) of 0.01 and a fold change in
gene expression of at least 4 (log2 = 2) (Table S1 and select genes
shown in Figure 3B). Consistent with the cellular stress induced by
100 mM mdivi-1, we noticed downregulation of ribosome biogenesis and translation, as well as genes related to the cell cycle and
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Figure 2. Mdivi-1 Inhibits Hyphal Growth by a
Mechanism Distinct from Repression of Mitochondrial Complex I or the RAS-PKA Pathway
(A) Cultures were grown in Spider medium for 16 hr at
37 C in the presence of DMSO (control) or mdivi-1
(50 or 100 mM). As a control, the nuo1D/D mutant in
mitochondrial complex I and its corresponding wildtype strain SN250 were grown in the same condition.
(B) The wild-type strain SN250 (WT) and the nuo1D/D
mutant were grown in YPD +10% serum at 37 C in the
presence of DMSO (control) or 100 mM mdivi-1.
(C) ATP levels were measured in cultures grown in
Spider medium at 37 C (the C. albicans strain was
DSY1050). For the condition labelled ‘‘post hyphal
initiation’’, hyphal growth was induced for 2 hr, after
which DMSO or 100 mM mdivi-1 was added and the
cultures grown for 30 min in the presence of the drug.
For the condition labelled ‘‘during hyphal initiation’’,
cells were grown for 4 hr in the presence of DMSO
(control) or 100 mM mdivi-1. Data points represent six
biological repeats from three independent experiments
(the two biological replicates within the same experiment were from cultures using independent individual
colonies of C. albicans). Each biological repeat was
performed with two technical replicates. Horizontal
lines show the means. ns, not significant.
(D) The ras1 deletion mutant complemented with either
wild-type RAS1 (WT; top panels) or the constitutively
active RAS1G13V strain (bottom panels) grown in Spider
medium in the presence of DMSO (control) or 200 mM
mdivi-1. Images were taken after 4 hr at 37 C.
(E) C. albicans strain DSY1050 grown in YPD at 30 C for
10 hr in the presence of 10 mM geldanamycin, with or
without 100 mM mdivi-1.

DNA replication (Table S1). In some cases, the differences in gene
expression between mdivi-1-treated and untreated samples appeared to diminish over time (Figures 3B–3G). To address the reasons for this, we analyzed gene expression over time separately in
the treated and untreated cultures. These analyses showed that
for some genes, mRNA levels in the treated samples recovered
back toward untreated levels, indicating adaptation of cells to
mdivi-1-induced stress (Figure S4). Additionally, in some cases,
mRNA levels were changing in the untreated cultures over time,
and this was also contributing to the change in the treated/
untreated ratio at the different time points (Figure S4). The time
series app at http://rnasystems.erc.monash.edu/2017/papers/
mDivi_candida/ allows for visualization of the data as in Figure S4
for all genes analyzed in our RNA-seq experiment. Below, we
describe the most striking changes in mdivi-1-treated samples,
and their biological implications.
As soon as 15 min after mdivi-1 addition, subunits of the mitochondrial respiratory chain and ATP synthase were downregulated, as were the enzymes of the TCA (tricarboxylic acid) cycle
(Figures 3B and S4; Table S1). Consistent with downregulation of
the respiratory chain, alternative oxidases AOX1 and AOX2 were
upregulated, as were the NADH dehydrogenase YMX6 and the
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cytochrome c oxidase assembly factors
COX17 and COX19 (Figure 3B). The expression of some mitochondria-related genes
started to recover 1 hr after mdivi-1 treatment (e.g., SDH12
and ACO1 in Figure S4), and long-term growth of mdivi-1-treated
cells in the non-fermentable carbon source glycerol was unaffected (Figure S5A). Repression of the mitochondrial respiratory
chain by mdivi-1 might be expected to increase the levels of
reactive oxygen species (ROS). Indeed, mdivi-1-treated cells upregulated genes with functions in oxidative stress responses
such as GLX3, GST2, SOD1, GTT11, and GPX3 (Figures 3C
and S4; Table S1). Levels of ROS were lower in mdivi-1-treated
cells than controls (Figure S5B), indicating that cells successfuly
upregulated pathways, which are needed to deal with ROS. In
contrast to upregulation of oxidative-stress-related functions,
one of the most downregulated genes was YHB1, encoding
the nitric oxide (NO) detoxifying enzyme (Figures 3C and S4).
We come back to YHB1 later in the paper.
In addition to differential expression of mitochondria-related
genes, mdivi-1 triggered metabolic reprogramming consistent
with nutritional stress, including induction of genes with functions in fatty acid oxidation (POT1-2, FAA2-1, and FAA2-3),
gluconeogenesis (FBP1 and PCK1), isocitrate lyase (ICL1) of
the glyoxylate cycle, and pyruvate carboxylase (PYC2) (Figure 3D; Table S1). Amino acid biosynthesis genes were also

Figure 3. Mdivi-1 Triggers Global Metabolic Reprogramming
(A) Schematic representation of the experimental strategy for RNA-seq. C. albicans strain DSY1050 was grown for 2 hr in hyphae-inducing Spider medium at
37  C. DMSO (control) or 100 mM mdivi-1 was then added, and samples were taken at the indicated time points. Two independent experiments were performed.

(legend continued on next page)
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differentially regulated, with arginine biosynthesis being the most
highly upregulated of the amino acids biosynthesis pathways,
and also one of the most upregulated functional groups of genes
in the transcriptome of mdivi-1-treated cells (Figure 3E; Table
S1). Amino acid transporters such as CAN1, AAP1, AGP2, and
AGP3 were also temporarily upregulated, as was the nicotinic
acid transporter TNA1 (Figures 3F and S4; Table S1). Additionally, we observed transcriptional changes related to iron; some
ergosterol and heme biosynthesis genes were downregulated,
while genes involved in iron-sulfur cluster biosynthesis were upregulated in response to mdivi-1 (Figure 3G). Transcriptional
changes in iron-related pathways have also been reported for
the C. albicans mitochondrial mutant fzo1 (Thomas et al.,
2013). Mdivi-1 also led to differential expression of some lipidrelated genes and caused upregulation of TAC1, the transcriptional activator that controls the expression of efflux pumps
and lipid biosynthesis enzymes (Table S1). Metabolic reprogramming in response to mdivi-1 is summarized in Figure 3H.
Given that mdivi-1 induces the hyphae-to-yeast reverse transition (Video S1) and yeast and hyphal cells differ metabolically
(Guedouari et al., 2014), it is possible that some of the observed
transcriptional changes in metabolism are due to hyphae reverting to yeast rather than the compound itself. To test that, we
induced C. albicans to transition from hyphae to yeast by regulating the levels of the transcriptional activator UME6 using a
doxycycline-controlled strain (Carlisle et al., 2009). These experiments were performed in YPD medium at 30 C. In the absence
of doxycycline, UME6 is overexpressed and cells grow as hyphae, whereas addition of doxycycline triggers repression of
UME6 and the transition to yeast (Figure S6A). No changes in
the mdivi-1-regulated metabolic genes ARG1, AOX2, YHB1,
and ICL1 were detected 30 min or 2 hr after shutdown of
UME6 (Figure S6B). The robust regulation of these genes by
mdivi-1 seen in RNA-seq (Figure 3) was confirmed by qPCR (Figures S6D and S6E). The hyphal marker genes ECE1 and HWP1
were rapidly downregulated by mdivi-1 (Figure S6E), but not by
repression of UME6, even after 2 hr (Figure S6B). This suggests
that the hyphae-to-yeast transition induced by UME6 repression
occurs with slower kinetics at gene expression level than what is
seen following treatment with mdivi-1, making it difficult to
compare these conditions directly. For this reason, we used a
second experimental scenario to induce the hyphae-to-yeast
transition by switching C. albicans from Spider medium at
37 C (hyphae) to YPD at 30 C (yeast) (Figure S6C). Here, ECE1
was downregulated after 30 min of the switch to YPD and even
more after 2 hr, indicating that hyphal-specific gene expression

