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The hybrid histidine kinase 3 (HHK3) is a highly conserved
sensor kinase in fungi that regulates the downstreamHOG/p38
mitogen-activated protein kinase (MAPK). In addition to its
role in osmoadaptation, HHK3 is involved in hyphal morpho-
genesis, conidiation, virulence, and cellular adaptation to oxida-
tive stress.However, themolecularmechanismsbywhich it con-
trols these processes remain obscure. Moreover, HHK3 is a
molecular target for antifungal agents such as fludioxonil, which
thereby interferes with the HOG/p38 pathway, leading to the
abnormal accumulation of glycerol and subsequent cell lysis.
Here, we used a chemical genomics approachwith the yeast Sac-
charomyces cerevisiae to better understand the fungicidal action
of fludioxonil and the role of HHK3 in fungal growth and phys-
iology. Our results indicated that the abnormal accumulation of
glycerol is not the primary cause of fludioxonil toxicity. Fludi-
oxonil appears to impair endosomal trafficking in the fungal
cells. We found that the components of class C core vacuole/
endosome tethering (CORVET) complex are essential for yeast
viability in the presence of a subthreshold dose of fludioxonil
and that their overexpression alleviates fludioxonil toxicity.We
also noted that by impeding secretory vesicle trafficking, fludi-
oxonil inhibits hyphal growth in the opportunistic fungal patho-
gen Candida albicans. Our results suggest that HHK3 regulates
fungal hyphal growth by affecting vesicle trafficking. Together,
our results reveal an important role of CORVET complex in the
fungicidal action of fludioxonil downstream of HHK3.

The incidence of fungal infections has been on the rise in
recent decades. Fungi infectmore than a billion people, causing
1.5 million deaths annually (1, 2). We have a limited armamen-
tarium of antifungal drugs to combat this burgeoning disease

burden, and the emergence of strains resistant to these drugs
has aggravated this problem further (2, 3). Interestingly, the
number of antifungal drugs used in agricultural practices is
much larger than those used clinically. Proper understanding of
the mode of action of these antifungals can provide novel
insight for developing new fungicides (4). Fludioxonil is a new-
generation fungicide that is widely used in agricultural prac-
tices, particularly for the postharvest management of seed and
fruit preservation (5–7). Chemically, it belongs to the phe-
nylpyrrole class of antifungal compounds and is derived from
pyrrolnitrin, an antifungal secondary metabolite from Pseu-
domonas pyrrocinia. It is effective against awide range of fungal
species that belong to different genera. The mode of action of
fludioxonil is quite distinct from human antifungal drugs as it
targets HOG4/p38 MAPK signal transduction pathway (6, 7).
TheHOG/p38MAPKpathway is ubiquitous in fungi andmedi-
ates cellular adaptation to high osmolarity and oxidative stress
(8). In Saccharomyces cerevisiae, theHOG/p38MAPKpathway
is regulated by the hybrid histidine kinase Sln1p through amul-
tistep phosphorelay involving SLN1–YPD1–SSK1. The expo-
sure to high osmolarity causes transient activation of Hog1p by
phosphorylation. The phosphorylated Hog1p enters the
nucleus, resulting in transcriptional reprogramming, which is
essential for the adaptation. This includes an increased synthe-
sis and accumulation of osmolytes like glycerol to prevent the
water loss (8).
Exposure to fludioxonil causes constitutive activation of the

p38/HOG pathway in fungi (9). Transcriptional profiling of
Aspergillus nidulans exposed to fludioxonil and osmotic stress
also revealed that fludioxonil recapitulates the osmotic stress
signal (10). Interestingly, the fungicidal effect of fludioxonil was
greatly enhanced bymutation in the cell wall integrity pathway,
by inhibitors of calcineurin or compounds causing oxidative
stress (11). Fludioxonil treatment was shown to cause an
increase in the intracellular glycerol content, hyphal swelling,
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and metabolite leakage in the fungal cells (6, 7). Based on these
observations, it is suggested that fludioxonil interferes with the
osmosensing signal transduction pathway, leading to the abnor-
mal accumulation of glycerol and subsequent cell lysis (6, 7).
Themolecular target of fludioxonil toxicity isNik1 orthologs or

hybridhistidinekinase3 (HHK3) (6,12–14). Initial evidence in this
regard came from analyzing laboratory-generated and naturally
isolated fludioxonil-resistant mutants. Both point and deletion
mutations in HHK3 led to the osmosensitive and fludioxonil-re-
sistant phenotype inmany fungal species (8, 15–18). The budding
yeast S. cerevisiae does not contain anyHHK3 and is naturally not
sensitive to fludioxonil. However, the heterologous expression of
HHK3 confers fludioxonil sensitivity to this host, which further
confirms the role of HHK3 in the toxic effect of fludioxonil on
fungal cells (19–21). HHK3 is one of the most conserved and
widely characterized among the fungal HHKs (14, 22). Analysis of
the HHK3mutants in several species indicates that it functions as
a sensor upstream of the HOG/p38 MAPK pathway. HHK3 was
foundtocomplementSln1p inS. cerevisiaeandregulate theHOG/
p38 MAPK pathway in a similar manner (13, 20, 22). Fungicidal
action of fludioxonil involves inhibition of HHK3, resulting in the
constitutive activation of the Hog1p MAPK in fungi. Similar to
HHK3, the null mutation in HOG1 also showed resistance to flu-
dioxonil (9). Apart from its role in osmoadaptation, HHK3 was
also found to have a role in morphogenesis, virulence, cellular
adaptation tooxidative stress, cellwall integrity, andconidiation in
a number of species (14, 23–28). However, the molecular mecha-
nism elaborating the role of HHK3 in these processes remained
unknown.
In this study,weusedS. cerevisiaeandCandidaalbicansmodels

to understand the fungicidal action of fludioxonil.C. albicanswas
included to check the effect of fludioxonil on the filamentous form
of growth. Our results indicated that the abnormal accumulation
of glycerol was not the primary cause of fludioxonil toxicity.
Chemical genetic profiling suggested that vesicle trafficking could
be one of themajor processes affected by fludioxonil toxicity. The
components of class C core vacuole/endosome tethering
(CORVET) complex (29) were essential for viability in the pres-
ence of a subthreshold dose of fludioxonil. Fludioxonil treat-
ment caused vacuolar fragmentation and disruption of endocy-
tosis in yeast. Interestingly, the overexpression of some of the
components of the CORVET complex, e.g. VPS11, VPS16, and
VPS18, could abrogate the fludioxonil toxicity, therefore indi-
cating their direct role in this process. We have shown that
fludioxonil inhibits hyphal growth in C. albicans by impeding
vesicle trafficking, and the overexpression of CaVps16 or
CaVps18 could reverse this. Our data showed, for the first time,
an important role of CORVET complex in the fungicidal action
of fludioxonil downstream of HHK3.

