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A B S T R A C T

Ergosterol is the most important membrane sterol in fungal cells and a component not found in the membranes
of human cells. We identified the ERG6 gene in the AIDS-associated fungal pathogen, Cryptococcus neoformans,
encoding the sterol C-24 methyltransferase of fungal ergosterol biosynthesis. In this work, we have explored its
relationship with high-temperature growth and virulence of C. neoformans by the construction of a loss-of-
function mutant. In contrast to other genes involved in ergosterol biosynthesis, C. neoformans ERG6 is not es-
sential for growth under permissive conditions in vitro. However, the erg6 mutant displayed impaired ther-
motolerance and increased susceptibility to osmotic and oxidative stress, as well as to different antifungal drugs.
Total lipid analysis demonstrated a decrease in the erg6Δ strain membrane ergosterol content. In addition, this
mutant strain was avirulent in an invertebrate model of C. neoformans infection. C. neoformans Erg6 was cyto-
localized in the endoplasmic reticulum and Golgi complex. Our results demonstrate that Erg6 is crucial for
growth at high temperature and virulence, likely due to its effects on C. neoformans membrane integrity and
dynamics. These pathogen-focused investigations into ergosterol biosynthetic pathway components reinforce the
multiple roles of ergosterol in the response of diverse fungal species to alterations in the environment, especially
that of the infected host. These studies open perspectives to understand the participation of ergosterol in me-
chanism of resistance to azole and polyene drugs. Observed synergistic growth defects with co-inhibition of Erg6
and other components of the ergosterol biosynthesis pathway suggests novel approaches to treatment in human
fungal infections.

1. Introduction

Ergosterol is a major sterol component found mainly in fungal
membrane (Kristan and Rižner, 2012). Recent investigations have

focused not only on the function of ergosterol as a structurally rigid
component of the plasma membrane, but also as a key regulator of
complex aspects of cell physiology (Koselny et al., 2018; Rodrigues,
2018). Besides acting as an important component of cellular
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membranes, the sterols regulate diverse biologic processes by affecting
signal transduction, cytoskeleton organization, cell growth, vesicle
transport and virulence (Dufourc, 2008; Hannich et al., 2011; Kristan
and Rižner, 2012; Parks and Casey, 1995). Recently, ergosterol was
defined as an immunologically active molecule that influences innate
immune activation and macrophage pyroptosis (Koselny et al., 2018).

The absence of ergosterol enhances the membrane fluidity, which is
responsible for increasing diffusion of various drugs. Polyenes and
azoles are two antifungal classes that impair ergosterol function in the
fungal cell membrane. The first drug group, exemplified by ampho-
tericin B, directly targets ergosterol in the membrane, and causes cell
injury by multiple means, including physically depleting membrane
ergosterol, forming pores causing leakage of intracellular cations, and
inducing the accumulation of reactive oxygen species (ROS) within the
cell (Mesa-Arango et al., 2014). In contrast, azoles directly inhibit
Erg11/CYP51, an intermediate enzyme of sterol biosynthesis. The er-
gosterol biosynthetic pathway enzymes have attracted many studies to
identify new drug targets; however, a serious concern is that some of
them are also shared with cholesterol biosynthesis pathways in mam-
malian cells (Daum et al., 1998; Espenshade and Hughes, 2007; Kristan
and Rižner, 2012).

Ergosterol biosynthesis and its regulation have been studied in most
detail in the yeast model Saccharomyces cerevisiae (Dupont et al., 2011;
Gaber et al., 1989; Hu et al., 2017; Jacquier and Schneiter, 2012; Parks
and Casey, 1995; Servouse and Karst, 1986). In contrast, less is known
about this process in fungal pathogens such as C. neoformans (Chang
et al., 2009; Kim et al., 1975; Nes et al., 2009; Toh-e et al., 2017). The
terminal steps of sterol production in S. cerevisiae occur in the en-
doplasmic reticulum (ER). Afterwards, ergosterol molecules are trans-
ferred as steryl-esters to different subcellular compartments such as the
plasma membrane and endomembrane system of peroxisomes, mi-
tochondria, vacuoles and the ER where they are found as free sterols
(Alvarez et al., 2007; Jacquier and Schneiter, 2012; Parks and Casey,
1995). The metabolic conversion between sterols and fatty acids and
their transport through the cell is still not completely defined for many
fungi. Sterols are closely associated with unsaturated fatty acids and
distributed asymmetrically in plasma membrane microdomains known
as lipid “rafts” and packed in a liquid-ordered state, which is re-
sponsible for maintaining the membrane micro fluid state (Dufourc,
2008; Wachtler and Balasubramanian, 2006). Previous studies revealed
the presence of sterol-rich domains in the bud tips of C. neoformans
(Nichols et al., 2004), suggesting that lipid “rafts” may regulate fungal
morphology, and also may play a role in pathogenicity by exposing
virulence factors on membrane (Farnoud et al., 2015).

Cryptococcosis is a disease that affects primarily im-
munocompromised hosts, mainly occurring in the setting of HIV/AIDS,
chemotherapy and transplant patients. Globally, it is estimated that
181,000 patients die of cryptococcal meningitis each year, with most
cases occurring in resource-limited regions of the world with con-
comitant high incidences of HIV infection (Rajasingham et al., 2017).
Cryptococcus neoformans is one of the related species that causes cryp-
tococcosis, a disease initiated by the inhalation of an infectious pro-
pagule, and most often resulting in an asymptomatic pulmonary in-
fection. However, in the setting of immunosuppression, this
opportunistic fungal pathogen can disseminate to the central nervous
system leading to lethal meningoencephalitis (reviewed in (Maziarz and
Perfect, 2016)).

The Erg6 enzyme catalyzes steps of the ergosterol synthesis pathway
that are unique for sterol biosynthesis in fungi, plants and some pro-
tozoa (Weete et al., 2010). C. neoformans ERG6 encodes a 24-C-me-
thyltransferase that converts zymosterol into fecosterol, the first step in
the ergosterol pathway that diverges from cholesterol biosynthesis (Nes
et al., 2009). Erg6 also acts in the alternative pathway of ergosterol
biosynthesis to convert lanosterol to eburicol (Nes et al., 2009). Mu-
tants with loss-of-function in ERG6 have been studied in other fungi,
mainly ascomycetes, such as S. cerevisiae (Gaber et al., 1989), Candida

albicans (Jensen-Pergakes et al., 1998), Candida lusitaniae (Young et al.,
2003), Candida glabrata (Vandeputte et al., 2007) and Kluyveromyces
lactis (Konecna et al., 2016). Although ERG6 is not an essential gene for
those microorganisms, its absence resulted in a variety of compromised
phenotypes related to membrane permeability and fluidity, alterations
in the susceptibility to different antifungal compounds, impairment in
cell wall integrity, and accumulation of sterol intermediate compounds
(Gaber et al., 1989; Jensen-Pergakes et al., 1998; Konecna et al., 2016;
Vandeputte et al., 2007; Young et al., 2003).

Although the role of Erg6 on membrane properties and its impact on
fungal physiology has been widely characterized in ascomycetes, its
role in basidiomycetes and diverse fungal pathogens is less well ex-
plored. Recently, Toh-e et al. constructed a selection of C. neoformans
erg mutants to assess the effect of ergosterol defects on the cellular
response to treatment with antifungal drugs targeting cell wall pro-
cesses (Toh-e et al., 2017). This study builds upon prior work to more
fully examine the involvement of C. neoformans Erg6 in ergosterol
homeostasis, membrane composition and pathogenesis. Finally, based
on the fact the membranes of fungi and humans are fundamentally
different in the sterol content, and that ergosterol is such an important
structural and active molecule related to several fungal biological
process, we propose that fungal-specific components of sterol synthesis,
such as Erg6, may offer unique insight into mechanisms of adaptive
environmental responses and potential targets for antimicrobial devel-
opment.