was being repressed (Figures S6C and S6E; of note, HWP1
expression did not change significantly under these conditions).
Unlike in response to mdivi-1, shifting cells from Spider to YPD
did not result in upregulation of ARG1 and ICL1 or downregulation of YHB1 (Figure S6E). It is difficult to precisely determine
whether the morphological transition from hyphae to yeast
following the shift from Spider to YPD was happening in the
same time frame as in response to mdivi-1. Microscopically,
we could observe yeast cells appearing 2 hr after the shift to
YPD. However, even after 2 hr in YPD, the mdivi-1-regulated
genes ARG1, ICL1, and YHB1 were not differentially expressed
(Figure S6E). AOX2 was upregulated by the switch from Spider
to YPD but less so than in response to mdivi-1 (4-fold versus
10-fold; Figure S6E). While we cannot exclude a contribution
from the morphological change, collectively, our experiments
support the notion that the metabolic reprogramming triggered
by mdivi-1 is largely caused directly by the compound. For
some genes, such as AOX2, the transition from hyphal to yeast
growth could further contribute to differential expression.
Mdivi-1 Inhibits Hyphal Gene Expression by Regulating
the Repressor Nrg1
The mitochondrial and metabolic changes caused by mdivi-1
were accompanied by a prompt repression of hyphae-specific
genes, which occurred 15 min following addition of mdivi-1 to
the medium (Figure 4A). Expression of the hyphal transcriptional
activators TEC1 and UME6 was also downregulated by mdivi-1,
as were EFG1 and FLO8 although not as strongly (Table S1). Mutants in NRG1 and TUP1, the transcriptional repressors of hyphal
genes, continued to grow in filamentous form in the presence of
mdivi-1 (Figure 4B). Furthermore, mdivi-1-dependent repression
of the hyphae-specific genes HWP1, ECE1, and ALS3 was
diminished in the absence of Nrg1 (Figure 4C). For example,
HWP1 was inhibited 21-fold by mdivi-1 in the wild-type strain
and only 6-fold in the nrg1D/D mutant (Figure 4C). Statistical
analysis of the difference in mdivi-1-dependent repression in
the wild-type versus the nrg1D/D mutant using a linear model
to test the interaction effect showed that reduced repression
of HWP1, ECE1, and ALS3 in the mutant was significant
(p < 0.05). As a control, we show that mdivi-1-dependent repression of the NO detoxifying enzyme YHB1 was not dependent on
Nrg1 (Figure 4D). We considered that mdivi-1 might be repressing hyphal gene expression and filamentous growth by upregulating the mRNA levels of NRG1. This was not the case. In the
RNA-seq dataset, NRG1 had a tendency to be downregulated
by mdivi-1 (Table S1). The levels of RFG1, the other hyphal

(B–G) Graphs show the log2 fold difference of gene expression for selected genes in mdivi-1-treated versus untreated samples. Genes were selected to represent
the functional group that they belong to. Metabolic pathways are represented using the key enzyme where possible. The full list of genes is shown in Table S1, and
the entire dataset can be seen at (http://rnasystems.erc.monash.edu/2017/papers/mDivi_candida/).
(B) RNA-seq data summarizing mdivi-1-dependent changes in the expression of mitochondria-related genes over time, relative to untreated samples. CI, CII, CII,
CIV, and ATP synthase complexes are represented by the genes named in brackets. Transcriptional changes regarding the TCA cycle are represented using the
aconitase gene ACO1.
(C) RNA-seq data for selected genes belonging to the redox system.
(D) RNA-seq data summarizing changes in carbon metabolism pathways with representative genes shown in brackets.
(E) RNA-seq data summarizing amino acid biosynthetic pathways with representative genes shown in brackets.
(F) RNA-seq data for select genes encoding transporters that were differentially expressed in response to mdivi-1.
(G) RNA-seq data relating to pathways connected to iron metabolism.
(H) Summary of the metabolic changes triggered by mdivi-1.
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Figure 4. Mdivi-1 Triggers an Immediate Repression of the Hyphal Transcriptional Program via an Nrg1-Dependent Mechanism
(A) Expression changes of hyphae-specific genes from the RNA-seq experiment, as described in Figure 3A.
(B) The wild-type strain SN250 (WT) and the isogenic nrg1D/D and tup1D/D mutants were placed in Spider medium at 37 C in the presence of DMSO (control) or
200 mM mdivi-1. Images were taken after 4 hr of growth.
(C) The wild-type strain SN250 (WT) and the nrg1D/D mutant were grown in Spider medium for 2 hr, followed by 30 min of treatment with DMSO (control) or 200 mM
mdivi-1. Expression changes of hyphal-specific genes HWP1, ALS3, and ECE1 were detected with qPCR and normalized to 18S RNA (normalized values are
shown on a log2 scale y axis). Data points are from two independent experiments, with three biological replicates (cultures from individual colonies) in each
experiment (n = 6). Two technical replicates were performed per biological replicate. Horizontal lines show the mean. ***p < 0.001 (unpaired t test with Welch’s
correction).
(D) qPCR of YHB1 using the same experimental conditions as described in (C). ***p < 0.001 (unpaired t test with Welch’s correction).
(E) Western blots detecting Nrg1-13Myc protein in C. albicans whole-cell extracts using the anti-Myc antibody. Samples labelled ‘‘YPD’’ were from cells grown in
YPD at 30 C to stationary phase (starting cultures before transfer to Spider medium). Samples labelled ‘‘Spider’’ were from cells grown for 1.5 hr in Spider medium
at 37 C in the presence of DMSO (control) or 200 mM mdivi-1. Actin was used as the loading control. Nrg1-13Myc runs at 75 kDa, which is higher than its