Results

Fludioxonil exerts its toxic effect on S. cerevisiae expressing a
heterologous HHK3 (ClNik1p) by dominantly activating the
HOG/p38 pathway

ClNik1p is an HHK3 from pathogenic yeast Candida lusita-
niae (24). In earlier studies, we have shown that ClNIK1 could
complement sln1 deletion and act as bona fide osmosensor in

S. cerevisiae (30). To create an experimentally amenable model
for fludioxonil toxicity, we transformed pClNIK1 into S. cerevi-
siae strain BY4741. The cells harboring pClNIK1becamehighly
sensitive to fludioxonil (Fig. 1a). In contrast, the parental strain
was resistant to the drug. The cells expressing the constitutively
active mutants of ClNik1p (�H4 and �H1–4) remained resist-
ant to fludioxonil. This observation further confirmed that the
sensing competence ofHHK3was indispensable for fludioxonil
toxicity. Heterologous expression of ClNik1p also conferred
fludioxonil sensitivity to another S. cerevisiae strain, NM2, hav-
ing a different genetic background (Fig. S1). One of the hall-
marks of fludioxonil toxicity is the activation of the HOG/p38
MAPKpathway (6, 20–22).Therefore,wedetermined thephos-
phorylation of Hog1p by immunoblotting of the total protein
extracts from the cells treated with fludioxonil. Hog1p was
found to be phosphorylated within 5 min of exposure to the
drug (Fig. 1, b and c), and the phosphorylated Hog1p could be
detected even after 12 h (data not shown). This pattern is quite
distinct from the high osmolarity–induced activation of Hog1p
where the activation of Hog1p is transient and returns to the
basal level mostly within 1 h (8). Earlier studies showed that
DhNik1p, an HHK3 from the yeast Debaryomyces hansenii,
regulated the HOG/p38 MAPK pathway through Ypd1p–
Ssk1p phosphorelay in S. cerevisiae in a manner similar to that
of Sln1p (13, 20, 22). ClNik1p could also be acting through
Ypd1p to regulate Hog1p. To test the direct interactions
betweenClNik1p and S. cerevisiaeYpd1p,we performed a yeast
two-hybrid assay. Dilution spotting on the selection plates
clearly indicated that the ClNik1p (bait)/Ypd1p (prey) combi-
nation showed moderate growth. In comparison, Sln1p/Ypd1p
combination showed much higher growth. The control empty
prey or empty vectors showed very little or no growth (Fig. 1d).
These results suggested that Ypd1p could interact with both
ClNik1p and Sln1p. However, the interaction with the latter
wasmuch stronger. These results were further reiterated with a
liquid growth assay, which showed greater than 2-fold more
growth with Sln1p/Ypd1p than with ClNik1p/Ypd1p (Fig. S2).
We also utilized a synthetic Skn7 response element (SSRE)-
LacZ reporter system (20) tomeasure the histidine kinase activ-
ity of ClNik1p in vivo. The S. cerevisiae strain YSH2472
expressing ClNik1p showed a high level of �-gal activity, and
the addition of fludioxonil greatly diminished this activity (Fig.
1e). Our results indicated that fludioxonil exerts its toxic effect
by inhibiting ClNik1p and the downstream phosphorelay via
Ypd1p–Ssk1p in S. cerevisiae even in the presence of a func-
tional Sln1p. Both Sln1p and ClNik1p can act in parallel and
independently on the downstream phosphorelay. Activation of
Hog1p can only occur when both are inactivated. Thus, the
inhibition of the kinase activity of ClNik1p by fludioxonil
affected the downstream phosphorelay in a dominant manner
by also suppressing the Ypd1p–Ssk1p phosphorelay through
Sln1p.

Increased accumulation of glycerol and the nuclear
translocation of Hog1p are not essential for fludioxonil
toxicity

Activation of the HOG/p38 pathway causes increased syn-
thesis and accumulation of glycerol in the cell as a part of the
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cellular adaptation to high-osmolarity stress (8). Because fludi-
oxonil also activates the HOG/p38 pathway, it was hypothe-
sized that the accumulation of glycerol causes swelling of the
cell and thereby leads to variousmorphological defects andulti-
mately growth inhibition (6, 7, 11, 16). In such a scenario, the
cells lacking glycerol-3-phosphate dehydrogenase, a key en-
zyme in the first step of glycerol biosynthesis in yeast, should be
resistant to fludioxonil. This enzyme is encoded by two redun-
dant genes, GPD1 and GPD2 (31). Therefore, we checked the
fludioxonil sensitivity of the mutant strains Y13718 (�gpd1)
and 512 (�gpd1�gpd2). The expression of ClNik1p in these
mutant strains conferred sensitivity to fludioxonil that was
quite similar to that of WT (Fig. 2a). We next compared the
intracellular level of glycerol in Y13718/pClNIK1 and 512/
pClNIK1 after 3 h of fludioxonil exposure. The intracellular
glycerol content of �gpd1 mutant was lesser than that of the
parental control BY4742/pClNIK1 in the normosmolar condi-
tion. However, there was a 2-fold increase in the glycerol
content in both BY4742/pClNIK1 and Y13718/pClNIK1
strains after fludioxonil treatment. In contrast, there was no
increase in glycerol content in the strain lacking both GPD1
and GPD2 as compared with its parental control strain,
which also showed a 2-fold increase in glycerol content.
Thus, although �gpd1�gpd2 double mutant failed to accu-
mulate glycerol upon exposure to fludioxonil, it was sensi-
tive to fludioxonil (Fig. 2b).

In response to hyperosmotic stress, Hog1p is activated and
translocated to the nucleus in S. cerevisiae, and this is necessary
for the up-regulation of several genes (including GPD1)
required for the adaptation process. NMD5, a karyopherin
involved in the nuclear import of proteins, plays an essential
role in the nuclear translocation of Hog1p. In �nmd5 cells, the
stress-induced nuclear translocation of Hog1p is blocked (32).
To check whether the nuclear translocation of Hog1p was
essential for fludioxonil toxicity, the sensitivity of �nmd5
mutant toward fludioxonil was determined. We observed that
�nmd5 strain expressing ClNik1p did not grow on SD (2% glu-
cose and 0.67% yeast nitrogen base) plates containing 25 �g/ml
fludioxonil; therefore, the nuclear localization of Hog1p might
not be required for the antifungal activity of fludioxonil (Fig.
2c). To confirm this further, we monitored the subcellular
localization of Hog1p-GFP. For this, S. cerevisiae strain BY4741
expressing ClNik1p and Hog1p-GFP were exposed to 0.4 M

NaCl (osmotic shock) or fludioxonil (5�g/ml) for 15min. In the
case of osmotic shock, 94% (n � 138) of cells showed strong
GFP fluorescence in the nucleus. However, in the fludioxonil-
treated cells (n � 100), the GFP fluorescence remained in the
cytosol, which was quite similar to that in the untreated control
samples (Fig. 2d). Interestingly, the cells showed similar GFP
fluorescence pattern as early as 5 min and as late as 3 h of
fludioxonil treatment (data not shown).

Figure1. ClNIK1 confers fludioxonil sensitivity toS. cerevisiae.a, dilution spottingof BY4741harboringpRS423 (V), pClNIK1, or itsmutants. 5�l of a 10-fold
serial dilutionof exponential-phase cultures grown in SDmediumwere spottedon an SDagar plate containing 5�g/ml fludioxonil (Flu). Plateswere incubated
at 28 °C for 2 days. b, immunoblot showing fludioxonil-induced Hog1p phosphorylation in S. cerevisiae strain BY4741 expressing ClNik1p. Cells were grown in
SD minimal medium without histidine at 28 °C to logarithmic phase and treated with fludioxonil (5 �g/ml) for different times. Total cell extract from these
samples was immunoblotted using anti-phospho-p38 antibody for phospho-Hog1p (P-Hog1) and anti-Hog1 antibody for total Hog1p (Hog1). C, control. c,
graph showing the time course of Hog1p phosphorylation. Values are expressed as a percentage of Hog1p as obtained by densitometric analysis of Western
blottingdata.d, two-hybrid interactions of Ypd1pwith Sln1pandClNik1p. S. cerevisiae strain EGY48 transformedwithdifferent bait/prey constructswasgrown
in minimal SD medium, and a serial dilution of the culture was spotted onto a minimal SD and galactose-raffinose plate. e, in vivo histidine kinase activity of
ClNik1p in the presence of fludioxonil. �-Gal activity in the yeast strain YSH2472 harboring pClNIK1 was determined after growth inminimal liquidmedium in
the absence (dark gray) or presenceof 5�g/ml fludioxonil (light gray). Experimentswere repeatedwith two independent pools of six transformants each.�-Gal
activity is expressed as nmol of o-nitrophenyl �-galactoside utilized/min by 1 ml of culture, which was normalized to an A600 of 1.0. The results are presented
as mean� S.D. (n� 9). **, p� 0.001. Error bars represent S.D.
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A genome-wide phenotypic screen identified yeast deletion
strains hypersensitive to fludioxonil