2. Materials and methods

2.1. 1. Media, cell line and strains

The H99 strain of C. neoformans var. grubii serotype A was used as
the wild type strain and also to generate the erg6Δ mutant and the re-
constituted strains erg6Δ + ERG6 (corresponding to CNAG_03819)
(Table S1). The strains were kept at −80 °C and freshly streaked for
single colonies every week on YPD agar plates (1% yeast extract, 2%
bacto peptone, and 2% dextrose [pH 5.6]). The cells were incubated at
30 °C for 48 h unless noted otherwise. The murine macrophage line
J774A.1 was maintained at 37 °C in 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco BRL), supplemented with 10% heat-
inactivated fetal calf serum (Gibco BRL). DH5α Escherichia coli com-
petent cells were used for plasmid manipulations.

2.2. In silico search for enzymes related to ergosterol biosynthesis in C.
neoformans

The ergosterol biosynthesis pathway presents some differences
among fungal species (Weete et al., 2010). The C. neoformans ergosterol
pathway was proposed by Nes and colleagues (Nes et al., 2009), and we
compared that to others proposed in the literature and also the ones
indicated in the database FUNGIpath v3.0 of KEGG. Finally, we used
BLASTp to search for enzyme sequences of the pathway using the Broad
Institute C. neoformans var. grubii H99 Database (http://www.
broadinstitute.org/annotation/genome/cryptococcus_neoformans/
MultiHome.html).

2.3. Mutant construction by Double-Joint PCR (DJ-PCR), locus
reconstitution and yeast transformation

ERG6 sequence (CNAG_03819, GenBank ID: 23887278) was ob-
tained from Broad Institute C. neoformans var. grubii H99 Database.
Homology searches suggest that this gene encodes a highly conserved
sterol 24-C-methyltransferase which is located in chromosome 2, su-
percontig 2 from 922605 to 924403 + strand. The deletion cassette was
generated by DJ-PCR as previously described (Kim et al., 2009) using
the Hygromycin B resistance marker, HPH (Hygromycin Phospho-
transferase gene) under control of the actin ACT1 promoter and TRP1

F.F.M. Oliveira, et al. Fungal Genetics and Biology 140 (2020) 103368

2

http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome.html
http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome.html
http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome.html


terminator (Walton et al., 2005). Firstly, four fragments were amplified,
two of them corresponding to the 5′- and 3′- flanking regions of the
ERG6 gene, using the primers LF042/LF043 (5′ERG6 − 840 bp) and
LF044/LF045 (3′ERG6 849 bp), and the template was H99 genomic
DNA. The 5′ and 3′ regions corresponding to the HPH marker were also
amplified with the primers LF046/LF028 (5′HPH – 1235 bp) and
LF029/LF057 (3′HPH – 1,263 bp) from the pZPHYG2 (Walton et al.,
2005) as template. The second round of PCR was carried out to join the
fragments 5′ERG6 and 5′HPH (LF042/LF028 – 2,075 bp) and 3′ERG6
and 3′HPH (LF029/LF045 – 2,112 bp) (a detailed schema is found in
Fig. S1A–B). The primer sequences are listed in Table S2. All amplifi-
cations were performed using Fast DNA Polymerase (Fermentas) as fol-
lows: 1 × Fast Polymerase (Fermentas); 0.5 μΜ of each primer; 10 ng of
genomic DNA from H99 strain or 10 ng of pZPHYG2. 10 ng of each
fragment from the first round PCR were used subsequently for the
overlap PCR. The two DJ-PCR fragments were purified by GFX pur-
ification kit (GE Healthcare) and co- transformed by biolistics into H99
yeast cells from C. neoformans. Several colonies were obtained and the
ones resistant to Hygromycin B at 200 μg/mL (Invitrogen) were se-
lected. To reintroduce the wild-type ERG6 locus into the erg6Δ mutant
strain, the cassette containing the ERG6 gene was amplified using pri-
mers LF042/LF045, 3,447 bp. This fragment was co-transformed with
pJAF1 (G418 - neomycin phosphotransferase resistance mark, con-
trolled by C. neoformans actin promoter and terminator) into the erg6Δ
strain by biolistic transformation. Several colonies with different fea-
tures were obtained and those G418-resistant (200 μg/mL) and Hy-
gromycin B-susceptible were selected.

The biolistic transformations were performed as previously de-
scribed (Toffaletti et al., 1993). Briefly, culture of C. neoformans grown
overnight in 50 mL of YPD liquid medium was washed with 0.9% NaCl
and spread on YPD + 1 M Sorbitol (Vetec) plates. DNA samples were
prepared with 50 μL sterile Tungsten microcarrier beads 60 mg/mL
(0.7 μm, Bio-Rad) with 1 μg of DNA, 50 μL of 2.5 M CaCl2 (Sigma)
sterile, and 20 μL of 0.1 M Spermidine (Sigma). The mixture was vor-
texed for 10 min, then centrifuged, washed twice with 150 μL of ab-
solute ethanol. The beads carrying the DNA were suspended in absolute
ethanol and distributed on macrocarrier disks. Bombardment of the
plates by biolistic transformation apparatus (Biorad) followed the
manufacturer’s instructions with helium gas pressure of approximately
1,200 psi under 27 mmHg. The plates were incubated for 24 h at 30 °C;
then the cells were washed and transferred to appropriate selective
medium and incubated at 30 °C until the colonies appeared on the agar
surface. The mutant or reconstituted colonies were screened by PCR.
Genomic DNA from selected transformants was used as a PCR template
to confirm the correct insertion of the deletion cassette or ERG6 gene.
PCR confirmation of correct integration of HPH cassette into the locus
of ERG6 used the combination of the primers LF36/LF28 (2355 bp) and
LF029/LF037 (2963 bp) as detailed in Fig. S1C–D. Confirmation of
ERG6 locus reconstitution was carried out with primers LF036/LF041
(2701 bp) and LF037/LF040 (1973 bp) Fig. S1E. The strains con-
structed in this study and the respective selective marker are in Fig. S2.

2.4. Southern blotting

Based on the predicted ERG6 genomic sequence (cneoH99_Chr2
910000–935000), the restriction enzyme profile was analyzed and BglII
and XhoI were selected. 10 μg of genomic DNA was extracted, restric-
tion enzyme digested overnight at 37 °C, and electrophoresed in a 0.8%
TAE 1X agarose gel. The gel was blotted onto a charged nylon mem-
brane (GE Healthcare) by upward capillary transfer. Amplification of
probe used the primers LF40/LF45 (1099 bp) and was labelled with the
PCR DIG Probe Synthesis Kit (Roche). Hybridization and membrane
washes were carried out using DIG Easy Hyb Granules and DIG wash
and Block solution Set, respectively (both from Roche). For detection
Anti-Digoxigenin-AP, Fab fragments from sheep and CDP-Star ready-to-
use were used (both from Roche). All procedures were based on the

suppliers’ recommendations.

2.5. Real time PCR

Total RNA was extracted from H99, erg6Δ and erg6Δ+ ERG6 strains
using TRI- Reagent (Applied Biosystem). cDNAs were synthesized with
High Capacity cDNA Reverse Transcription kit (Applied Biosystems) for
a 20 μL final volume reaction. To quantify ERG6 expression by Real-
time PCR (equipment 7500 Fast Real Time PCR System - Applied
Biosystems) the Fast SYBR® Green Master Mix kit (Applied Biosystems)
was employed, based on the suppliers’ protocols. The primers LF40/
LF41 and LF38/LF39 were designed in the exon-exon junction for ERG6
and ACTIN (ACT1) amplification, respectively. ACT1 was used as a
housekeeping gene for sample normalization. Relative quantification
was calculated using the CT comparative method (2−ΔΔ CT).