(legend continued on next page)
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transcriptional repressor, were also downregulated (Table S1). In
contrast, the reduction of Nrg1 protein levels, which is seen when
cells are shifted from yeast to hyphal growth condition, was substantially diminished in the presence of mdivi-1 (Figures 4E and
4F). This suggests that mdivi-1 inhibits the yeast-to-hyphae transition by stabilizing the Nrg1 protein.
Mdivi-1 Causes a Reduction in Endogenous NO Levels
and Reveals a Role for NO Signaling in C. albicans Hyphal
Morphogenesis
YHB1, the gene encoding the major NO detoxifying enzyme, was
among the most downregulated genes in mdivi-1-treated cells
(Figure 3C). Arginine is the precursor for NO synthesis, and arginine biosynthesis genes were among the most highly upregulated upon mdivi-1 treatment (Figure 3E; Table S1). These
transcriptional changes are consistent with cells attempting to
upregulate NO synthesis and downregulate its removal. In the
model yeast S. cerevisiae, the essential gene TAH18 encoding
a mitochondrial NADPH reductase was implicated in NO production (Nishimura et al., 2013), and our RNA-seq data showed that
mdivi-1 triggers downregulation of the mitochondrial respiratory
chain and ATP synthase (Figure 3B). Taken together, these considerations prompted us to test the effects of mdivi-1 on endogenous NO levels in C. albicans, and address the links among
mdivi-1, NO, and hyphal morphogenesis.
Staining with the NO-specific fluorescent dye 4-Amino-5methylamino- 20 ,70 -difluorofluorescein diacetate (DAF-FM DA)
detected endogenous NO in C. albicans hyphae, which was
localized predominantly to the vacuole (Figure 5A). Endogenous
NO levels were reduced by the arginine analog and NO synthase
inhibitor L-NAME (nitro-arginine methyl ester) and the NO scavenger 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
(PTIO) (Figure 5B). Consistent with our predictions, treatment
with mdivi-1 also resulted in a large reduction of endogenous
NO levels (Figures 5C and 5D). Therefore, we tested whether
endogenous NO is required for hyphal morphogenesis. Indeed,
treatment with L-NAME or PTIO repressed hyphal formation
(Figure 6A). Video S1 shows that in response to PTIO, cells
continued to grow when placed in hyphae-inducing Spider medium, but predominantly in yeast form. Similar to mdivi-1 treatment, PTIO triggered downregulation of the hyphae-specific
gene HWP1 and the NO detoxifying enzyme YHB1, and upregulation of the arginine biosynthesis enzyme ARG1, the alternative
oxidase AOX2, and the isocitrate lyase ICL1 of the glyoxylate cycle (Figure 6B). PTIO could not repress filamentous growth of the
nrg1D/D and tup1D/D mutants (Figure 6C), and it caused
elevated Nrg1 protein levels in hyphae-inducing conditions
compared to untreated controls (Figures 6D and 6E).
DISCUSSION
By studying the mechanism by which the compound mdivi-1 inhibits hyphal morphogenesis of C. albicans, we have uncovered

a role for endogenous NO signaling in hyphal growth. As further
discussed below, based on our results we propose that NO regulates a checkpoint that coordinates cellular metabolic status
with hyphal morphogenesis.
Mdivi-1 repressed hyphal morphogenesis in vitro in a range of
conditions, and also during immune interactions and in vivo in
worm infections. However, it did not cause a mitochondrial
morphology defect as would be expected based on its reported
roles in S. cerevisiae and mammalian cells. The IC50 for hyphal
inhibition by mdivi-1 in C. albicans (30 mM) was comparable to
the IC50 for mdivi-1-dependent inhibition of mitochondrial fission
in S. cerevisiae (10 mM) (we used a C. albicans efflux pump
mutant, and the S. cerevisiae study used a mutant in which the
genes encoding the transcriptional regulators of efflux pumps
are deleted. Therefore the IC50 values can be compared). The
C. albicans mitochondrial fission GTPase DNM1 (the presumed
target of mdivi-1) was dispensable for hyphal morphogenesis,
particularly in liquid media where the dnm1D/D mutant filamented as well as the wild-type strain. The effects of mdivi-1 in
C. albicans also appeared to be largely independent of its alternative target, mitochondrial complex I (Bordt et al., 2017).
Instead, we show that mdivi-1 triggers extensive metabolic reprogramming and reduces endogenous NO levels. By using
the NO scavenger PTIO and the arginine analog L-NAME, we
demonstrated that restricting the availability of endogenous
NO leads to failure to form hyphae. Two previous findings support our conclusion that endogenous NO is required for hyphal
formation in C. albicans: the NO detoxifying enzyme YHB1 is
downregulated during the yeast-to-hyphae transition (Harcus
et al., 2004), and the yhb1D/D strain has been reported to be hyper-filamentous (Hromatka et al., 2005). Since the NO scavenger
PTIO recapitulates the effects of mdivi-1 on hyphal morphogenesis, gene expression, and Nrg1 protein levels (Figure 6), we propose that mdivi-1 inhibits hyphal growth by reducing NO levels. It
also remains possible that additional mdivi-1-depedent mechanisms contribute.
What is the mechanism by which mdivi-1 and NO regulate hyphal morphogenesis? Our data suggest that they control hyphal
gene expression. Treatment with mdivi-1 caused fast repression
of hyphae-specific genes, and PTIO also caused repression of
the prototypical hyphal gene HWP1. Since the expression levels
of hyphae-specific genes determine C. albicans morphology
(Carlisle et al., 2009; Murad et al., 2001; Saville et al., 2003), their
downregulation explains why mdivi-1- and PTIO-treated cells
cannot grow as hyphae. The relatively fast repression of hyphal
genes by mdivi-1 and PTIO suggests that lowering endogenous
NO triggers a checkpoint-like response to stop hyphal morphogenesis. Our data are consistent with this checkpoint responding
to metabolic status. In mdivi-1-treated cells, the observed
changes in gene expression were consistent with cells experiencing metabolic stress and nonfavorable nutritional conditions. For example, mitochondrial respiration was downregulated, while alternative oxidase, gluconeogenesis, amino acid

predicted molecular mass. Mass spectrometry confirmed this to be Nrg1 (Figure S7D). Please see Figure S7 for further characterization of the running conditions
for Nrg1-13Myc.
(F) Quantification of the Nrg1-13Myc protein relative to actin. Cells were grown as described in (E). Normalized Nrg1 levels in starting (YPD) cultures were set to 1.
Shown are quantifications from four independent experiments.
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Figure 5. Mdivi-1 Reduces Endogenous NO Levels in C. albicans

(A) Fluorescent staining of NO with DAF-FM DA in C. albicans cells grown for 3 hr at 37 C in Spider medium. BF, bright field. Representative cells are shown (all
panels).
(B) Cells were grown in Spider media at 37 C for 2 hr in the presence of 100 mM L-NAME, 0.5 mM PTIO, or H2O (control). NO was stained with DAF-FM DA and
quantified using flow cytometry. BG FL, background fluorescence. L-NAME and PTIO increased the percentage of cells displaying background fluorescence,
consistent with reduced levels of endogenous NO.
(C) Cells were grown for 2 hr in Spider media at 37 C, after which 100 mM mdivi-1 was added and incubation continued for another 30 min. NO was stained using
DAF-FM DA.
(D) Quantification of NO by flow cytometry in cells treated with mdivi-1. The experiment was performed as described in (C). Three independent experiments were
performed and gave equivalent results. One representative experiment is shown.