Glycerol accumulation was not the primary cause of fludiox-
onil toxicity. In an attempt to identify the primary cause of the
cytotoxicity, we systematically screened the haploid deletion
strain collection of S. cerevisiae (33, 34). Each deletion strain
(BY4741 genetic background) was individually transformed
with plasmid pClNIK1 using a high-throughput 96-well plate
transformation protocol (35). The relative growth assays of the
transformants were performed in the presence of 0.76 �g/ml
fludioxonil in a 96-well format. Strains having less than 60%
growth compared with the WT control were shortlisted as
hypersensitive strains. In the preliminary screening, among the
�5000 deletion strains, 290 strains were found to be hypersen-
sitive to fludioxonil. To weed out the false positives, the sensi-
tive strains identified in the initial screening were separated
from the rest of the library into four 96-well plates and trans-
formed again with pClNIK1. The growth of the transformants
was measured at two concentrations of fludioxonil, i.e. at 0.75
and 0.5 �g/ml. Two different doses were used to increase the
stringency of the screening. Finally, only those strains that
showed consistent hypersensitivity and a z value below0 at both
concentrationswere selected (Fig. S3).Five strains showingcon-
sistent hypersensitivity only at 0.75 �g/ml fludioxonil were
included in the list. Any strain sensitive to 0.5�g/ml fludioxonil
should theoretically also be sensitive to the higher concentra-
tion of the drug. Therefore, six strains that were found only in
the data set with 0.5 �g/ml fludioxonil were considered false
positives and ignored (Fig. S3). Furthermore, 21 strains show-
ing a slow growth phenotype and eight dubious ORFs were also

ignored. Previously, Parsons et al. (36) carried out chemical
genetic profiling of 82 bioactive compounds and identified a set
of 121 deletion mutants that displayed statistically significant
sensitivity to these compounds (multidrug-sensitive profile).
Nine strains from themultidrug-sensitive profile were found to
be present in the deletion-sensitive profile (DSP) of fludioxonil
and thus were also excluded from the concluding list (Fig. S3).
Finally, the DSP of fludioxonil identified 60 genes (Table S1)
whose deletion caused hypersensitivity to fludioxonil. �bck1,
�slt2, �hof1, �mit1, and �vam7 were the most hypersensitive
to fludioxonil among these 60 strains. Bck1p and Slt2p are inte-
gral to the cell wall integrity pathway (37). Hof1p plays an
important role in cytokinesis (38, 39). Vam7p is an important
vacuolar SNARE involved in vacuole fusion (40), andMit1p is a
transcriptional regulator of pseudohyphal growth in S. cerevi-
siae (41).
To identify the pathways affected among 60 hypersensitive

strains, the online data mining tool DAVID (42) was used. A
comprehensive analysis by DAVID revealed that �30% of the
genes in the DSP of fludioxonil were involved in the establish-
ment of localization of proteins, andmore than 6% of the genes
were found to be involved in cytokinesis and vacuole fusion.
Overrepresented gene ontologies belonged to five major cell
processes, e.g. protein targeting (establishment of protein local-
ization and endoplasmic reticulum unfolded protein response),
vacuole organization (vacuole fusion and HOPS and CORVET
complexes), cell wall integrity pathway (cell wall glycoprotein
biosynthetic process and cell wall biogenesis), cytokinesis (bar-
rier septum formation and mannosyltransferases), and tran-
scriptional machinery (chromatin remodeling complex and

Figure 2. Role of intracellular glycerol accumulation in the antifungal activity of fludioxonil. a, dilution spotting of S. cerevisiae strains Y13718 (�gpd1)
and 512 (�gpd1�gpd2) harboring vector pRS423 or pClNIK1 on an SD agar plate with or without 25 �g/ml fludioxonil (Flu). b, intracellular glycerol content of
S. cerevisiae strains BY4742 (Wt 1), Y13718, 507 (Wt 2), and 512 harboring pClNIK1. Cultures atmid-exponential phasewere exposed to 25�g/ml fludioxonil for
3 h, and the amount of glycerol in total cell extract was measured using a UV glycerol assay kit (R-Biopharm) and normalized to dry weight of the cell. Results
of two independent experiments performed in duplicates are presented as mean� S.D. (n� 4). NS, not significant; *, p� 0.01; and **, p� 0.001. Error bars
represent S.D. c, dilution spotting of S. cerevisiae strains B0119B (�nmd5) harboring p426TEF (vector) or p426TEF-ClNIK1 (ClNik1) on an SD agar plate with or
without 25�g/ml fludioxonil.d, cellular localizationofHog1-GFP. Log-phase culturesof BY4741harboringplasmidspClNIK1andpHog1-GFPwere treatedwith
0.4MNaCl or 5�g/ml fludioxonil for 15min. After fixing cellswithparaformaldehydeand stainingwithDAPI, GFP fluorescence in theuntreated (SD) and treated
samples was observed under a fluorescence confocal microscope.
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Srb-mediator complex). Analysis using gene ontology (GO)
term Slim Mapper revealed that the GO terms “endosomal
transport” and “vacuole organization” were 6- and 5-fold
enriched in our DSP gene list, respectively, as compared with
total gene space (Fig. 3b). More than 2-fold enrichment of GO
terms e.g. vesicle organization, membrane fusion, endocytosis,
and cytokinesis was also observed in this list. The analysis of the
network of interaction forms by the genes of our DSP set by
GeneMANIA (43) also highlighted the roles endosomal trans-
port and vesicle fusion (Fig. 3c). The CORVET complex ap-
peared to be themost prominent protein complexwith a role in
fludioxonil toxicity. To rule out the possibility of the phenotype
arising due to the accumulation of any additionalmutation(s) in
the deletion strains of the library, we recreated deletion muta-
tions of CORVET subunits (VPS3, VPS8, VPS11, VPS16, and
VPS18), SNARE proteins (VAM6 and VAM7), and VPS9 in the
BY4741 background and reconfirmed the fludioxonil hyper-
sensitivity of these mutants (Fig. S4).

Fludioxonil impairs cytokinesis in S. cerevisiaemodel

�hof1 was identified as one of the most fludioxonil-hyper-
sensitive strains. Hof1p is a F-Bar (having a SH3 domain) pro-
tein involved in cytokinesis in yeast, and it directly regulates
formin activity and secretory vesicle trafficking during polar-
ized cell growth (39). Hof1p localizes at the bud neck as soon as
the new cell cycle is commenced. It colocalizes with the septin
ring until late anaphase and then shifts to the actomyosin ring
just before ring contraction (38). We examined the effect of
fludioxonil on the localization of Hof1p-GFP in S. cerevisiae.
For this, the BY4741 strain having chromosomal GFP-tagged
Hof1p was transformed with pClNIK1 plasmid. The transfor-
mants were grown in SD medium (�His,�Ura) to an A600 of
0.5–0.7. An aliquot of the culture was centrifuged, and cells
were fixed in 4% paraformaldehyde for 10 min to serve as a
control. The rest of the culture was treated with fludioxonil (25
�g/ml) for 3 h and processed similarly. In more than 60% of the
budded cells in the control sample,Hof1pwas found to be local-
ized on the bud neck. However, in the fludioxonil-treated cells,
less than 20% of the budded cells had Hof1p-GFP localized on
the bud neck (Fig. 4, a and b). This result suggests that fludiox-
onil impedes the localization of the proteins at the bud neck,
which is essential for cytokinesis.
We next examined the effect of fludioxonil on the cell cycle