2.6. Phenotypic assays

The strains H99, erg6Δ and erg6Δ + ERG6 were grown overnight at
30 °C in YPD liquid medium, washed with 0.9% NaCl and serially di-
luted from 107 to 103 cell/mL. 5 μL of each dilution were spotted on
YPD agar supplemented with the respective stressor agent.
Susceptibility to high temperature was evaluated by incubating the
plates at 30 or 37 °C for 48–72 h. Cell wall integrity was analyzed using
Congo Red 1 and 0.5%, Caffeine 1 mg/mL and 0.5 mg/mL, Calcofluor
White 1 mg/mL or 0.5 mg/mL and 0.05% of SDS (all from Sigma).
Osmotic stress was induced by 1.5 M of NaCl and 1.5 M KCl. Sensitivity
to Hydrogen peroxide was tested in YPD plates with 1 mM and 5 mM of
H2O2. The plates were incubated at 30 °C for four days and then pho-
tographed. Phospholipase production was visualized on Agar plates
with Egg emulsion (Price et al., 1982) and 107 yeast dilution was
spotted, and incubated at 35 °C for 48 h. The enzymatic activity of
phospholipase (Pz) was measured by the ratio of colony diameter (DC)
to colony diameter plus precipitation zone (DCP). Accordingly to
Djordjevic (Djordjevic, 2010) if the result is Pz = 1, the activity is
considered negative; 1 > Pz > 0.64 the activity is positive and
Pz < 0.64 means it is strongly positive. Ability to produce melanin was
observed in L-DOPA agar plates. To detect any morphological cellular
alterations related to the high temperature incubation, the strains were
subjected to overnight growth on liquid YPD at 30 °C, 150 rpm, fol-
lowing a saline wash of the pelleted cells, resuspension in a new liquid
YPD and re-incubation at 37 °C, 150 rpm for 4 and 16 h. After these
periods, the cells were microscopically visualized in an inverted epi-
fluorescence microscope Zeiss Axio Observer Z1 equipped with a
63 × NA 1.4 oil immersion objective and cooled CCD camera.

2.7. Analysis of capsule and its main component GXM

The capsule production was evaluated on liquid Minimal Medium
(10 mM MgSO4, 29.3 mM KH2PO4, 13 mM glycine, 3 μM thiamine-HCl,
15 mM glucose, pH 5.5). Polysaccharide isolation was performed as
described by Nimrichter and colleagues (Nimrichter et al., 2007).
Briefly, fungal cells were cultivated under agitation for 2 days at room
temperature and separated from culture supernatants by centrifugation.
The culture supernatants fluids were centrifuged at 15,000g (15 min,
4 °C) for clarification and concentrated approximately 20-fold using an
Amicon (Millipore, Danvers, MA) ultrafiltration cell
(cutoff = 100 kDa). The fluid phase was discarded, and the viscous
layer was collected with a cell scraper for further analysis of zeta po-
tential, molecular dimensions and serological quantification. Effective
diameter and size distribution of GXM (glucuronoxylomannan) pre-
parations from H99, erg6Δ and erg6Δ + ERG6 cells were measured by
quasi-elastic light scattering in a 90Plus/BI-MAS Multi Angle Particle
Sizing analyzer (Brookhaven Instruments Corp., Holtsville, NY (Frases
et al., 2009). Multimodal size distribution analysis of polysaccharides
was calculated from the values of intensity weighted sizes obtained
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from the non-negatively constrained least squared (NNLS) algorithm.
Zeta potential was calculated in a Zeta potential analyzer (ZetaPlus,
Brookhaven Instruments Corp., Holtsville, NY) as described previously
(Fonseca et al., 2009a). For visual analysis of cellular GXM and asso-
ciated structures, the strains were stained for GXM, chitin and chit-
ooligomers (Fonseca et al., 2009b). The cells were first suspended in
100 μL of a 5 μg/mL solution of the Alexa Fluor 594 conjugate of the
wheat germ agglutinin (WGA, chitooligomer staining) and incubated
for 30 min at 37 °C. After the cells were washed in PBS, they were
incubated with 25 μM calcofluor white (chitin staining) under the same
conditions. The cells were then washed in PBS and suspended in a 10
μg/mL solution of mAb 18B7 in PBS, kindly provided by Dr. Arturo
Casadevall (Johns Hopkins University). MAb18B7 is an IgG1 that re-
cognizes all GXM serotypes (McFadden and Casadevall, 2004). After 1 h
of incubation and subsequent washing, yeast cells were incubated with
a fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG (Fc
specific) antibody, washed with PBS and placed in mounting medium
(50% glycerol and 50 mM N-propyl gallate in PBS) over glass slides.
Images were acquired in an Axioplan 2 (Zeiss, Germany) fluorescence
microscope using a Color View SX digital camera and processed with
the software system analySIS (Soft Image System). Extracellular quan-
tification of GXM was performed by ELISA according to Casadevall
et al. (Casadevall et al., 1992) with minor modifications (Nimrichter
et al., 2007).

2.8. Growth curve assays

The growth of the H99, erg6Δ and erg6Δ + ERG6 strains was
quantified at 30, 35 and 37 °C in YPD liquid medium. Additionally, the
strains were also grown in YNB liquid medium at 30 °C. The cells were
grown on YPD liquid medium overnight at 30 °C, under agitation,
washed with 0.9% NaCl, and the final concentration adjusted to
1 × 106 yeast cells in 96-well plates in YPD or YNB. To evaluate ability
to grow at high temperature, the strains erg6Δ + ERG6-GFP,
erg6Δ + GFP and the controls (H99, erg6Δ and erg6Δ + ERG6) were
inoculated in 96-well plates in YPD at 1 × 104 yeasts per well. The
plates were incubated under continuous agitation and optical density
was measured every 30 min at 600 nm by Eon biotek spectrophotometer
for about 96 h.

2.9. Antifungal susceptibility tests

The susceptibility of H99, erg6Δ and erg6Δ + ERG6 strains to dif-
ferent drugs was observed on YPD agar plates supplemented with each
drug. 5 μL of serial dilutions from 107 to 103 cell/mL were spotted. The
drugs were fluconazole 10 μg/mL, AmB 0.5, 1.0, 2.0, 4.0 and 8 μg/mL,
itraconazole 0.012 μg/mL, ketoconazole 1 μg/mL, FK506 1 μg/mL,
nystatin 50 μg/mL, cerulenin 10 μg/mL, brefeldin A 10 μg/mL, terbi-
nafine 1 μg/mL (all of them purchased from Sigma). Furthermore,
Minimal Inhibitory Concentration was determined by micro dilution in
96 well plates according to CLSI M27-A3 protocol (CLSI, n.d.). The
growth of the strains was analyzed after 48 h by spectrophotometry at
595 nm.

2.10. Phagocytosis assay

Macrophage J744.A1 cells were used to evaluate survival of yeasts
within mammalian cells as previously described (Cox et al., 2003). Anti-
GXM mAb18B7- opsonized C. neoformans yeast cells were co-incubated
in 96-well tissue culture plates with J774A.1 cells in 200 μL DMEM
medium supplemented with 10% fetal bovine serum (the effector-to-
target ratio was about 10:1, 106 yeast cells of C. neoformans, and 105

J774A.1 cells/200 μL). Phagocytosis rate was measured as the per-
centage of macrophages containing yeast cells, counted in three ran-
domly chosen microscopic fields. The J774A.1 cells were activated by
adding 100 U/mL interferon-gamma and 300 ng/mL of LPS one day

prior to introducing the fungal cells. The plate was incubated at 37 °C
for 2 h and the non-internalized fungal cells were removed by washing
3 × with PBS, and fresh medium was added, with the plate incubated
overnight at 37 °C in 5% CO2 atmosphere. The next day, macrophages
were lysed by washing three times in sterile water. The yeast suspen-
sion was collected and plated on YPD agar to determine the number of
C. neoformans viable cells. The agar plates were incubated at 30 °C and
CFUs (Colony Forming Units) were counted after about 48 h. Data were
analyzed using 2 -way ANOVA in GraphPad Prism 5. P value < 0.05
was considered significant. The experiments were performed in tripli-
cate.

2.11. In vivo virulence assays

The virulence tests were performed with the in vivo wax moth model
Galleria mellonella (Peleg et al., 2009). Yeast cells were kept overnight
at 30 °C in YPD liquid medium and were re-suspended at 5 × 106 cells/
mL in PBS. Groups of 16 final stage larvae were weighed and inoculated
with 10 μL of H99, erg6Δ and erg6Δ + ERG6 yeast suspensions using a
Hamilton syringe into the last hind paw. PBS was injected as control.
After injection, caterpillars were incubated in Petri dishes at 30 and
37 °C, and the number of dead caterpillars was scored daily based on
the spontaneous or provoked motion. Survival curves were analyzed
using log-rank and Wilcoxon tests using Graphpad 8.0.