biosynthesis, and glyoxylate cycle enzymes were upregulated
(Figure 3). Importantly, we showed that several of these changes
are recapitulated when NO levels are reduced by using PTIO
(Figure 6). Our data further suggest that NO stimulates hyphal
gene expression by controlling protein levels of the transcriptional repressor Nrg1 (Figure 7). The evidence for this statement
is 3-fold: (1) The nrg1D/D mutant was insensitive to hyphal inhibition by mdivi-1 and PTIO, and so was the tup1D/D mutant in
the co-repressor protein for Nrg1. Given that Nrg1 and Tup1

are central to hyphal gene regulation and nrg1D/D and tup1D/D
are constitutively filamentous, one must wonder whether the filamentous morphology of these mutants can be rescued at all. It
can: deletion of the hyphal transcriptional activator UME6 is
able to substantially inhibit the hyper-filamentous morphology
of the nrg1D/D and tup1D/D mutants, resulting in shorter, pseudohyphal-looking filaments (Banerjee et al., 2008). The fact that
mdivi-1 and PTIO had no effect on the long hyphal cells of these
mutants means that Nrg1 and Tup1 are needed for mdivi-1 and
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Figure 7. Model for NO-Dependent Regulation of the C. albicans Yeast-to-Hyphae
Transition
(Top) In yeast cells, the repressor Nrg1 inhibits the
hyphal transcriptional program, thereby maintaining
yeast morphology. Upon receipt of hyphal-induction signals, endogenous NO contributes to the
downregulation of Nrg1 proteins levels, an event
that is required for triggering hyphal gene expression and initiating the yeast-to-hyphae transition.
(Bottom) reduction of endogenous NO levels by
mdivi-1, PTIO, or metabolic dysfunction stabilizes
the Nrg1 repressor under hyphae-inducing conditions. Hyphae-specific gene repression is maintained, and cells do not transition from yeast to
hyphal morphology.

PTIO-dependent repression of hyphal growth. (2) Repression of
hyphae-specific genes by mdivi-1 was largely dependent on
Nrg1. (3) Both mdivi-1 and PTIO caused elevated protein levels
of Nrg1 in hyphae-inducing conditions. Protein levels of Nrg1
need to be transiently downregulated for initiation of hyphal
growth (Lu et al., 2011), but later Nrg1 protein levels recover
and chromatin-based mechanisms are needed to maintain hyphal growth by preventing Nrg1 binding to hyphal-specific genes
(Lu et al., 2011). Given that mdivi-1 was able to inhibit not only the
initiation, but also maintenance of hyphal growth, it must be controlling hyphal maintenance by additional mechanisms, which
are different to regulation of Nrg1 levels.
How could NO-dependent regulation impact Nrg1? NOdependent S-nitrosylation of cysteine residues is used to
regulate gene expression in prokaryotes and eukaryotes, and

zinc-finger transcription factors, such as
Nrg1, are particularly susceptible to this
modification (Sha and Marshall, 2012).
S-nitrosylation of Nrg1 by endogenous
NO in hyphae could disrupt the zinc
finger and cause protein turnover, thereby
contributing to the downregulation of Nrg1
protein levels. By reducing endogenous
NO levels, mdivi-1 or PTIO would interfere
with this process, thereby causing higher
Nrg1 levels and the inability to transition
from yeast to hyphae (Figure 7). The drastic reduction in Nrg1
protein levels during the initiation of hyphal morphogenesis
makes it technically challenging to test experimentally whether
Nrg1 is S-nitrosylated as cells transition from yeast to hyphae.
It is also possible that S-nitrosylation of other factors drives hyphal morphogenesis. This is an exciting question for future work.
Our discovery of the importance of endogenous NO in hyphal
morphogenesis sheds light on the interplay between metabolic
regulation and developmental transitions in C. albicans, two
processes that are essential in both commensalism and pathogenesis of this fungus. While knowledge of NO-signaling mechanisms in fungi has lagged behind studies in bacteria, plants
and mammals, stress responses and developmental transitions
have been implicated as its downstream targets (Cánovas
et al., 2016). For example, in S. cerevisiae, NO is involved in

Figure 6. Endogenous NO Regulates Hyphal Morphogenesis in C. albicans by Controlling the Transcriptional Repressor Nrg1

(A) Growth of C. albicans (DSY1050) in Spider medium at 37 C in the presence of PTIO (0.5 mM) or L-NAME (100 mM), compared to untreated control. Images
were taken after 4 hr of growth. See also Video S1 for live-cell imaging of PTIO treatment.
(B) Growth of C. albicans (DSY1050) in Spider medium for 2 hr, followed by addition of 100 mM mdivi-1 or 0.5 mM PTIO and a further incubation for 30 min. Control
samples were treated with an equivalent amount of solvent only (DMSO for mdivi-1 and water for PTIO-treated cells). Expression values for each gene normalized
to 18S rRNA are shown on a log2 scale y axis. Data points represent 11 biological repeats (cultures from distinct single colonies of C. albicans) from four
independent experiments. Each biological replicate was analyzed in two technical replicates. Horizontal lines show the means. **p < 0.005, ***p < 0.001,
****p < 0.0001 (unpaired t test with Welch’s correction)
(C) The wild-type C. albicans strain SN250 (WT), and the tup1D/D and nrg1D/D mutants were grown in Spider media at 37 C in the presence or absence of 0.5 mM
PTIO. Images were taken after 4 hr.
(D) Western blots of Nrg1-13Myc from whole-cell extracts, following growth in YPD at 30 C to saturation (starting cultures before placement in Spider medium) or
for 1.5 hr in Spider medium at 37 C, in the presence or absence of 1 mM PTIO. The anti-Myc antibody was used to detect Nrg1-13Myc. Actin was used as the
loading control.
(E) Quantification of Nrg1-13Myc levels relative to actin. Cells were grown as described in (D). Normalized Nrg1 levels in starting (YPD) cultures were set to 1. Four
independent experiments are shown.
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oxidative-stress-dependent cell death and in the response to
elevated temperature (Almeida et al., 2007; Yoshikawa et al.,
2016; Nishimura et al., 2013). In S. cerevisiae and C. albicans,
membrane-disrupting antimicrobial peptides have been shown
to trigger production of endogenous NO (Carmona et al., 2012;
Hayes et al., 2013; Mello et al., 2011). Resembling our data in
C. albicans, in the filamentous fungi A. nidulans, N. crassa
and M. oryzae, NO signaling has been implicated in developmental transitions and hyphal growth (Cánovas et al., 2016;
Marcos et al., 2016; Pengkit et al., 2016; Samalova et al.,
2013). Moreover, in M. oryzae, the NO scavenger PTIO represses elongation of the germ tube during hyphal growth
and the formation of the appressorium, the structure that is
needed for penetration of host tissues (Samalova et al.,
2013). Therefore, in both human pathogens (this study on
C. albicans) and plant fungal pathogens (M. oryzae) (Samalova
et al., 2013), endogenous NO coordinates processes that are
involved in pathogenic mechanisms.
Our data are also relevant for understanding the effects of
mdivi-1 in mammalian cells, in which NO signaling is crucial for
regulation of cell physiology. Although, to our knowledge, there
is no evidence at present that mdivi-1 lowers endogenous NO
levels in mammalian cells, a potentially relevant observation is
that in lipopolysaccharide (LPS) plus interferon (IFN)-gammaactivated macrophages, treatment with mdivi-1 correlated with
lower levels of NO synthase and a reduced metabolic shift to
increased glycolysis (Buck et al., 2016). A further interesting
question is whether mdivi-1 could be repurposed for antifungal
therapy, given that it inhibits hyphal formation by C. albicans.
Mdivi-1 could also reduce pathogenic inflammation, since it
represses the production of the pro-inflammatory cytokine
IL-1b by C.-albicans-infected macrophages (Figures 1D and
1E). Mdivi-1 has been used successfully in mouse models of
noninfectious diseases (Givvimani et al., 2012; Wang et al.,
2017; Wu et al., 2016), and was shown to reduce infection by
the plant fungal pathogen M. oryzae (Zhong et al., 2016). However, it is poorly soluble in water. While this represents a challenge in repurposing mdivi-1 as an antifungal drug, on balance,
our evidence suggests that this strategy is worth exploring.
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R package glots
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packages/gplots/index.html