and budding pattern in our S. cerevisiae model. For this, yeast
strain BY4741/ClNik1p was synchronized using �-factor. 58%
of the cells resumed growth in SD medium within 30 min after
the release from �-factor arrest. However, upon exposure to
fludioxonil, the cells showed a delayed exit from G1 phase as
86% of cells were nonbudded even after 1 h of release from
�-factor arrest.We analyzed the nuclear division pattern of the
budded cells in the control and treated samples (Fig. 4c). It was
observed that 63% of the budded cells had a single nucleus, and
37% had two nuclei in the control sample. However, after 4 h of
incubationwith fludioxonil, 53%of the budded cells were found
to have two nuclei. Interestingly, 10% population of the budded
cells had more than one bud and three nuclei per cell in the
treated sample, and this increased to 27% after 8 h of fludioxonil
treatment (Fig. 4c). Thus, it was speculated that fludioxonil

might be inducing a cytokinesis defect, resulting in cells with
multiple nuclei. To further confirm this, flow cytometry was
conducted. Cells of WT strain BY4742/ClNIk1p at logarithmic
phase were exposed to fludioxonil for 4 h. Cells were fixed with
70% ethanol, and flow cytometric analysis of DNAcontents was
carried out. The untreated control sample showed normal dis-
tribution of G1 (29%), S (35%), and G2 (28%) phase cells at 0 h;
however, after 4 h of fludioxonil treatment, there was a remark-
able decrease in the number of cells at G1 (14%) phase and a
simultaneous increase in the cell showing polyploidy (47%).
These results indicated that normal cytokinesis was affected in
the cells treated with fludioxonil (Fig. 4d).

Fludioxonil affects vacuolarmorphology and impairs
endocytosis

The DSP of fludioxonil was highly enriched with genes
involved in the fusion of the endosome and vacuole, particularly
the components of CORVET complex (29), SNARE proteins,
and their regulators (40). Endosomes receive cargo from vari-
ous pathways and constantly undergo fission and fusion events.
Fusion of early endosomes is regulated by the CORVET com-
plex, whereas late endosome/vacuole fusion is regulated by its
sibling, the HOPS complex. Both are hexaheteromeric com-
plexes with common subunits, VPS11, VPS16, VPS18, and
VPS33. To examine the effect of fludioxonil on late endosome
fusion, we monitored vacuolar morphology using the fluores-
cent dye FM4-64 (Fig. 5a). In the control samples, 67.5% of the
cells (n� 425) showed a single large vacuole, and only 2.8% cells
showed highly fragmented vacuoles. In contrast, only 5.57% of
the yeast cells (n� 341) had a single large vacuole in the fludi-
oxonil-treated sample. The majority of the cells (90.9%) were
found to have fragmented vacuoles. Vacuoles were found to be
fragmented within 2 min of fludioxonil treatment and to
remain fragmented even after 3 h of treatment. Thus, fludiox-
onil toxicity inhibited the fusion of the vacuole in S. cerevisiae
expressing ClNik1p. In S. cerevisiae, the CORVET complex is
found on endosomal dots (44). We therefore monitored the
effect of fludioxonil on CORVET localization of Vps8-GFP
fusion protein. Vps8 is a subunit specific to the CORVET com-
plex. In control cells, Vps8-GFP was visible in two to three
bright endosomal dots (Fig. 5b). In the fludioxonil-treated cells,
GFP fluorescence was largely diffused. Some cellular dots with
much lower fluorescence intensity remained nevertheless (Fig.
5b). This result indicated cytosolic localization of CORVET
subunit Vps8. To confirm this further, the total cell lysate was
subjected to subcellular fractionation by high-speed centrifu-
gation (100,000	 g). The P100 fraction, which was enriched in
Golgimembranes and small vesicles, including endosomes, and
the S100 fraction, which contained cytosolic molecules, were
immunoblotted with anti-GFP antibody (SC 8334, Santa Cruz
Biotechnology) to detect Vps8-GFP fusion protein. In the con-
trol untreated sample, Vps8-GFPwas detected only in the P100
fraction, whereas in the fludioxonil-treated samples a signifi-
cant amount of Vps8 was also present in the S100 fraction (Fig.
5c). Taken together, these results clearly demonstrated that flu-
dioxonil impedes endosomal trafficking by interfering with
CORVET localization.
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To check the effect of fludioxonil on vesicle trafficking fur-
ther, we carried out Lucifer yellow (LY) uptake assay (45). LY
enters the cells through fluid-phase endocytosis and accumu-
lates in the vacuole, which depends on the endocytic transport
route, passing through intracellular endosomal compartments.
BY4741/pClNIK1 cells at logarithmic phase with or without
fludioxonil treatmentwere incubatedwith LY for 45min. In the
control samples, vacuoles were prominently stained with LY,
whereas in the fludioxonil-treated cells very little or no LY stain
was visible (Fig. 5d). We also conducted an FM4-64 recycling
assay (45). For this, BY4741/pClNIK1 cells at logarithmic phase
were treated with fludioxonil and allowed to take up FM4-64
for 12 min. After thorough washing with ice-cold SD medium,
the cells were resuspended in warmmedium, and fluorescence
associatedwith the cells wasmeasured. In the control untreated
sample, the fluorescencewas decreased to�40%within 20min.
However, the fludioxonil-treated cells could retain�80% of the
fluorescence at this time point (Fig. 5e). These results clearly
indicated that vesicle trafficking was compromised in fludiox-
onil-treated cells.

Overexpression of the components of CORVET complex
abrogates fludioxonil toxicity

Previous studies indicated that the genes that confer hyper-
sensitivity when deleted could be directly related to the drug’s
mechanism of action if they also exhibit resistance when over-
expressed (34). We therefore, investigated whether the overex-
pression of the identified genes could confer resistance to flu-
dioxonil. For this, we expressed VPS8, VPS9, VPS11, VPS16,
VPS18, VAM3, VAM6, VAM7, VPS34, VMA21, BCK1, and
SLT2 from the high-copy-number plasmid pRS426 in BY4741/
pClNIK1 and determined fludioxonil sensitivity of these strains
by dilution spotting. BCK1, SLT2, VPS34, and VMA21 were
included in our analysis as internal controls. BCK1 and SLT2
aremembers of the cell wall integrity pathway andwere present
in the most hypersensitive list, whereas VSP34 and VMA21 are
important regulators of vacuole function but do not belong to
the tethering complex. Fludioxonil sensitivity of the strains
expressingVPS8,VAM3,VPS34,VMA21, BCK1, and SLT2was
quite similar to that of the host. VPS9, VAM6, and VAM7 con-

Figure 3. GO enrichment of deletion strains hypersensitive to fludioxonil. a, pie chart describing the number and distribution of enriched GO terms
obtained from DAVID analysis of fludioxonil deletion-sensitive profile. b, enrichment score and -fold enrichment of the identified GO terms. c, interaction
network generated by GeneMANIA. Edges indicate physical interactions between gene products; edge weights reflect confidence in support for interactions.
Blue node color corresponds to a set of functional gene classes involved in endosomal transport and vesicle fusion. Genes involved in cell wall biosynthesis are
shown in red. Light-colored nodes were not part of the input set.