2.12. Sterol analysis

The total lipids extraction was performed according to a protocol
described previously (Folch et al., 1957). Briefly, yeast cells grown in
YPD liquid medium at 30 °C for 48 h were washed three times with PBS,
frozen at −80 °C and lyophilized for 10 h. For each sample were added
glass beads (425–600 μm – Sigma) and a mixture of chloroform/me-
thanol (2:1). The mixture was stirred, and the solvent was washed with
0.2 volumes of 0.9% NaCl solution. The sample was centrifuged at 500g
and the lower phase was collected. The solvent evaporation was per-
formed in a speed vacuum and the lipids were stored at −80 °C under
protection of light. The lipids quantification was performed on a Shi-
madzu Liquid Chromatograph ® with an autosampler SIL-20SA with a
loop of 100 μL, degasser system DGU-20A, quaternary pump system LC-
20AT, oven CTO-20SAC, detector SPD-M20A, communicator module
CBM-20A and LC solution software ® (Kyoto, Japan). The elution was
performed in an isocratic way with HPLC grade methanol (Tedia) at a
flow rate of 1.0 mL/min. The column was a C18 RP-ACE,
125 mm × 4.6 mm with 5 μm particles of average size. Two standard
solutions for comparison of peak retention times were used in this
analysis, lanosterol (10 μg/mL) and ergosterol (50 μg/mL), both from
Sigma. The volume injected was 10 μL for most analyses, except for the
tests with standard lanosterol, which were injected with 20 μL. The
detector was SPD-M20A, PDA type (photo diode array) operating in
220 nm and 281 nm, optimal wavelengths to lanosterol and ergosterol,
respectively. Peak areas were used to quantify both sterols. Calibration
curves were obtained from standard solutions, ranging 0.1 μg/mL to
100 μg/mL. Linear correlation coefficients (r2) above 0.99 were found
to both curves.

2.13. Extracellular vesicles isolation

For extracellular vesicles (EV) isolation, one colony of each strain
was inoculated at Sabouraud Dextrose Broth (SDB) for 48 h at 30 °C
under agitation at 120 rpm. Then, the cells were counted and diluted to
a density of 3.5 × 107 cells/mL and 300 μL was spread at Sabouraud
Dextrose Agar (SDA) plates, and subjected to incubation at 30 °C for
24 h. Then, the yeast cells were collected using a cell scraper and de-
posited in phosphate-buffered saline (PBS). Cell suspensions were se-
quentially centrifuged to remove yeast cells and possible debris, and the
remaining supernatants were filtered at 0.45 μm syringe filter. To
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collect EVs, the filtrate was ultra centrifuged at 100.000g for 1 h and the
pellet was resuspended at 300 μL (Reis et al., 2019). The vesicles sus-
pension also contained GXM, and to eliminate the maximum of capsular
GXM, a capture ELISA was made, using the mAb 18B7. Total sterol and
protein content were measured using colorimetric assays Amplex Red
Cholesterol assay kit and Micro BCA Protein assay kit, respectively
(both by Thermofisher Scientific) following manufacturer’s instruc-
tions. To analyze vesicles hydrodynamic diameters we used Dynamic
Light Scattering (DLS) “Zetasizer Nano ZS”. Two independent experi-
ments were performed in triplicate.

2.14. Erg6 cyto-localization experiments

To localize the Erg6 protein, the 1,032 bp fragment corresponding
to the ERG6 cDNA was amplified using the primers containing BamHI
restriction sites (LF100/LF101) and was sub-cloned into the pGEM-T
plasmid (Promega). The vector was digested with BamHI (Biolabs) and
the insert cloned into the BamHI site of the pCN50 plasmid to produce a
fusion of Erg6 with GFP (green fluorescent protein). This vector con-
tains the resistance marker G418 - neomycin phosphotransferase re-
sistance mark, controlled by actin promoter and terminator of C. neo-
formans and fluorescent marker GFP controlled by histone H3 promoter
(O’Meara et al., 2010). Finally, 5 μg of pCN50 containing ERG6 fused to
GFP was transformed by biolistic in the erg6Δ mutant of C. neoformans
and an empty pCN50 was used as control. The YPD agar plates were
incubated for 24 h at 30 °C. The cells were washed and transferred to
YPD agar containing 200 μg/mL of Hygromycin B or 200 μg/mL of
G418. The colonies that were able to grow on plates containing both
drugs were selected for analysis of fluorescence. The selected colonies
were checked for wild type phenotype: ability to grow at 37 °C and on
different concentrations of Amphotericin B to evidence the ERG6 ex-
pression was restored (Fig. S5; Fig. 8). The cells were submitted to

overnight growth in YPD liquid medium at 30 °C, under agitation, and
the cells were collected and observed in an inverted epifluorescence
microscope Zeiss Axio Observer Z1 equipped with a 63 × NA 1.4 oil
immersion objective and cooled CCD camera. Five different dyes were
used to determine the location the Erg6 fused to GFP by co-localization:
Mitotracker orange (Invitrogen), BODIPY-Ceramide (Invitrogen), ER-
Tracker (Invitrogen), FM-4-64 (Invitrogen) and Calcofluor White. Cells
were incubated overnight at 30 °C in YPD, washed and diluted for a
concentration 106 cells/mL. The treatment of yeast cells consisted of:
100 nM Mitotracker for 1 h at 30 °C; 5 μM Bodipy-Ceramide for 10 min
at 4 °C, 10 μM ER-Tracker for 20 min at 30 °C, 10 μg/mL of FM-4-64 for
30 min at 37 °C and 5 μg/mL of Calcofluor White for 1 h at 30 °C. Before
microscopic visualization, the cells were washed three times in PBS.
Images were collected with the Zeiss ZEN software. The resulting
images were processed with ImageJ and Adobe Photoshop software.
Brightness and contrast were adjusted on the DIC images; no non-linear
manipulations were made in the images.

3. Results

3.1. In silico analysis of ergosterol biosynthetic pathway in C. neoformans

Ergosterol synthesis is a result of a cascade with over 20 enzymatic
reactions, which starts with the reaction of two acetyl-CoA molecules
catalyzed by the enzyme acetoacetyl-CoA thiolase, encoded by ERG10.
The difference between the cholesterol and ergosterol pathways starts
with the conversion of zymosterol to fecosterol by Erg6 (Daum et al.,
1998). After fecosterol formation, it is converted into episterol, which
generates ergosta-5,7,24(28)-trienol, ergosta-5,7,24(28)-trienol, which
is converted to ergosta-5,7,22,24(28)-tetraenol and finally to ergos-
terol, by the enzymes sterol-C-24-methyltransferase (Erg6), sterol-C-8-
isomerase (Erg2), sterol-C-5-desaturase (Erg3), sterol-C-22-desaturase

Fig. 1. Putative ergosterol biosynthesis pathways
in C. neoformans. The most common pathway in
fungi to produce ergosterol is via zymosterol. An
alternative pathway uses eburicol. Erg6, a sterol-
24-C-methyltransferase, is a common enzyme of
both pathways to generate ergosterol. Erg1: squa-
lene monooxygenase; Erg7: lanosterol synthase,
Erg11: sterol 14-demethylase; Erg24: delta (14)
sterol reductase, Erg25 is methylsterol mono-
oxygenase, Erg26: sterol-4-alpha-carboxylate 3-de-
hydrogenase, Erg27: 3-keto-sterol reductase. The
CNAG refers to the genomic sequence of Broad
Institute Database H99 Genome Project.
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(Erg5), and sterol-C-24-reductase (Erg4), respectively (Daum et al.,
1998). Although ergosterol is a fungal sterol, the sterol pathway can
vary and generate different intermediate products among fungal species
(Weete et al., 2010). A general pathway to synthesize ergosterol
starting with the conversion of squalene to lanosterol has been de-
scribed by many authors to occur in fungi as diverse as S. cerevisiae
(Gachotte et al., 1998; Hu et al., 2017; Parks and Casey, 1995; Servouse
and Karst, 1986), Candida albicans (Sanglard et al., 2003), Aspergillus
fumigatus (Alcazar-Fuoli et al., 2008), Sporothrix schenckii, Sporothrix
brasiliensis (Borba-Santos et al., 2016) and Schizosaccharomyces pombe
(Iwaki et al., 2008), and others. For C. neoformans, Erg6 also partici-
pates in an alternative pathway that produces eburicol and, at the end,
ergosterol (Nes et al., 2009, 2008). Based on these previous studies, our
analysis of the C. neoformans genome database identified genes en-
coding possible pathway components to generate ergosterol in C. neo-
formans. The respective enzymes are depicted in Fig. 1. By KEGG ana-
lysis, we observed well-conserved pathway components among the
Basidiomycetes, in accordance with previously described observations
(Toh-e et al., 2017).