LinReq software

Ruijter et al., 2009

N/A

GraphPad PRISM v7

GraphPad software

https://www.graphpad.com/
scientific-software/prism/

Biorad Image LabTM

Version 6.0.0 build 26
Standard Edition

N/A

Weasel

Version 3.0.2

N/A
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Further information and requests for recourses and reagents should be directed to and will be fulfilled by the lead contact, Ana Traven
(ana.traven@monash.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Candida strains and growth conditions
For yeast growth and strain maintenanace, rich media (YPD) containing 1% yeast extract, 2% peptone, 2% glucose and 80 mg/mL
uridine was used. When glycerol media was used, glucose was replaced with 3% w/v glycerol. Synthetic media was used as drop-out
media for strain construction and consisted of 0.67% w/v yeast nitrogen base without amino acids or carbohydrates, ammonium
sulfate, 80 mg/mL uridine, 2% glucose and the relevant amino acids.
Hyphal growth was induced by diluting cells to an OD600 = 0.3 into pre-warmed YPD+10% FBS, Spider medium (1% nutrient broth,
1% D-mannitol, 2 g K2HPO4, 50 mg/ml arginine, 10 mg/ml histidine and 50 mg/ml tryptophan) or RPMI-1640 pH 7.4 (buffered with
12mM HEPES) and incubated at 37 C with shaking (200 rpm). Cells were grown in hyphae-inducing medium for several hours, as
described in the figures legends. Microscopy was performed with an Olympus BX60 microscope and the Spot Advanced Software,
or an EVOS FL AUTO Imaging System. In the Figures, representative cells from the micrographs are shown.
Murine macrophages
Murine bone-marrow derived macrophages (BMDMs) were obtained by culturing bone marrow cells from 6-8 weeks old C57BL/6
mice (both sexes were used) in RPMI 1640 medium supplemented with 12.5 mM HEPES, 15% fetal bovine serum, 20% L-cell conditioned medium to provide macrophage colony-stimulating factor, and 100 U/mL of penicillin-streptomycin. Incubation was for 7 days
at 37 C, with 5% CO2. All experiments that used mice to obtain macrophages were approved by the Monash University Animal Ethics
Committee, approval number MARP-2015-170-Traven.
Worms
C. elegans Dglp4 Dsek1 L1 stage larvae were plated on NGM plates covered with a lawn of E.coli OP50. To prepare the worms for the
infection assay, the larvae were grown at 25 C for 4 days. This resulted in non-egg producing young adult worms. In order to maintain
the worms, larvae were grown on at 15 C for 5 to 6 days until producing sufficient eggs for egg harvest.
METHOD DETAILS
Mdivi, PTIO and L-NAME usage
Mdivi-1 displayed the best solubility when a final concentration of 1% DMSO was present in the media. Therefore, mdivi-1 was prepared as 100x stocks of the final concentrations used. For most experiments, the C. albicans efflux pump mutant DSY1050 was used.
The concentration of mdivi-1 was increased when strains containing efflux pumps were used (such as various mutant strains constructed in the SN strain background), and this is indicated in the figure legends. In all experiments, control samples contained 1%
DMSO. PTIO was dissolved in H2O and all samples marked as control in these experiments contained the respective amount of H2O.
L-NAME was dissolved in H2O and all samples marked as control when L-NAME was used contained the respective amount of H2O.
Strain construction
The dnm1D/D mutant was constructed in the SN152 background. The knockout cassettes utilizing the LEU2 gene from C. maltosa
and the HIS1 gene from C. dubliniensis were amplified from plasmids pSN40 and pSN52 with primers carrying 120 bp extensions
identical to 120 bp upstream of the DNM1 start codon and downstream of the DNM1 stop codon. Deletion mutants were selected
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on appropriate synthetic drop out plates. Genomic DNA of putative deletion strains was isolated to confirm the correct insertion of the
cassettes and the absence of the DNM1 open reading frame by PCR. Arginine prototrophy was restored by integrating the ARG4
gene from C. dubliniensis into the LEU2 locus. Complementation of the dnm1D/D strain was achieved by cloning the DNM1 open
reading frame including 500 bp of the promoter region and 300 bp of the terminator region into the SN complementation plasmid
flanked by 500 bp of homologous sequences upstream and downstream of the LEU2 locus. The vector was cut to release the fragment, transformed into the dnm1D/D strain and integrated into the LEU2 locus via homologous recombination. The DSY1050 strain
was a gift from Dominique Sanglard and is described in (Sanglard and Coste, 2015). The tet-UME6 strain was a gift from David Kadosh and is described in (Carlisle et al., 2009). The Nrg1-13Myc strain was a gift from Haoping Liu and is described in (Lu et al., 2011).
The SN parental strains were from Suzanne Noble and are described in (Noble and Johnson, 2005). The Ras1 mutant strains were
from Deborah Hogan (Davis-Hanna et al., 2008; Grahl et al., 2015). The nuo1D/D, tup1D/D and nrg1D/D mutants were from the Noble
and Homann C. albicans deletion collections and are described in (Homann et al., 2009; Noble et al., 2010). The collections were
obtained from the Fungal Genetics Stock Center (McCluskey et al., 2010).
Quantification of ATP
C. albicans (strain DSY1050) was inoculated into 20 mL of Spider media to an OD600 of 0.3 from a stationary overnight culture grown in
YPD at 30 C. To observe ATP levels of cells grown in the presence of mdivi-1, 100 mM mdivi-1 or 1% DMSO (control) were added to
freshly diluted cultures, and cells grown for 4 h at 37 C. To observe the immediate effects of mdivi-1 on ATP levels of already established hyphal cultures, cells were grown without mdivi-1 for 2 h, followed by addition of 100 mM mdivi-1 or 1% DMSO (control) and
further growth for 30 min in the presence of the drug. Cells were harvested by centrifugation at 5000 rpm, washed two times with H2O
and frozen immediately at 80 C until further use. The frozen cell pellets were resuspended in 500 mL cold 1x phosphate buffered
saline solution (PBS) and disrupted with glass beads in a FAST PREP TM FP120 bead beater for 4 rounds of 1 min disruption, with
1 min rests on ice. Insoluble cell fragments were removed by centrifugation in a table top centrifuge (13 000 rpm, 4 C, for 5 min).
The supernatant was transferred to a new Eppendorf tube. One half of the supernatant was used to determine protein concentration
using the Pierce TM BCA Protein Assay Kit, and the other half was used to determine ATP concentration with the CellTiter-Glo Luminescent Cell Viability Assay Kit according to the manufacturer’s instructions.
Quantification of NO and microscopy
To measure the intracellular levels of NO with flow cytometry, cells were grown in Spider media for 2 h in the presence of 100 mM
L-NAME, 0.5 mM PTIO, or water as the solvent control. Then DAF-FM DA was added to a final concentration of 3 mM. Prior to FACS