Figure 4. Effect of fludioxonil on the cell cycle. a, localization of Hof1-GFP in BY4741/pClNIK1. Cells at logarithmic phase were treated with fludioxonil (Flu)
(25�g/ml) for 3 h andobservedunder amicroscope after fixingwith paraformaldehyde. Localization ofHof1-GFP at thebudneck in the control untreated cells
is shownby an arrow.DIC, differential interference contrast. b, graph showing the percentage of budded cells havingHof1-GFP localized at the budneck.More
than 100 cells were counted for each sample, and the data (mean� S.D.) presented are from three independent experiments. *, p� 0.05. Error bars represent
S.D. c, an early log-phase culture of BY4741/pClNIK1 synchronized by �-factor was released into fresh SDmediumwith or without 25 �g/ml fludioxonil. Cells
were harvested at different times, stained with DAPI to monitor nuclear division, and observed under a microscope as described under “Experimental
procedures.” The number of nuclei was counted in more than 100 budded cells in each sample (1N, 2N, andMN represent one, two, and three nuclei per cell).
Results of three independent experiments are presented as mean� S.D. *, p� 0.05. Error bars represent S.D. d, DNA content of S. cerevisiae strain BY4742/
pClNIK1with orwithout fludioxonil treatmentwas determinedby flow cytometry as described under “Experimental procedures.” The x axis represents relative
DNA content. The left-most peak represents the G1 population, and the right-most peak represents the G2 population. Representative data from three
independent experiments are shown.
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ferred a low level of resistance, whereas the cells expressing
VPS11, VPS16, and VPS18 were highly resistant to fludioxonil
(Fig. 6a). The resistance exhibited by these cells was not caused
by suppression of Hog1 activation as phosphorylated Hog1
could be detected in these cells after fludioxonil treatment (Fig.
6b). The examination of FM4-64–stained cells by microscopy
also showed that the overexpression of VPS11, VPS16, and
VPS18 could suppress the vacuole fragmentation caused by flu-
dioxonil toxicity (Fig. 6d). In the control BY4741 cells treated
with fludioxonil, 84.9% of cells showed highly fragmented vac-
uoles. In the case of VPS11-, VPS16-, and VPS18-overexpress-
ing cells, highly fragmented vacuoles were observed in 4.78,
23.63, and 45.66% cells, respectively. A significant percentage of
the cells had less than three vacuoles. In comparison, the vacu-
ole fragmentation pattern in the cells expressing all other genes
was quite similar to theWT control (Fig. S5).We also observed

that the pattern of Vps8-GFP localization in the cells overex-
pressing VPS11, VPS16, and VPS18 was quite similar in fludi-
oxonil-treated and untreated cells (Fig. 6c). Therefore, the
overexpression of VPS11, VPS16, and VPS18 could restore
CORVET localization on endosomal dots in fludioxonil-treated
cells. Together, these results indicated that the components of
the CORVET complex could be important effectors of fludiox-
onil toxicity downstream of HHK3.
The fungal hypha is an example of an extreme form of polar-

ized growth in which vesicle trafficking plays a crucial role (46).
Mutants deficient in the biogenesis and fusion of secretory ves-
icles, early endosomes, and vacuoles have profound defects in
invasive hyphal growth, conidiation, and virulence in fungi
(46–48). The deletion of CaVPS11 gene, which encodes a pro-
tein of the CORVET complex, has a severe effect on the hyphal
growth and virulence in the opportunistic fungal pathogen
C. albicans (49). We therefore assessed the effect of fludioxonil
on hyphal growth inC. albicans.C. albicans can grow as single-
cell yeast or filamentous hyphal form in response to diverse
environmental cues. On a YPD (1% yeast extract, 2% peptone,
and 2% dextrose) agar plate, C. albicans grew as a yeast form
that was not affected by the presence of fludioxonil. However,
on Spider medium or in the presence of serum, which induces
filamentous growth, fludioxonil severely affected hypha forma-
tion (Fig. 7a). In C. albicans, CaTup1 is a negative regulator of
hyphal growth induction, and therefore Catup1� mutant
shows the filamentous form of growth constitutively (50). Flu-
dioxonil also inhibited true hypha formation in Catup1�
mutant, and the morphology of the fludioxonil-treated cells
was more like a pseudohypha (Fig. S6). To corroborate this
further, we determined the effect of fludioxonil on the localiza-
tion of CaSpa2, which is an essential component of the polari-
some complex present in the tip of the growing hypha in
C. albicans. C. albicans strain WYZ9 (51) expresses CaSpa2-
GFP fusion protein and harbors the Catup1� deletion muta-
tion. In this strain, CaSpa2-GFP persistently localized on the
hyphal tip (Fig. 7b). In the cells treated with fludioxonil,
CaSpa2-GFP was nearly absent from the tip. In some cells, it
prominently localized to the septa (Fig. 7b), and thus even in a
genetic background that favors hypha formation, the polari-
some protein CaSpa2p was completely mislocalized by fludiox-
onil treatment. During the continuous polarized growth of
C. albicans hyphae, the vesicle-associated Rab GTPase CaSec4
localizes dynamically at the tip, corresponding to a vesicle-rich
region (52). To determine the effect of fludioxonil on the local-
ization of CaSec4-GFP on the hyphal tip, we performed a fluo-
rescence recovery after photobleaching (FRAP) experiment
(Fig. 7d and Fig. S7). In the control sample, the recovery of
CaSec4-GFPwas observed at 12–15 s postbleach. However, the
recovery of CaSec4-GPF in the fludioxonil-treated hyphae was
much less even 60 s postbleach. These data suggest that fludi-
oxonil inhibits the filamentous growth in C. albicans by affect-
ing vesicle trafficking.
Next, we investigated the effect of overexpression of

CaVPS16 and CaVPS18 on fludioxonil toxicity in C. albicans.
For this, we cloned the ORF encoding CaVPS16 and CaVPS18
in the plasmid vector pVT50. The resultant plasmids (pCaVPS16
and pCaVPS18) were linearized with StuI and transformed into

Figure 5. Effect of fludioxonil on vacuolar morphology and vesicle traf-
ficking. a, S. cerevisiae strain BY4741/pClNIK1 was treated with 5 �g/ml flu-
dioxonil (Flu) and stained with membrane dye FM4�64 as described under
“Experimental procedures.” Micrographs were taken using a Nikon A1R con-
focal microscope. b, S. cerevisiae strain BY4741 with chromosomally tagged
VPS8-GFP and harboring plasmid pClNIK1 was grown to log phase and
treated with fludioxonil (5 �g/ml) for 2 h. Cells were washed with PBS and
observed under a Nikon A1R confocal microscope. c, subcellular localization
of GFP-tagged Vps8 was monitored in cells expressing ClNik1 after treating
with fludioxonil (5 �g/ml) for 4 h. Total cell extract (Lysate) were fractionated
to obtain a pellet (P100) and supernatant (S100) after the final centrifugation
at 100,000	 g. Western blots were decorated against the GFP tag to identify
Vps8. d, effect of fludioxonil on the accumulation of LY. S. cerevisiae strain
BY4741/pClNIK1withorwithout fludioxonil treatmentwas incubatedat 30 °C
with YPD containing LY (4 mg/ml) for 45 min before being photographed
using a Nikon A1R confocal microscope. e, real-time FM4-64 recycling assay
with S. cerevisiae strain BY4741/pClNIK1 treated with or without fludioxonil.
FM4-64 fluorescence in the cell suspension was measured for 20 min contin-
uously in a spectrofluorometer. Results are presented asmean� S.D. (n� 6).
**, p� 0.001. Error bars represent S.D.

Role of CORVET complex in fungicidal action of fludioxonil

468 J. Biol. Chem. (2019) 294(2) 461–475

https://doi.org/10.1074/jbc.RA118.004736
https://doi.org/10.1074/jbc.RA118.004736
https://doi.org/10.1074/jbc.RA118.004736


C. albicans strain SC5314. Integration of the plasmid into the
host genome resulted in a C. albicans strain expressing
CaVps16 and CaVps18 from the CaACT1 promoter. The over-
expression of CaVps16 and CaVps18 in the respective clones
was confirmed by RT-PCR (Fig. S8). To determine the effect of
fludioxonil, these clones were grown in YPD at 30 °C up to
logarithmic phase. The cells were then transferred to Spider
medium with or without fludioxonil (25 �g/ml) and observed
under a microscope after 4 h of incubation. In the presence
of fludioxonil, the parental control strain failed to exhibit the
filamentous form of growth and remained as yeast. In contrast,
the filamentous form was quite evident in the clones overex-
pressing CaVps16 and CaVps18 (Fig. 7e). Thus, like that in
the S. cerevisiae host, the overexpression of the components

of CORVET complex could suppress fludioxonil toxicity in
C. albicans as well.