3.2. Disruption and reconstitution of ERG6

An ERG6 mutant strain (erg6Δ) was generated by homologous re-
combination in the H99 strain background. To confirm precise re-
placement of the ERG6 locus by the mutant allele, we used both PCR
and Southern blotting (Fig. S1A–D, Fig. 2). The Southern blot revealed
no ectopic integrations (Fig. 2) and the expected hybridization pattern
after DNA digestion with BglII and XhoI was visualized. To ensure that
all phenotypes observed in the erg6Δ strain were due to gene deletion,
we reintroduced the ERG6 gene into the original locus of erg6Δ mutant
to create the reconstituted strain erg6Δ + ERG6. The reconstitution of
the locus was confirmed by PCR (Fig. S1E). In additional, a quantitative
real-time PCR showed the mutant did not express ERG6 while the re-
constituted strain demonstrated restored ERG6 expression (Fig. S1F). As
demonstrated in Fig. S2 the mutant and reconstituted strains did ex-
press the expected antibiotic susceptibility pattern according to the
selective marker used.

3.3. C. neoformans main virulence traits were not significantly affected by
ERG6 deletion

The capsule is the main well-characterized virulence factor of C.
neoformans, acting to physically protect the cells by avoiding dehy-
dration and playing many important roles during the interaction with
mammalian and invertebrate hosts (Zaragoza et al., 2009). The erg6Δ
strain capsule size was similar when compared to the wild type, after
induction in minimal medium, and by direct microscopic visualization
with India ink counterstaining (Fig. 3A). Capsular polysaccharide fea-
tures were further analyzed by assessing one of its main components,
GXM. Microscopic examination of wild type, mutant and reconstituted

strains revealed similar capsular architecture and dimensions, as de-
monstrated by similar pattern of immunofluorescence after staining
with fluorescently labelled 18B7 antibody (directed against GXM)
(Fig. 3A). The amount of extracellular GXM produced by all strains was
also similar (Fig. 3C). ERG6 deletion tended to slightly increase the
negative charge of GXM, although no statistically significant alterations
between zeta potential values obtained from wild type and mutant cells
were observed (Fig. 3D). Finally, ERG6 deletion did not affect GXM
dimensions, as concluded from the similar profile of size distribution of
polysaccharide fractions obtained from erg6Δ, wild type and
erg6Δ + ERG6 cells evaluated by DLS (Fig. 3E). Other virulence factors
of C. neoformans were also assessed. No difference was noted for mel-
anin production on L-DOPA agar plates (Fig. 3B upper panel). The erg6
mutant secreted phospholipases on egg yolk agar medium. However the
phospholipid degradation halo around the colonies was slightly but
reproducibly smaller in erg6Δ than wild type and erg6Δ + ERG6 strains
(Fig. 3B bottom panel) (Pz values for wild type, reconstituted and
mutant strains are 0.52, 0.47 and 0.73, respectively). Altered phos-
pholipase secretion is often attributed to impairment of protein trans-
port or problems in maintaining the integrity of the membrane and cell
wall (Siafakas et al., 2007).

3.4. Erg6 is required for high temperature growth

To assess the role of Erg6 in thermotolerance, serial dilutions of
erg6Δ, wild type and erg6Δ + ERG6 strains were plated on YPD agar
and incubated at different temperatures. The erg6Δ mutant displayed
modestly reduced growth compared to the wild type at 25 and 30 °C.
When the temperature was increased, the growth defect was more
evident, as the mutant was thermo-sensitive at 35 °C and completely
unable to grow at 37 °C (Fig. 4A). In order to analyze the thermo-sen-
sitivity defect observed in the erg6Δ mutant, the strains were cultivated
in 96-well plates in YPD and YNB, and the kinetics of growth were
spectrophotometrically evaluated for 96 h at different temperatures
(Fig. 4B). At 30 °C, all the strains had similar growth curves in YPD
reaching stationary phase without statistically significant differences.
While the wild type reached the plateau at 36 h, the erg6Δ took about
72 h (Fig. 4B). We observed a growth delay of erg6Δ strain in YNB, in
which the mutant took 36 h to reach a lower plateau, as compared to
the 24 h of the wild type. At 35 °C, the erg6Δ strain retardation in
achieving stationary phase was more evident, with an extended ex-
ponential phase from 12 to 72 h, as compared to 12–36 h for the wild
type. Finally, at 37 °C the erg6Δ strain was not able to grow, consistent
with previous results on YPD agar plates (Fig. 4A). The reconstituted
strain showed a growth profile similar to the wild type in all conditions
tested. The absence of ERG6 did not result in any morphological al-
teration in C. neoformans cells after growth on YPD agar plates at 30 °C.
However, we observed that erg6Δ cells formed clusters after overnight
growth at 30 °C in liquid YPD medium (Fig. S3 white arrow). We did
not observe any pronounced effects on cell morphology after incubating

Fig. 2. Confirmation of the ERG6 deletion and ge-
netic reconstitution by Southern Blotting. XhoI (A)
and BglII (B) restriction pattern of ERG6 locus in
the wild type and mutant. (C) Southern blotting of
the genomic DNA of the strains: wild type, erg6Δ,
and erg6Δ + ERG6 digested with restriction en-
zymes XhoI and BglII probed with a 1099 bp DIG-
labeled PCR fragment. The annealing region of the
probe is indicated as a solid line. The positions of
the XhoI and BglII restriction sites are represented
by ▴ and ▾, respectively.
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the wild type and erg6Δ mutant at 37 °C for 4 and 16 h. We found
among both the mutant and the wild type cells a small proportion of
cells with a rough, granular cellular surface and cytoplasm retraction
(Fig. S3 black arrows). Other morphological defects in cell size or shape
were not observed in erg6Δ mutant when compared to wild type strain.
Our data corroborate the previous description of erg mutants (Toh-e
et al., 2017) and emphasize the important role of Erg6 in the growth of
C. neoformans at high temperatures.

3.5. Ergosterol content is decreased in the erg6Δ mutant

To determine if erg6Δ strain has altered sterol composition in the
plasma membrane, we extracted fungal lipids by organic solvents so-
lubility and evaluated their ergosterol content by HPLC. An ergosterol

peak was detected at 281 nm after almost five minutes of retention,
while lanosterol was detected at 220 nm after nearly 5.5 min. In this
assay, erg6Δ strain did not show any detectable ergosterol, but lanos-
terol was identified as a peak at 220 nm (Fig. 5A). The amount of er-
gosterol in erg6Δ mutant was below the detection limit of the quanti-
fication method (0.1 μg/mg of total lipids), while lanosterol was
estimated at about 11.7 μg/mg of total lipids. Interestingly, the ERG6
deletion caused accumulation of an unidentified intermediate sterol
detected as a high peak at 281 nm eluted with a retention time of ap-
proximately 4.4 min (Fig. 5A). The wild type and reconstituted strains
had a similar pattern of sterols with the ergosterol peak after 5 min at
281 nm, with estimated amount of 4.21 and 7.62 μg/mg of total sterols,
respectively, while lanosterol was not detected (Fig. 5B and C). Our
data clearly demonstrated an inverse correlation between lanosterol

Fig. 3. ERG6 deletion does not drastically affect C. neoformans main virulence traits. (A) Polysaccharide capsule was induced in liquid minimum medium for 48 h at
30 °C and visualized microscopically with India ink counterstain (upper panel). The strains were stained for GXM, chitin and chitooligomers using respectively: mAb
18B7 and a secondary FITC-labeled goat anti-mouse IgG (Fc specific) antibody (green), calcofluor white (blue), Alexa Fluor 594 conjugate of WGA (pink) (bottom
panel). No difference in the capsule diameter was detected among the strains. Images were acquired in an Axioplan 2 (Zeiss, Germany) fluorescence microscope using
a Color View SX digital camera and processed with the software system analySIS. (B) The melanin was induced in L-DOPA agar plates at 30 °C (upper panel).
Phospholipase secretion was analyzed in an egg emulsion medium for 48 h in a 107 dilution at 35 °C (bottom panel). The decrease of the halo diameter in the mutant
plate indicates a defect in the secretion of the enzyme. The Pz values for wild type, reconstituted and mutant strains are 0.52, 0.47 and 0.73, respectively. (C) Secreted
GXM was quantified by ELISA. One Way Anova detected no statistical differences of samples (D) Analyses of Zeta potential of capsule fibers were similar. (E)
Hydrodynamic size distribution of GXM fibers of the mutant, wild type and reconstituted was determined by dynamic light scattering. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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and ergosterol in which the wild type and reconstituted strains had
undetectable lanosterol and increased ergosterol, whereas the mutant
had the opposite pattern of membrane sterol composition.