analysis, cells were washed three times with 1xPBS and analysis was carried out using a BD FACS Calibour. When mdivi-1 was used,
100 mM mdivi-1 or DMSO (control) was added after 2 h of growth in Spider media. Growth in the presence of the drug was carried out
for 30 min, before staining with DAF-FM DA as described above.
To stain NO after mdivi-1 treatment, C. albicans was inoculated at an OD600 of 0.3 into pre-warmed Spider media from a stationary
overnight culture grown in YPD at 30 C. Cells were grown for 2 h, followed by addition of mdivi-1 to a final concentration of 100 mM
and further incubation of the cell cells for 30 min in the presence of mdivi-1. To stain NO, DAF-FM DA was added to a final concentration of 2 mM. Staining was performed for 30 min at 37 C in the dark. Cells were washed three times with 1xPBS. Images for fluorescent microscopy were taken with 100x objective at 72 DPI resolution (1600 3 1200 pixels) using an Olympus BX60 fluorescence
microscope equipped with Spot Advanced Software. In the Figures, representative cells from the micrographs are shown.
Quantitative PCR analysis of gene expression
Twenty mL of pre-warmed Spider media were inoculated with C. albicans to an OD600 of 0.3. Cells were grown for 2 h at 37 C in a
shaking incubator (200 rpm). This was followed by addition of compounds: 100 mM mdivi-1, 0.5 mM PTIO or the respective solventonly controls (DMSO or water). Cells were grown for an additional 30 min in the presence of the drugs. Cells were harvested by centrifugation at 4500 rpm and 4 C, washed twice with ice-cold water and immediately frozen at 80 C until further use.
To induce the reverse transition from hyphae to yeast, two different scenarios were used:
(i) Repression of the hyphal transcriptional activator UME6: a strain containing UME6 under the control of a doxycycline-regulated
promoter was used to induce the hyphae to yeast transition by addition of doxycycline (dox). Overnight cultures were grown in
YPD+20 mg/mL dox at 30 C, which resulted in repression of UME6 and growth in yeast form. Following that, cultures were
diluted to an OD600 of 0.3 in 20 mL of YPD –dox and grown for 2 h at 30 C. Under this condition, UME6 is de-repressed
and cells grow as hyphae. After 2 h, 20 mg/mL dox was added into the cultures to repress UME6 and induce the transition
from hyphae back to yeast, and samples taken after 30 min and 2 h of growth. The respective control cells were grown for
the same amount of time but without the addition of dox (therefore, they remained in hyphal morphology). At the appropriate
time points, cells were harvested by centrifugation at 4500 rpm and 4 C, washed twice with ice-cold water and pellets immediately frozen at 80 C until further use.
(ii) Transition from hyphae-inducing medium (Spider at 37 C) to yeast-inducing medium (YPD at 30 C): overnight cultures of the
C. albicans strain DSY1050 were grown in YPD at 30 C. The overnight cultures were diluted to an OD600 of 0.3 into 20 mL of
Spider medium and grown for 2 h at 37 C to induce hyphal formation. Then, cells were collected by centrifugation and washed
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with YPD medium before inoculation into 20 mL of YPD and growth for 30 min and 2 h at 30 C to induce the hyphae to yeast
transition. Cells were harvested by centrifugation at 4500 rpm and 4 C, washed twice with ice-cold water and pellets immediately frozen at 80 C until further use.
To recover RNA, frozen cell pellets were re-suspended in 400 mL TES solution (10 mM TRIS pH 7.5, 10 mM EDTA pH 8.0, 0.5%
SDS), 400 mL of acidic phenol was added and samples incubated for 1 h at 65 C. Following centrifugation, the aqueous phase
was collected and washed with chloroform. Sodium acetate (3 M, pH 5.3) was added (1/10 of the volume of the aqueous phase)
and RNA precipitated with 1 mL of ice-cold 100% ethanol. Precipitated RNA was washed with ice-cold 70% ethanol and air-dried.
To remove genomic DNA contamination, total RNA was subjected to DNase treatment using TURBO DNase, as instructed by the
manufacturer. RNA was then precipitated, washed and air-dried. The RNA pellet was dissolved in nuclease free water. One microgram of DNase-treated total RNA was reverse-transcribed using SuperScript III Reverse Transcriptase according to the manufacturer’s instructions. qPCR reactions were performed on a LightCycler 480 (Roche) using the FastStart Universal SYBR Green Master
Rox reagent mix. Two technical repeats were routinely performed for each biological replicate. The values for the technical repeats
are averaged to represent the value for the biological repeat. Data analysis was conducted using LinReg software (Ruijter et al., 2009),
and data was normalised by the 18S rRNA gene.
RNA-seq analysis of gene expression
Cells from a stationary overnight culture grown in YPD at 30 C were inoculated into 100 mL Spider media to an OD600 of 0.3 and
grown for 2 h at 37 C. Following this, 100 mM mdivi-1 or 1% DMSO (control) were added and 10 mL samples were harvested at
0 min (i.e., samples taken just before drug addition), and after 15 min, 30 min, 45 min, 60 min and 120 min after mdivi-1 addition.
All cell pellets were immediately frozen in liquid nitrogen and stored at 80 C until further use.
Total RNA was extracted using the hot phenol method, as described above for the qPCR experiments. The PAT-seq library was
prepared as described previously (Harrison et al., 2015; Verma-Gaur et al., 2015). In brief, a biotinylated PAT-anchor primer compatible with Illumina adaptor sequences was used to generate a 30 tag on RNA ensuring that reverse transcription is only possible from
true 30 ends. A limited RNA digest was performed by mixing RNA with a 1:1000 dilute solution of RNase T1 for 2 minutes on ice, followed by chloroform/phenol extraction. Streptavidin magnetic beads were used to collect the 30 fragments and 50 ends were phosphorylated with T4 Polynucleotide Kinase. To ligate a 50 splinted linker, the PAT-seq Splint A and PAT-seq Splint B were pre-annealed
and then ligated to the 50 end of the 30 fragments with T4 RNA ligase 2. Excess splint was removed by washing the magnetic beads.
Reverse transcription was performed with SuperScript III utilizing the PAT-seq end-extend primer on the magnetic matrix. The cDNA
was eluted from the beads in 2x formamide gel loading buffer and size selected with electrophoresis on a 6% urea-PAGE. After excision from the gel, the cDNA was eluted by the ‘‘crush and soak’’ method followed by ethanol precipitation. One-third of the purified
cDNA was used as input for 16 cycles of amplification with PAT-seq Universal forward sequencing primer and ScriptSeq Index PCR
reverse primer and AmpliTaq Gold 360 Master Mix. PAT-seq libraries were sequenced with the Illumina Hiseq1500 platform using
150 base rapid chemistry according to the manufacturer’s instructions.