Discussion

Fludioxonil is an interesting fungicide that has been used in
agricultural practices for the past 30 years with nearly no inci-
dence of developing field resistance against it (7). In this
respect, fludioxonil is different from the antifungal agents used
against human pathogens. Therefore, a detailed understanding
of the fungicidal action of fludioxonil could pave the way to
identify novel targets as well as therapeutic agent(s). Fludiox-
onil is known to affect the signal transduction pathway by tar-
geting HHK3. However, the molecular events downstream of
HHK3 that lead to cell death have remained obscure. To illu-

Figure 6. Overexpression of the component of CORVET complex suppresses antifungal activity of fludioxonil. a, dilution spotting of S. cerevisiae strain
BY4741 harboring different genes inmulticopy plasmid pRS426 alongwith pClNIK1 on SD or an SD agar plate with fludioxonil (Flu) (25�g/ml). b, immunoblot
showing fludioxonil-inducedHog1pphosphorylation in S. cerevisiae strainBY4741harboringdifferent genes inmulticopyplasmidpRS426alongwithpClNIK1.
The right panel shows the quantification of the phosphorylated Hog1p (PHOG1) in the immunoblot. The values were determined by densitometry and
expressed as ratio of signals, PHOG1/HOG1, of the respective lanes. Graphs are plotted as mean� S.D. calculated from three independent blots. Error bars
represent S.D. c, localization of VPS8-GFP in S. cerevisiae strain BY4741/pClNIK1 overexpressing Vps11, Vps16, or Vps18. Cells at logarithmic phasewere treated
with fludioxonil (5 �g/ml) for 2 h. Cells were washed with PBS and observed under a Nikon A1R confocal microscope. A representative figure from three
independentexperiments is shown.d, vacuole fragmentation inS. cerevisiae strainBY4741/pClNIK1overexpressingVps11, Vps16, orVps18. Cells at logarithmic
phase untreatedor treatedwith 5�g/ml fludioxonilwere visualized after stainingwith thedye FM4-64. Vacuoleswith differentmorphologywere counted and
expressed as a percentage (mean� S.D.) from three independent experiments (two-way analysis of variance; *, p� 0.05). Error bars represent S.D.
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minate these processes, we used an S. cerevisiae model. Fludi-
oxonil inhibited the growth of S. cerevisiae cells expressing
ClNik1p. Interestingly, the inhibition of the activity of ClNik1p
by fludioxonil dominantly affected the phosphorelay through
another nontarget histidine kinase, Sln1p, although Sln1p
exhibited much stronger interaction with Ypd1p (Fig. 1d and
Fig. S2). In the presence of fludioxonil, ClNik1p could possibly
be converted into a phosphatase and thereby dominantly
inhibit the downstream phosphorelay. A similar mechanism
has been proposed for another fungal HHK3, Drk1, recently
(53). Many prokaryotic two-component histidine kinases are
bifunctional as they can act as both a kinase and a phosphatase
for their cognate response regulators (54). The ratio of kinase to
phosphatase activity determines the output response. Although
filamentous fungi have a large repertoire of HHKs, the number
of response regulators and phosphotransfer proteins that act
downstream of these HHKs are limited. Most species contain
only two to three response regulators (55). Therefore, HHK3
can potentially regulate more than one signaling pathway by
acting as a kinase or phosphatase.
Earlier studies indicated that the p38/HOGMAPK pathway

plays a pivotal role in the fungicidal action of fludioxonil (14, 20,
22). Besides this pathway, involvement of the cell wall integrity
pathway and calcineurin-mediated signaling have also been
implicated (11). BothMPK1 and calcineurin deletion conferred
hypersensitivity to fludioxonil. Constitutive activation of
Hog1p was observed in several fungal species upon fludioxonil
treatment. In Neurospora crassa and Cochliobolus heterostro-
phusmycelia, it caused abnormal accumulation of glycerol and

hyphal swelling (6). Abnormal accumulation of glycerol was
also observed in other fungal species. Based on these observa-
tions, glycerol accumulation was accepted to be the primary
cause of fludioxonil-mediated cell death (6, 7). In response to
osmostress, fungal cells accumulate glycerol by transcriptional
up-regulation of GPD1, which is facilitated by nuclear entry of
Hog1p. To decipher the role of glycerol accumulation, we uti-
lized amutant (�nmd1) defective in nuclear entry ofHog1p and
a mutant (�gpd1�gpd2) deficient in glycerol biosynthesis (Fig.
2). Our results clearly indicate that the cytotoxicity of fludiox-
onil is not solely due to the accumulation of glycerol. Some
other process is also affected, and it could be the main reason
for growth arrest and cell death in fungi by fludioxonil.
To decipher the primary target, we conducted a genome-

wide screen and identified that the genes involved in early and
late endosomal transport, e.g. CORVET complex and its regu-
lators, SNARE proteins, could be potential downstream effec-
tors of fludioxonil toxicity. The adverse effect of fludioxonil on
endosomal biogenesis and vacuolar morphology was quite evi-
dent as we observed highly fragmented vacuoles after drug
treatment. Fludioxonil also impaired CORVET localization on
endosomal dots, indicating its effect on endosomal trafficking
(Fig. 5, b and c). The LY uptake assay and FM4-64 recycling
assay confirmed this further (Fig. 5, d and e). The overexpres-
sion ofVPS11,VPS16, andVPS18 conferred resistance to fludi-
oxonil, indicating their role in the cytotoxic effect of this com-
pound. Vps11p, Vps16p, and Vps18p are the core subunits of
CORVET and HOPS tethering complexes. CORVET acts on
early endosomes having Vps21/Rab5-positive membranes,

Figure 7. Fludioxonil inhibit hyphal growth in C. albicans. a, overnight cultures of C. albicans strain SC5314were spotted onto YPD and a Spider agar plate
with or without fludioxonil (Flu) (25 �g/ml) and incubated at 37 °C for 5 days. Images of colony edges were obtained using a stereomicroscope. C, control. b,
fludioxonil affects the localization of CaSpa2p-GFP to the tips of filaments. StrainWYZ9 (Catup1�) expressing CaSpa2p-GFPwas grown in YPDmediumwith or
without 50�g/ml fludioxonil at 37 °C for 6 h. Cells werewashedwith 1	 PBS before visualizing under amicroscope. c, percentage of hyphawith CaSpa2p-GFP
at the tip. The results are presented as mean� S.D. (n� 3). **, p� 0.01. Error bars represent S.D. d, fluorescence recovery of CaSec4-GFP. C. albicans strain
expressing CaSec4-GFPwas grown in Spidermedium at 37 °C for 45min. After addition of fludioxonil (50�g/ml), the culturewas incubated further for 45min.
Cells were then embedded in 0.4% agar on glass slides for FRAP. Aminimumof 10 hyphal tips of each strain were bleached, and images were recorded before
bleaching (prebleach) for 30 s, 30 s after bleaching (postbleach), and 60s after bleaching. Representative images of individual hyphal tips at prebleach,
postbleach, and 30 s postbleach are shown. Bars, 1 �m. e, hyphal morphology of C. albicans strains overexpressing CaVPS16 and CaVPS18. ORFs encoding
CaVPS16 and CaVPS18 were cloned in plasmid pVT50 under the ACT1 promoter, and the linearized plasmids were chromosomally integrated into C. albicans
strain SC5314 at the RP10 (ribosomal protein 10) gene locus. Cells were grown in Spider medium for 3 h at 37 °C with and without fludioxonil (25 �g/ml) and
observed under a microscope. C. albicans strain SC5314 was used as a control (WT).
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whereas HOPS mediates the fusion of late endosomal Rab7-
positivemembranes (29). Vps21/Rab5-positive endosomes also
play a key role in vesicle trafficking during cytokinesis (56).
Impairment of cytokinesis was also observed after fludioxonil
treatment that could be due to the polarization defect or dis-
rupted endosomal trafficking. CORVET and HOPS complexes
interact with other endosomal maturation machinery such as
phosphoinositides, endosomal sorting complexes required for
transport (ESCRT) machinery, vacuolar-type (V) ATPase,
actin, and microtubules (57). Thus, the effect of fludioxonil on
endosomal trafficking can be an outcome of the disruption of
this cooperative network. Endosomes are a central compart-
ment in the endocytic pathway, and therefore any adverse effect
on them can affect the collective vesicle trafficking capacity of
the cell by interfering with recycling endosomes or protein tar-
geting to vacuoles for degradation. Further studies focusing on
the transport of endosome-specific proteins upon drug treat-
ment will elaborate the mechanism by which vesicle trafficking
plays a role in the fungicidal action of fludioxonil. The endo-
cytic pathway is essential for polarized growth and survival in
filamentous fungi. In the C. albicans model, fludioxonil com-
pletely inhibited hyphal growth, whereas the growth of the
yeast form of C. albicans remained unaffected. Interestingly,
deletion of VPS11, VPS16, and VPS18 showed synthetic lethal-
ity with TOR1 and affected TOR1 signaling (58). Therefore,
fludioxonil can inhibit a number of crucial physiological pro-
cesses through its effect on endosomal trafficking downstream
of HHK3 in addition to its effect on the HOG pathway. Inter-
estingly, the vesicle trafficking and secretory pathways have
been proposed to be the next-generation target for developing
antifungal agents as a few recently discovered fungicides appear
to act through these processes (59, 60). Our study further sup-
ports this proposition.
The present study has raised an interesting possibility that