3.6. ERG6 deletion affects extracellular vesicles of C. neoformans

To identify if the erg6Δ strain produces extracellular vesicles, even
in the absence of ergosterol, we cultivated the three strains erg6Δ, wild
type and erg6Δ + ERG6 on agar plates and proceeded to isolate EVs as
described by (Reis et al., 2019). After removing of GXM from the ex-
tracted samples, we performed protein and sterol quantification. We
observed an increased protein content on the EVs obtained from the
mutant in relation to the wild type (P = 0.0043) and reconstituted
strains (P = 0.0054) (Fig. 6A). Furthermore, the total sterol quantifi-
cation showed that erg6Δ mutant produced significantly higher amount
than wild type (P = 0.0017) and erg6Δ + ERG6 strains (P = 0.0017)
(Fig. 6B). Those data corroborate our sterol analysis by HPLC of the
erg6Δ mutant (Fig. 5), in which we observed an increased amount of
lanosterol and an unidentified intermediate sterol detected at 281 nm.
Together, both analyses suggest the mutant compensates the absence of
ergosterol, producing other types of sterol molecules. To confirm if
erg6Δ mutant can produce EVs similarly to the wild type strain, we
evaluated the hydrodynamic diameter distribution of EVs using DLS.

According to Fig. 6C we observed a different distribution profile of
vesicular diameters among the strains. The erg6Δ mutant presented a
proportion of 79% of EVs with a diameter of 613.2 nm and 20.8% with
an average diameter of 99.06 nm, with a polydispersity index (Pdi) of
0.526, indicating a heterogeneous distribution within the EVs suspen-
sion. In contrast, the wild type strain produced EVs with a more
homogeneous suspension represented by a single peak on DLS analysis
containing about 97.2% of EVs with an average diameter of 113.5 nm
and a Pdi of 0.227, what indicates a lower dispersion of EVs in com-
parison to those produced by the mutant. The EVs of reconstituted
strain also presented a low polydispersity feature (Pdi of 0.298) and
most of the EVs (94.1%) had an average diameter of 255.8 nm. Our
approach did not allow the morphological characterization of the ve-
sicles, nor the identification of their cargo. However, these data suggest
the absence of ERG6 affects the production of EVs. These results open
new perspectives for studying the role of ergosterol in the biogenesis
and function of EVs, which are important regulatory components re-
quired for fungal communication and adaptation to the host and en-
vironment (de Toledo Martins et al., 2018; Rodrigues et al., 2008, 2007;
Vargas et al., 2015).

Fig. 4. erg6Δ has a growth defect at high temperature. (A) The erg6Δ, wild type and erg6Δ + ERG6 strains were serially diluted on YPD plates and incubated at
indicated temperatures. Growth was assessed after four days. Three independent experiments were performed in duplicate. (B) Growth curves of erg6Δ, wild type and
erg6Δ+ ERG6 strains in liquid medium (YPD and YNB) at different temperatures. Optical densities at 600 nm were used to measure the growth of the cultures, every
30 min; the negative control was the medium without cells. All the cultures started with 106 cells per well in a 96-well plate, and each strain was inoculated in
triplicate. (■) wild type, (●) erg6Δ, (▲) erg6Δ + ERG6, (▾) YPD or YNB without cells.
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3.7. erg6Δ mutant is severely affected by different stress conditions

Previous work exploring erg mutants in C. albicans reported in-
creased susceptibility to different stressors (Luna-Tapia et al., 2015)
such as osmotic and oxidative agents and compounds that alter cell wall
assembly. We tested if the C. neoformans erg6Δ mutant would display
similar stress intolerance. As expected for strains with depleted ergos-
terol, erg6Δ mutant was unable to grow in high osmolarity conditions,
such as 1.5 M of KCl and NaCl at 30 °C (Fig. 7). This phenotype of
osmolarity susceptibility was previously demonstrated (Toh-e et al.,
2017). We also observed a growth impairment of erg6Δ mutant in the
presence of 0.05% SDS as well as on the cell wall disturbing agents
Congo Red (0.5 and 1%) and caffeine (0.5 and 1 mg/mL) (Fig. 7). erg6Δ
strain did not demonstrate altered susceptibility to the chitin binding
anionic dye Calcofluor White (0.5 and 1 mg/mL) when compared to the

wild type or reconstituted strains (Fig. 7).
The oxidative stress response of the erg6Δ strain was also evaluated

after plating serial dilutions of the strains in YPD agar supplemented by
1 and 5 mM hydrogen peroxide. (Fig. 7). At the lowest concentration,
all the strains grew after three days at 30 °C, but at the highest con-
centration tested, the mutant exhibited an inability to detoxify H2O2.
This observation suggests that ergosterol plays an important role in the
plasma membrane response to H2O2.

3.8. erg6Δ strain is susceptible to several antifungal compounds

Antifungal susceptibility was assessed by serial dilutions of the
strains spotted on YPD agar containing different antifungal drugs, and
the MICs were determined according to CLSI M27-A3 microdilution
protocol. Several concentrations of the polyene AmB (0.5–8 μg/mL)
were added to YPD agar plates, the erg6Δ strain demonstrated enhanced
AmB resistance (Fig. 8B). The AmB MIC of the mutant was four-fold
higher (2 μg/mL), when compared to the wild type and reconstituted
strains (0.5 μg/mL) (Table 1), similar to previous report (Toh-e et al.,
2017). Similarly, the erg6Δ mutant demonstrated relative tolerance to
nystatin, both by agar-based assay and MIC testing (Fig. 8A, Table 1).
This effect was also observed in ascomycetes as C. albicans and S. cer-
evisiae (Gaber et al., 1989; Jensen-Pergakes et al., 1998). The increased
resistance to polyenes is expected due to the diminished content of
ergosterol in C. neoformans erg6Δmutant (Fig. 5), as this molecule is the
target of those antifungal molecules. This relationship between polyene
resistance, azole sensitivity, and sterol composition (ergosterol deple-
tion) was previously verified for others C. neoformans erg mutants (Kim
et al., 1975), and in C. albicans, C. tropicalis, C. glabrata and C. neofor-
mans clinical isolates (Kelly et al., 1994; Vandeputte et al., 2007;
Vincent et al., 2013). Usually AmB resistance is rarely found among
clinical isolates (Pfaller et al., 2005), as ergosterol depletion causes
drastic consequences for the fungal cells that affect homeostasis and
virulence.

The erg6Δ strain had an increased susceptibility to several azoles
such as itraconazole, fluconazole and ketoconazole (Fig. 8A). The MICs
for wild type were, respectively, 0.125 μg/mL, 4 μg/mL and 2 μg/mL
for ketoconazole, fluconazole and itraconazole (Table 1). However, the
erg6Δ mutant did not grow even at the lower concentration (0.03 μg/
mL) of these drugs. Increased susceptibility of the erg6Δ mutant was
also observed for terbinafine, a drug from the allylamine class that
blocks squalene 2,3-epoxidase (Erg1), an early enzyme of ergosterol
biosynthesis (Fig. 8A). The MIC for the mutant was two-fold reduced as
compared to the wild type (Table 1). Together these results strongly
suggest a synergistic effect of the inhibition of Erg6 and Erg11 two
enzymes in the same pathway, reinforcing the potential of Erg6 as a
powerful target for the development of new antifungal compounds.