The raw sequencing data was processed by the Tail Tools pipeline (https://github.com/Victorian-Bioinformatics-Consortium/
tail-tools) as described previously (Harrison et al., 2015). This pipeline aligns reads to the C. albicans reference genome (SC5314 assembly 21 plus AF167163 downloaded from NCBI), calls poly(A) site locations based on polyadenylated reads, and counts reads
aligning to genes and also to each specific poly(A) site. Testing for differential expression, genes with less than 10 reads in all samples
were first discarded. Library sizes were then estimated using the TMM method (Robinson and Oshlack, 2010) and read counts logtransformed and weighted using the limma R package’s voom method (Ritchie et al., 2015). Significant differential expression was
detected using the Fitnoise package (https://github.com/pfh/fitnoise), which uses linear models with variance moderation by Empirical Bayes as in limma. A term was included to account for any batch effect between the two biological replicates at each time point.
We analyzed changes in gene expression by comparing mdivi-1-treated versus untreated samples at each of the time points. T2:0
represents the time point before mdivi-1 addition, following growth in Spider medium for 2 h. The fully normalized and statistically
annotated dataset can be interactively visualized using the DEGUST tool within the dedicated web-page for this manuscript
(http://rnasystems.erc.monash.edu/2017/papers/mDivi_candida/).
The interactive time series web application of mdivi-1-treated versus untreated data was built using the R Shiny package. It reads in
the normalized read-counts for the samples of either condition at each time point produced by Tail Tools, and filters the data according to the user input requiring that at least one sample has greater than or equal to the number of raw counts specified by the user
(default is 25). The filtered data is normalized to log2 counts per million (CPM) with a variance stabilizing transformation using the R
Varistran package (https://github.com/MonashBioinformaticsPlatform/varistran). The normalized data from each of the two replicates at each time point per condition is taken to visualize changes in gene expression. The change over time is then plotted for
a specified gene, which the user can select. It should be noted that depending on the count filter, genes that fail to meet the threshold
can be removed from the dataset and therefore will not appear as an option when searched for. The app has an additional view mode,
where the maximum and minimum value across all genes at each time point is found and plotted as a gray outline. This allows gene
expression changes to be observed in the context of the global expression dynamics of the experiment.
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Macrophage infection experiments and live cell imaging
The night before the experiment, BDMDs were seeded at 5 3 105 cells/well in a 24-well tissue culture plate. A single colony of the
C. albicans strain DSY1050 was patched on YPD plates and grown overnight for 16 h at 30 C. Fungal cells were taken from the plates
and re-suspended in 1xPBS, followed by counting cells with a haemocytometer and infecting macrophages at a multiplicity of
infection (MOI) of 3:1 (Candida:macrophage). Prior to the addition of C. albicans, macrophages were stained with 1 mM Cell
CellTrackerTMGreen for 20 min in serum-free RPMI 1640. The macrophage-C. albicans co-cultures were incubated for 1 h, followed
by washing 3 times with PBS to remove C. albicans cells, which were not phagocytosed. Staining with 0.6 mM DRAQ7 was then
applied to monitor cell death of macrophages. For the live cell imaging, a Leica AF6000 LX epi-fluorescence microscope was
used together with the Leica Advanced Suite Application software. The microscope contains an incubator chamber set at 37 C +
5% CO2. The bright field, GFP, and Y5 filters were used for the microscopy, and images acquired every 15 minutes with a 10x/
0.8-A objective. Macrophage viability/cell death was determined by analyzing the images in FIJI and in MetaMorph. A custommade journal suite was used for this, which allows for counting the number of CellTrackerTMGreen-positive cells (corresponding
to viable cells) and DRAQ7-positive cells (corresponding to dead cells). The data was further analyzed in GraphPad Prism. In the
graph in Figure 1B, time point 0 indicates the start of the imaging, which corresponds to approximately 2 h following addition of
the C. albicans culture to macrophages.
Worm infection experiments
Overnight cultures of C. albicans (DSY1050 strain) were grown in YPD at 30 C conditions. Synchronized C. elegans glp-4;sek-1 larvae
were grown at 25 C on NGM (Nematode growth medium plates, 50 mM NaCl, 0.25% (w/v) peptone, 1.7% Agar, 1 mM MgSO4,
1 mM CaCl2, 5 mg/mL cholesterol, 25 mM K2HPO4/KH2PO4) seeded with E. coli OP50 until they reached the young adult stage.
Worms were washed off the plates with M9 buffer (3 g/L KH2PO4, 6 g/L Na2HPO4, 5 g/L NaCl, 1 mM MgSO4). Worms were washed
three times to remove attached E. coli cells. After this, 200-300 worms were pipetted onto BHI plates with C. albicans lawns and coincubated for 4 h. The worms were washed from the plates with M9 buffer and cleared from attached fungal cells by washing 5 times
with M9 buffer. Approximately 10-20 worms were pipetted into wells of a 24-well microtiter dish containing 1 mL of liquid medium
(80% M9 buffer, 20% BHI, 50 mg/mL kanamycin and 100 mM mdivi-1 or 1% DMSO as control). Images of C. albicans filamentation
were taken using an Olympus IX81 microscope and the Olympus cellSense software.
Measurement of IL-1b
Mouse macrophages from C57BL/6 mice were obtained as described above. Cells (5 3 105) were seeded in 24-well tissue culture
plates and primed with 50 ng/mL LPS for 4 h. Macrophages were challenged with C. albicans for 1 h with an MOI of 6:1 (6 Candida:1
macrophage). Non-phagocytosed fungal cells were removed by washing three times with 1xPBS. Mdivi-1 (100 mM), DMSO (control)
or nigericin (10 mM) were added to the media and culture supernatants were harvested after 1 h, 4 h and 16 h of incubation. To observe
IL-1b secretion of uninfected macrophages, macrophages were primed for 4 h with 50 ng/mL LPS, 100 mM mdivi-1 or DMSO (control)
were then added to their respective wells and incubated for 3 h, after which 10 mM nigericin was added and culture supernatants
collected after 1 h, 4 h and 16 h following nigericin addition. 6x final sample buffer (FSB) was added to the supernatants to obtain
a final concentration of 2x FSB, 20 mL of which were loaded on a 15% SDS gel, run with 50 mA for the appropriate amount of
time and transferred to PVDF membranes. Membranes were blocked with 5% milk powder in 1xTBS-T for 1 h, and then incubated
with anti-IL-1b antibody diluted 1:1000 in 5% milk powder in 1xTBS-T, at 4 C overnight with gentle shaking. Membranes were