HHK3 may have a physiological role in endosomal vesicle traf-
ficking in fungi. Deletion ofHHK3 had pleiotropic effects. Con-
comitant to its established role in osmoadaptation, the HHK3
deletion mutants showed an osmosensitive phenotype. Besides
this, hyphal growth, virulence, and conidiation were also found
to be highly compromised in the deletion mutants in most spe-
cies (14). Interestingly, vesicle trafficking has a vital role in all
these processes. Therefore, it may be possible that HHK3 reg-
ulates hyphal growth, virulence, and conidiation bymodulating
endosomal trafficking through the CORVET complex. Taken
together, our study, for the first time, provides novel insight
into the function of HHK3 that can be exploited for developing
antifungal agents for therapeutic uses.

Experimental procedures

Growth conditions

S. cerevisiae strains were grown in standard conditions at
30 °C in YPD and SD minimal medium with required supple-
ments. C. albicans strains were grown at 30 °C in YPD or at
37 °C in Spider medium for inducing hypha formation.

Construction of S. cerevisiae overexpression plasmids

An �2.3-kb fragment encoding S. cerevisiae VPS9 gene
(along with its promoter and terminator region) was amplified

from the genomic DNA and cloned into multicopy plasmid
vector pRS426 at the BamHI/XhoI site to obtain pRS426-
VPS9. Similarly, pRS426-VPS8, pRS426-VPS11, pRS426-VPS16,
pRS426-VPS18, pRS426-VPS34, pRS426-VAM3, pRS426-
VAM6, pRS426-VAM7, pRS426-SLT2, pRS426-BCK1, and
pRS426-VMA21 were made by cloning the respective PCR
fragments. All the clones were confirmed by digestion and
sequencing.

Construction of C. albicans strains overexpressing CaVPS16
and CaVPS18

The 2841-bp orf19.6848 corresponding to CaVPS16 and
2433-bp orf19.5584 corresponding toCaVPS18were amplified
from SC5314 genomic DNA using primer pairs Vps16XhoIF/
Vps16SphIR and VPS18XhoIF/VPS18SphIR, respectively. The
PCR products were purified and cloned into pVT50 vector
at XhoI/SphI sites to obtain the plasmids pCaVPS16 and
pCaVPS18. These plasmidswere linearizedwith StuI and trans-
formed into C. albicans strains by electroporation. The trans-
formants were selected on YPD agar containing 200 �g/ml
nourseothricin. To confirm the integration of the plasmid,
genomic DNA from the transformants was isolated, and diag-
nostic PCR was carried out using primers pairs ACT1PrF and
Vps16SphIR and ACT1PrF and VPS18SphIR. Nucleotide
sequencing of the PCR product further confirmed the desired
integration. The sequences of primers will be made available
upon request.

Western blotting

Levels of dually phosphorylated Hog1p in S. cerevisiae strain
were detected by Western blotting as described earlier (13).
Cells were treated with 5 �g/ml fludioxonil for various time
periods ranging from 5 min to 1 h. The total cell extract (�20
�g of protein) fromeach samplewas blotted onto nitrocellulose
membrane, and the dually phosphorylatedHog1pwas detected
using anti-dually phosphorylated p38 antibody (Cell Signaling
Technology). The level of Hog1p was detected in the same blot
after reprobing with anti-Hog1p antibody (Y-215, Santa Cruz
Biotechnology).

Yeast two-hybrid assay

For the two-hybrid assay, pJG4-5 and pEG202 were used as
vectors for constructing prey and bait, respectively (61). A
�0.7-kb fragment corresponding to YPD1 ORF (aa 2–167)
alongwith the 3� regionwas PCR-amplified using primers Ypd1
2-XhoIF and Ypd1 167-BamHIR and cloned in bait vector
pJG4-5 at XhoI and BamHI sites. An �2.0-kb DNA fragment
corresponding to the kinase and receiver domain of Sln1 (aa
566–1220) was PCR-amplified using SLN1-566-BamHIF and
SLN1-XhoIR primers and cloned in prey vector pEG202 at
BamHI and XhoI restriction sites. Similarly, an �1.8-kb DNA
corresponding to the kinase and receiver domain of ClNik1 (aa
490–1082) was PCR-amplified using ClNik1-490 EcoRIBlunt F
and ClNik1-XhoIR primers and cloned in prey vector pEG202
at EcoRI (blunt-ended) and XhoI sites. Authenticity of all the
constructs was confirmed by nucleotide sequencing. S. cerevi-
siae strain EGY 48 was cotransformed with bait and prey con-
structs and selected on minimal medium with 2% glucose and
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without tryptophan and histidine. Cotransformed cells were
grown to an A600 of�1.0, and 5 �l of the cultures (normalized
to an A600 of 1.0) was spotted onto minimal medium with 2%
galactose and 1% raffinose and without tryptophan, histidine,
and leucine. Plates were incubated for 4 days at 30 °C.

Microscopy

S. cerevisiae strain BY4741 harboring plasmids pClNIK1 and
pHog1-GFP were grown in SD medium (�His,�Ura) to an
A600 of 0.5–0.7. An aliquot of the culture was exposed to 0.4 M

NaCl for 15 min to serve as a positive control. The remaining
portion of the culture was exposed to 5 �g/ml fludioxonil, and
the samples were withdrawn at different time points (5, 15, 30,
60, and 180 min). All the samples were immediately fixed with
4% paraformaldehyde. Cells were washed twice with PBS and
stained with DAPI before being observed under a Nikon A1R
confocal microscope.
S. cerevisiae strain BY4741/pClNIK1 was grown in SD

(�His) minimal medium to early log phase (�0.3 A600). After
transferring the cultures to freshmedium, the cells were treated
with �-factor (6 �g/ml) for 90min. After washing the cells with
ice-cold water to remove �-factor, the cells were suspended in
fresh SD (�His) or SD (�His) containing 25 �g/ml fludioxonil.
Samples were collected at different time intervals and fixed
with 4% paraformaldehyde. Quantification of bud formation
and nuclear division during cell cycle progression in these sam-
ples was performed by microscopic observation after staining
the cells with DAPI. At least 100 cells were counted for each
time point.
S. cerevisiae strain BY4741/pClNIK1 was grown at 30 °C to

early logarithmic phase in SD medium (�His). The cells were
incubated further for 1 h in the presence or absence of 5 �g/ml
fludioxonil. Cells were collected by centrifugation, and the cell
pellet was resuspended in 50 �l of YPD or YPD containing 5
�g/ml fludioxonil. 1 �l of FM4-64 solution (1.6 �M in DMSO)
was added to each aliquot and incubated for 20 min at 30 °C.
Cells were centrifuged, and the supernatant was discarded. The
cell pellet was resuspended in 5ml of YPD or YPD containing 5
�g/ml fludioxonil and incubated further for 90 min at 30 °C.
Following centrifugation, the cells were resuspended in 50�l of
SD (�His) medium with or without 5 �g/ml fludioxonil and
observed under a Nikon A1R confocal microscope.
FRAP experiments were carried as described earlier (53).