The erg6Δ strain was not able to grow at 1.0 μg/mL of cerulenin, an
antibiotic that irreversibly inactivates the yeast fatty acid synthetase;
the MIC was 0.25 μg/mL for the mutant and 0.5 μg/mL for wild type
and reconstituted strain (Fig. 8A; Table 1). In C. albicans, the erg6Δ
mutant susceptibility was two-fold increase in comparison to wild type
(Jensen-Pergakes et al., 1998).

Two other drugs were used to evaluate the erg6Δ strain: brefeldin A,
an antibiotic that prevents protein-vesicle transport, and FK506, which
targets the calcineurin signaling pathway (Fig. 8A). In the agar plates
assay, the mutant was slightly sensitive to brefeldin A (32 μg/mL), and
the MIC of the erg6Δ strain decreased four-fold, when compared to the
other strains (Table 1). Interestingly, in C. albicans, the brefeldin A MIC
for the erg6Δ mutant had a 50-fold reduction in comparison to the wild
type (Jensen-Pergakes et al., 1998). The results obtained from both
pathogens indicate that the changes in ergosterol content of yeast cells
may affect other cellular processes in addition to sterol synthesis
(Table 1). Regarding FK506, the MIC of erg6Δ strain was 0.06 μg/mL
while for wild type and reconstituted strains it was 0.25 μg/mL. In
addition, mutant growth was completely abolished on agar plates

Fig. 5. HPLC analyses of total lipids extracted from erg6Δ, wild type and
erg6Δ + ERG6 strains. Lanosterol and ergosterol were the standard controls.
After five minutes of elution, the ergosterol peak was visualized at 281 nm, and
lanosterol appeared after 5.5 min at 220 nm. (A) The total lipids profile of erg6Δ
was distinct from wild type. One sterol peak is observed between four and five
minutes, not detected in the wild type and reconstituted strains. The erg6Δ
ergosterol level was below the detection limit of the quantification method
(0.1 μg/mg of total lipids), while lanosterol accumulated only in the mutant
(11.7 μg/mg of total lipids). (B) and (C) Wild type and reconstituted strains
respectively exhibited very similar lipids profile. The ergosterol content was
estimated at 4.21 and 7.62 μg/mg of total lipids, for wild type and reconstituted
strains, respectively, and lanosterol level was below the limit detected by the
instrument for both strains. The color of the lines represents blue (ergosterol
detection at 281 nm), green (lanosterol at 220 nm), red (standard: 50 μg/mL of
ergosterol at 281 nm) and orange red (standard: 10 μg/mL of lanosterol at
220 nm). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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containing 1 μg/mL of FK-506.

3.9. erg6Δ strain is avirulent in a wax moth model

Using macrophage phagocytosis assay after co-cultivation of J774
macrophages and C. neoformans, we found phagocytosis rate was
comparable among strains: 90% for H99 (227/251 macrophages con-
taining yeast), 88% for erg6 (237/270) and 82% for erg6Δ + ERG6
(306/369) (Fig. S4B). However, erg6Δ cells demonstrated a statistical
significantly reduced survival rate when compared to the wild type and
the reconstituted strains (Fig. S4). This result is quite expected for a
temperature sensitive strain due to its inability to proliferate under this
condition. For this reason, we decided to use the G. mellonella

invertebrate animal model to investigate the in vivo virulence of the
erg6Δmutant at two different temperatures of incubation, 30 and 37 °C.
After inoculation, the larvae were daily observed for mortality. At 30 °C
(Fig. 9A) and 37 °C (Fig. 9B) the erg6Δ mutant was less virulent relative
to wild type (P < 0.0001) and the reconstituted strains (P < 0.0001).
At both temperatures, we did not observe altered mortality between the
group infected with erg6Δ strain and the control inoculated with PBS
(P > 0.29). In contrast, all larvae in the groups infected with the wild
type or reconstituted strain died on the 9th (30 °C) and 5th (37 °C) day
after inoculation. The loss of virulence cannot be attributed exclusively
to the temperature sensitivity of the mutant.

Fig. 6. Erg6 affects extracellular vesicle proper-
ties. EVs were harvest from individual C. neo-
formans strains and total sterol (A) and protein
(B) content were quantified using colorimetric
assays: Amplex Red Cholesterol assay kit and
Micro BCA Protein assay kit, respectively. The
graphics are representative of at least three in-
dependent assay. One Way Anova was used to
assess statistical significance (P < 0.05 is in-
dicated). (C) Hydrodynamic diameter distribu-
tion in percentage of EVs isolated from C. neo-
formans H99, erg6Δ and reconstituted strains
using Dynamic Light Scattering (DLS). The gra-
phic is representative of two different experi-
ments.

Fig. 7. C. neoformans erg6Δ mutant is sensitive to osmotic, oxidative and cell wall stress conditions. Yeast cells were serially diluted from 107 to 103 cells/mL, plated
on YPD agar with different stress agents, and incubated at 30 °C until the colonies appeared. Osmotic stress response was assessed with 1.5 M of NaCl and KCl.
Oxidative stress tolerance was tested with 1 and 5 mM H2O2. The cell wall stressor compounds were Congo Red (0.5%), caffeine (0.5 mg/mL), calcofluor White
(1 mg/mL) and SDS (0.05%). Three independent experiments were performed in duplicate. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3.10. Erg6 localizes in ER and Golgi apparatus of C. neoformans

We fused the C. neoformans Erg6 protein to GFP to access its cellular
localization by fluorescence microscopy. Prior to the experiment, we
confirmed that ERG6-GFP fusion partially restored the functionality of
Erg6 as can be evidenced by the phenotypic rescue of erg6Δ + ERG6-
GFP strain. This strain grew on liquid and solid YPD at 37 °C similarly to
the wild type and reconstituted strains (Fig. S5). We also plated the
strains on different concentrations of AmB, and the erg6Δ + ERG6-GFP
rescued the susceptible phenotype of the wild type strain (Fig. 8B). We
observed different patterns of GFP fluorescence, with discrete cyto-
plasmic structures (arrows in Fig. 10 and Fig. S6) or a more diffuse
perinuclear distribution (arrowheads in Fig. S6). Using organelle
fluorescent markers ER-tracker and BODIPY-ceramide, we found colo-
calization with the endoplasmic reticulum (ER) and Golgi complex
(Fig. 10). Mitotracker, Calcofluor White and FM 4-64, which bind, re-
spectively, the mitochondria, cell wall and vacuolar membranes, did
not co-localize with Erg6-GFP (Fig. S5). This pattern of localization is
consistent with the fact that sterols are typically synthesized in the ER
(Daum et al., 1998), and after maturation the molecules are transported
in a non-vesicular manner to the plasma membrane (Baumann et al.,
2005; Jacquier and Schneiter, 2012; Lv et al., 2016).

Fig. 8. Growth responses of the erg6Δ, wild type and erg6Δ + ERG6 strains in the presence of 0.9% NaCl, serially diluted to 107 cells/mL, and 5 μL were plated on
YPD agar supplemented with different drugs. The cells were incubated at 30 °C for seven days. (A) The concentrations tested were nystatin 50 μg/mL, fluconazole
10 μg/mL, itraconazole 0.012 μg/mL, ketoconazole 1 μg/mL, FK506 1 μg/mL, cerulenin 1 μg/mL, terbinafine 0.5 μg/mL and brefeldin A 5 μg/mL. (B) AmB
susceptibility was evaluated using drug concentrations ranging from 0.5 to 8 μg/mL. The strains erg6Δ + ERG6-GFP and erg6Δ + GFP were also included on the test.

Table 1
MIC of the strains for several antifungal agents.