washed three times for 5 min with 1xTBS-T, incubated with the secondary anti-goat antibody diluted 1:10,000 in 5% milk powder
in 1xTBS-T for 1 h at room temperature, and washed three times for 5 min in 1xTBS-T. Protein bands were visualized using
SuperSignal West Dura Extended Duration Substrate and exposed to X-ray films. The Mouse IL-1b ELISA kit was used to measure
total IL-1b levels in tissue culture supernatants according to manufracturer’s instructions and with the supplied standard.
Analysis of Nrg1 protein levels
Stationary overnight cultures of the C. albicans strain carrying a C-terminal 13-Myc tag on Nrg1 were grown in YPD at 30 C. The overnight cultures were diluted to an OD600 of 0.4 into 20 mL of Spider medium containing 200 mM mdivi-1, 1 mM PTIO or the respective
solvent controls (DMSO or water). We note that the Nrg1-13Myc strain has the efflux pumps intact, and therefore for these experiments higher concentrations of the compounds were used compared to the hyphal growth assays, for which the efflux mutant strain
DSY1050 was used. Cells were grown for 1.5 h at 37 C, harvested and washed once with water. For whole cell protein extraction,
cells pellets were re-suspended in 300 mL of 1.85 M NaOH containing 7% b-mercaptoethanol and incubated on ice for 10 min. After
this, 300 mL of 50% TCA was added, and samples incubated for 20 min. Precipitated cell extracts were washed three times with ice
cold water and then dissolved in 2x FSB for 20 min at 50 C. Samples were run on a 12% SDS gel with 50 mA and gels were run for the
appropriate amount of time and transferred to PVDF membranes. Membranes were blocked with 5% milk powder in TBS-T for
20 min, and then incubated with anti-Myc antibody diluted 1:5000 in 1% milk powder in TBS-T, at 4 C overnight with gentle shaking.
Alternatively, the anti-actin antibody was used as a 1:5000 dilution in 1% milk powder in TBS-T for 1 h at room temperature (the membranes were not stripped before the use of the anti-actin antibody). Membranes were washed three times for 5 min with 1x TBS-T,
incubated with the secondary anti-mouse antibody diluted 1:10,000 in 1% milk powder in TBS-T, for 1 h at room temperature and
washed three times for 5 min in 1xTBS-T. Protein bands were visualized using Amersham ECL western blotting detection reagent,
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and imaged with a ChemDocTM Touch Imaging System (BIO RAD). Protein levels of Nrg1-13MYC were quantified using the BIORAD
Image Lab software. Nrg1-13Myc signals were normalized to the corresponding actin band. Expression levels were then compared
to YPD T0 which represents the starting amount of available Nrg1-13MycC.
We noticed that Nrg1-13Myc ran at the molecular size of about 70kDa, which was unexpected as the calculated size of Nrg1
including the 13 Myc tag was expected to be around 50 kDa. To further understand this, whole cell extracts of the Nrg1-13Myc strain
were prepared with three different methods: cells were incubated in 1.85 M NaOH for 10 min and then precipitated with 20% TCA.
Alternatively, cells were broken with glass beads in lysis buffer containing 1.5 M NaCl following precipitation with 20% TCA, or broken
with glass beads in the presence of 20% TCA. The samples were then subjected to 30 min heat treatment at 95 C or 50 C, or alternatively were not heat-treated. Samples were separated on 12% SDS gel and western blot carried out as described above.
LC-MS/MS of Nrg1-13Myc
Whole cell extracts of the Nrg1-13Myc strain were separated by SDS-PAGE. The gel was cut into two halves and one half of the gel
was used to detect Nrg1-13Myc by western blot. The second half of the gel was stained with instant blue. Western blot and stained
gel were overlaid and the band corresponding to Nrg1-13Myc was excised with a scalpel. The gel piece was prepared for LC-MS/MS
as follows: de-staining was performed with 50% acetonitrile (ACN) in 100 mM NH4HCO3, pH 8.5. The proteins were subsequently
reduced with 10 mM DTT and carbamidomethylated with 20 mM chloroacetamide. The gel was completely de-hydrated using
100% ACN and re-hydrated in digestion solution, which contained 20 ng/mL trypsin, 100 mM ABC, 5% ACN. After overnight digestion
at 37 C, the tryptic peptides were extracted from the gel with 50% ACN, 5% formic acid, lyophilized in a vacuum concentrator and
purified using OMIX C18 Mini-Bed tips (Agilent Technologies) prior to LC-MS/MS analysis. Using a Dionex UltiMate 3000 RSLCnano
system equipped with a Dionex UltiMate 3000 RS autosampler, an Acclaim PepMap RSLC analytical column (75 mm x 50 cm,
nanoViper, C18, 2 mm, 100Å; Thermo Scientific) and an Acclaim PepMap 100 trap column (100 mm x 2 cm, nanoViper, C18, 5 mm,
100Å; Thermo Scientific), the tryptic peptides were separated by increasing concentrations of 80% ACN / 0.1% formic acid at a
flow of 250 nL/min for 98 min and analyzed with a QExactive Plus mass spectrometer (Thermo Scientific) using in-house optimized
parameters to maximize the number of peptide identifications. The raw files were searched against the Candida albicans (SC5314)
UniProtKB database using Byonic v3.0.0 (ProteinMetrics) to obtain sequence information. Only proteins falling within a predefined
false discovery rate (FDR) of 1% based on a decoy database were considered for further analysis.
Analysis of mitochondrial morphology
To observe mitochondrial morphology, cells were inoculated from stationary overnight cultures into fresh YPD media to an OD600 of
0.2 and grown until early log phase at 30 C with shaking at 200 rpms. When applicable, 100 mM mdivi-1 or DMSO (control) were
added to the culture and cells grown in the presence of the drug. Staining was performed with a final concentration of 0.1 mM
MitoTracker Red CMXRos in the growth media. Cells were stained for 30 min at 30 C. Three washing steps with 1xPBS were
performed prior to microscopy. Images were taken EVOS FL AUTO Imaging System. In the Figures, representative cells from the
micrographs are shown.
QUANTIFICATION AND STATISTICAL ANALYSIS
The number of biological replicates and the statistical analyses used are described in the Figure legends. Two groups were compared
using unpaired two-tailed Student’s t test with Welch’s correction. The Shapiro-Wilk’s test was used to test the normality assumption
of the data for the Student’s t test. The statistical analysis was done in Prism. To statistically test the interaction effect of the difference
in mdivi-1 gene repression between the wild-type and nrg1D/D mutant strains, R was used to build a linear model with an interaction
term which was then tested to be significantly different to zero.
DATA AND SOFTWARE AVAILABILIY
The accession number for the raw data files of the RNA-seq reported in this paper is GEO: GSE105148, and the analysis for the entire
dataset can be accessed at http://rnasystems.erc.monash.edu/2017/papers/mDivi_candida/.
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