C. albicans strain Sec4-GFP was grown at 37 °C in Spider
medium for 45 min to induce hypha formation. Subsequently,
fludioxonil (50 �g/ml) was added to the culture and incubated
further for 45 min at 37 °C. The cells were then embedded in
0.4% agar on glass slides, maintained at 37 °C by a heated stage,
and imaged using a Nikon Eclipse TiE microscope equipped
with an Andor iXON3 electron-multiplying charge-coupled
device camera and controlled using Andor iQ2.7 software. The
protocol was standardized, and a total of 2 min was recorded
with prebleaching for 30 s, bleaching at 75% laser power for 30 s,
and postbleaching for 60 (control) and 180 s (with fludioxonil).
A nonbleached tip in the same field served as a control for
bleaching during the image acquisition in the recovery period.
Raw values were subjected to subtraction of background. For
each time point, the fraction of FRAP was calculated according

to the formula (It� Ib)/(I0� It) 	 100% where t is the time in
seconds, I0 is the intensity prebleaching, Ib is the intensity
immediately postbleach, and It is the intensity at time t.

Estimation of intracellular glycerol

For determination of intracellular glycerol, S. cerevisiae
strains harboring pClNIK1were grown in SDminimal medium
up tomid-exponential phase and incubated further for 3 h with
or without 25 �g/ml fludioxonil. Cells from 10 ml of culture
were collected by centrifugation and washed with chilled
medium followedby chilled 0.5MTris-HCl (pH7.5). Finally, the
pellet was resuspended in 2 ml of Tris-HCl (pH 7.5). 600 �l of
the cell suspension was placed in a microcentrifuge tube and
incubated at 100 °C for 10 min. Subsequently, the cells were
centrifuged at 5000 rpm for 5 min, and the supernatant was
used to estimate glycerol using a UV glycerol assay kit (R-Bio-
pharm) according to the manufacturer’s instructions.

Deletion sensitivity profiling

The lithium acetate/single-stranded (LiAc/SS) carrier DNA/
PEG method (37) was used to transform the pClNIK1 in the
haploid deletion strain collection of S. cerevisiae obtained from
EUROSCARF. Deletion strains from 96-well plates were
patched on 140-mm YPD plates with the help of a 96-well pin
tool and grown for 12–16 h. The strains were then transferred
by the pin tool to 96-well round bottom microtiter plates con-
taining 50 �l of water in each well. The plates were then centri-
fuged at 2500 rpm for 10min, and water was discarded. 50 �l of
transformation mixture containing the plasmid pClNIK1 (200
ng) was added to each well. The contents of the plates were
mixed on a Thermomixer (Eppendorf) at 800 rpm for 2 min.
100 �l of 50% PEG was then added, and a multichannel pipette
was used to mix the contents until the cell suspensions were
homogenous.Microtiter plateswere then incubated at 42 °C for
1 h on a Thermomixer. After heat shock, the plates were cen-
trifuged at 2500 rpm for 10 min, and the supernatant was dis-
carded. The transformed cell pellets were transferred to SD
(�His) plates using a 96-well pin tool. The plates were then
incubated at 30 °C for 3–4 days.
The transformants that appeared on the plates were trans-

ferred to a 96-well flat bottom microtiter plate containing 100
�l of SD (�His) medium in each well. The plate was incubated
at 30 °C for 24 h. 3 �l of the culture from each well of this plate
was inoculated into a fresh 96-well plate containing (in each
well) 97 �l of SD (�His) medium without or with 0.76 �g/ml
fludioxonil. Aftermeasuring the initialA600 in an ELISA reader,
the plates were then incubated at 30 °C. The growth of each
strain was recorded using an ELISA reader after 24 h. The
strains that showed increased sensitivity compared with the
control (BY4741/pClNIK1) were separately picked and archived
bymaking glycerol stocks.

Estimation of DNA content of the cell by FACS

To analyze the DNA content by FACS, S. cerevisiae strain
BY4742/pClNIK1 was grown in SD minimal medium to �0.3
A600 and exposed to fludioxonil (25 �g/ml) for 4 h. Cells were
harvested by centrifugation and fixed in 70% ethanol. Prior to
FACS analysis, cells were washed with PBS to remove ethanol
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and treated with RNase A at 37 °C for 2 h. Cells were stained
with 25 �g/ml propidium iodide, washed, and sonicated briefly
to disrupt the cell aggregates before analysis on a BDFACSCali-
bur for forward scattering. A total of 50,000 events were
captured.

Subcellular fractionation

Subcellular fractionation was carried out following the pro-
tocol described earlier (44). Briefly, S. cerevisiae strain express-
ing Vps8-GFP and ClNik1p was grown to logarithmic phase
(A600�0.8) in minimal medium and treated with fludioxonil (5
�g/ml) for 4 h. Cells were harvested by centrifugation and
resuspended in 0.1 M Tris (pH 9.4) supplemented with 10 mM

�-mercaptoethanol and incubated at 30 °C for 10 min. Subse-
quently, the cells were collected and incubated in buffer (1 M

sorbitol, 50 mM Tris-Cl (pH 7.9), and 5 units/�l Zymolyase) to
make spheroplasts. Spheroplasts were resuspended in lysis
buffer (20 mM HEPES (pH 6.8), 0.2 M Sorbitol, 2 mM EDTA, 50
mM potassium acetate, and protease inhibitor mixture) and
homogenized. The lysate was clarified by two rounds of centrif-
ugations at 1000 	 g for 5 min followed by 13,000 	 g for 15
min. The supernatant fraction was then centrifuged at
100,000	 g for 45min to obtain the pellet (P100) and superna-
tant (S100). Equal amounts of protein (100 �g) from each frac-
tion were used for Western blotting using anti-GFP antibody.

LY uptake assay

The LY uptake assay was performed as described previously
(45). In brief, BY4741/pClNIK1 cells at logarithmic phase (A600
�0.8)were treatedwith orwithout 10�g/ml fludioxonil for 120
min at 30 °C. Cells were resuspended in YPD (�2–5 A600) and
incubated for 45 min at 30 °C in the presence of 4 mg/ml LY
(Sigma). The cells were washed three times in 1 ml of ice-cold
buffer (50 mM sodium phosphate, 10 mM sodium azide, and 10
mM sodium fluoride (pH 7.5)). Samples were viewed by aNikon
A1R confocal microscope using FITC optics.

FM4-64 recycling assay

The recycling assay was performed as described previously
(45). Briefly, S. cerevisiae strain BY4741/pClNIK1was grown to
logarithmic phase (A600 �0.8) in minimal medium. The cells
were incubated further for 120 min at 30 °C with or without 10
�g/ml fludioxonil. Cells were harvested, resuspended in YPD,
and incubated with 40 �M FM4-64 for 10–12min at 30 °C with
shaking. Cells were then diluted in ice-cold SD medium and
harvested by centrifugation at low speed. Cells were then
washed vigorously three times with ice-cold SD medium and
kept on ice. Prior tomeasuring the fluorescence, prewarmedSD
mediumwas added to the cells to obtain a finalA600 of 0.25. The
fluorescencewas recorded for 20min on a ShimadzuCary spec-
trofluorometer with excitation at 515 nm and emission at 680
nm.

Statistical analysis

Statistical analysis was performed using Student’s t test (two-
tailed) and two-way analysis of variance inMicrosoft Excel, and
p values�0.05 were considered significant.
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