MIC (μg/mL)

erg6Δ WT erg6Δ + ERG6

Amphothericin B 2 0.5 0.5
Nystatin 16 2 2
Fluconazole < 0.03 4 4
Itraconazole < 0.03 2 2
Ketoconazole < 0.03 0.125 0.125
Terbinafine 0.25 0.5 0.5
Cerulenin 0.25 0.5 0.5
Brefeldin A 8 >32 >32
FK-506 0.03 0.25 0.25

Fig. 9. The deletion of ERG6 results in reduced virulence in G. mellonella. G.
mellonella virulence assays were performed with an initial inoculum of 5 × 106

cells/caterpillar. n = 16 caterpillars for each strain. The infected caterpillars
were observed every day until the last one died. The mutant strain was less
virulent in this model at both temperatures tested, 30 °C (A) and 37 °C (B).
Survival curves were analyzed using log-rank and Wilcoxon tests using
Graphpad 8.0. Statistical significant differences and P values < 0.0001 were
observed on the comparison of the groups WT× erg6Δ, erg6Δ× erg6Δ+ ERG6
for both temperatures analyzed.
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4. Discussion

Plasma membranes are formed by a combination of different lipids,
sterol and proteins, that can combine in domains establishing its phy-
sical and chemical properties (Ermakova and Zuev, 2017). The presence
of ergosterol in the membrane influences the structural organization
that maintains its dynamic function as the cellular homeostasis (Alvarez
et al., 2007).

Mutants defective in enzymes related to sterol biosynthesis have
been used to study the ergosterol pathway and understanding the
function of this unique molecule in fungal biology (Karst and Lacroute,
1974, 1973; Kim et al., 1975; Servouse and Karst, 1986). More recently,
the appearance of azole-resistant strains supported the quest for more
detailed information about how the ergosterol biosynthetic pathway is
orchestrated and how ergosterol plays a structural and signaling role in
different human fungal pathogens. Many ergosterol mutants have de-
fective growth, such as erg26 in S. cerevisiae (Gachotte et al., 1998),
erg24 in C. albicans (Jia et al., 2002), erg6 in C. lusitaniae (Young et al.,
2003), and others.

In this work, we evaluated the erg6Δ strain growth phenotype, the
drug susceptibility profile and ergosterol content, as well as the mu-
tant’s ability to cause infection. ERG6 is not an essential gene in C.
neoformans, nor in the ascomycetes S. cerevisiae, K. lactis or Candida
species (Gaber et al., 1989; Jensen-Pergakes et al., 1998; Konecna et al.,
2016; Toh-e et al., 2017; Young et al., 2003); however, we show that
the C. neoformans mutant has severe growth defects under high tem-
perature and osmotic and oxidative stress conditions, and it has atte-
nuated virulence in an invertebrate model of infection. In addition, by
HPLC we detected unbalanced sterol content with reduced content of
ergosterol and increased lanosterol, with an antifungal susceptibility
pattern different from the wild type strain resulting in resistance to
polyenes and hypersensitivity to azoles.

Nes et al. 2009 described the sterol profile in C. neoformans and
identified that 39% of total sterols were ergosterol, while only 3% were
lanosterol. Those authors, using CG-MS sterol analysis, also showed
accumulation of intermediate sterols (lanosterol, eburicol and 32-nor-
eburicol) when C. neoformans yeast cells were treated with Erg6 in-
hibitors. Our data are in accordance with previous work (Vandeputte
et al., 2007; Young et al., 2003) that reported a decreased ergosterol
content and an altered sterol membrane composition in erg6 mutants of
C. glabrata and C. lusitaniae, respectively. ERG6 deletion resulted in
ergosterol depletion in membrane composition, thus contributing to the
growth defect observed in the mutant.

Among the features shared by many erg mutants, the incapacity to
grow under high osmolality conditions is of great importance. In ac-
cordance with Toh-e and colleagues (Toh-e et al., 2017), we also ob-
served C. neoformans erg6Δ mutant was unable to grow in high

concentration of NaCl, KCl and sorbitol. Many reports highlight the role
of ergosterol on membranes properties, such as fluidity, permeability,
microdomain formation, protein transport and functionality (Ermakova
and Zuev, 2017; Hu et al., 2017; Iwaki et al., 2008; Zhang and Rao,
2010). The nature of the membrane sterol content is crucial for the cell
to respond to environmental stress. Dupont et al. (Dupont et al., 2011)
studied the relationship of membrane sterols and resistance of S. cere-
visiae to osmotic stressors, and they observed erg6 mutants accumulate
ergosterol precursors and are more susceptible to osmotic variations
compared to wild type. Ergosterol molecules promote an increased
mechanical resistance of the plasma membrane, like deformative ca-
pacity and resistance to stretching, important for cellular adaptation to
hydric changes in the environment, in comparison to their precursors’
roles in response to osmotic and oxidative stress. In fact, the distinctive
sterol profile that we observed in the erg6Δ strain (accumulation of
lanosterol and other sterols not identified in our chromatograms) may
be the reason for impaired growth under osmotic conditions reported
here. Using 24-SMT inhibitors, Nes and others (Nes et al., 2009) also
detected lanosterol accumulation in C. neoformans yeast cells. The al-
teration in membrane sterols with accumulation of intermediate sterols
was also detected after treatment of Paracoccicioides brasiliensis (Visbal
et al., 2011), S. schenckii and S. brasiliensis (Borba-Santos et al., 2016)
with Erg6 inhibitors.

To date, there are no reports that demonstrate the role of ergosterol
in biogenesis and activity of EVs. Previous studies have detected er-
gosterol among the main lipid components of the C. albicans and C.
neoformans EVs (Rodrigues et al., 2007; Vargas et al., 2015). Our data,
demonstrate that the absence of ERG6 generates vesicles with a higher
polydispersity index and increased levels of proteins and sterols. Ex-
tracellular vesicles have been drawing attention over the last years and
recent works point to an active role of these structures as carriers of
several molecules that modulate the interaction of fungi with the en-
vironment (Albuquerque et al., 2008; Bielska and May 2019; Bitencourt
et al., 2018; Ikeda et al., 2018; Rodrigues et al., 2008, 2007; Vallejo
et al., 2012; Vargas et al., 2015; Zamith-Miranda et al., 2018). Immune
modulation has been described after cells or animals are exposed to
fungal EVs (Albuquerque et al., 2018; Baltazar et al., 2018; Bitencourt
et al., 2018; Gehrmann et al., 2011; Oliveira et al., 2010; Vargas et al.,
2015). In addition C. neoformans EVs can contribute to pathogenesis
once they accumulate in sites of brain infection, promoting adhesion
and transcytosis of yeasts in microvascular endothelial cells (Huang
et al., 2012). Our results show that the absence of ergosterol in C.
neoformans does not affect its capacity to produce EVs, indicating that
the mutant strain likely uses other types of sterols to generate these
structures. Microorganisms can modulate characteristics and composi-
tion of EVs depending on environmental circumstances (Brown et al.,
2015), however the biological impact of the altered ergosterol content

Fig. 10. Erg6-GFP fusion localizes intracellularly in
Golgi apparatus and Endoplasmic Reticulum.
Strains were grown in YPD medium overnight,
washed in saline, and 106 cells were re-suspended
in the dyes, according to description in the material
and methods section. The cells were observed using
an inverted microscope Zeiss Axio Observer Z1 by
differential interference contrast. Lens Plan-
Apochromat 63×/1.40 Oil DIC M27. (A) Cells
stained with Bodipy-Ceramide (5 μM, for 10 min at
4 °C) to assess co-localization with the Golgi com-
plex. (B) Endoplasmic reticulum co-localization
was assessed after incubation of the cells with ER-
Tracker 10 μM for 20 min at 30 °C.
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of EVs in C. neoformans erg6Δ mutant is still a question to be answered.
We also observed increased sensitivity of C. neoformans erg6Δ mu-

tant to high concentration of H2O2. Branco et al. (Branco et al., 2004)
attributed this phenotype of yeast erg6Δ to enhanced membrane per-
meability, caused by absence of a H2O2 catalase- driven gradient in
membranes in addition to altered fluidity (Branco et al., 2004; Folmer
et al., 2008). Also, the high susceptibility of the C. neoformans erg6Δ
strain to the cell wall stressors Congo Red and SDS possibly indicates
that cell wall structure might be weakened or not properly anchored in
the plasma membrane, favoring the entrance of exogenous compounds
like the anionic detergent SDS. C. glabrata erg6 mutants displayed a
similar phenotype (Vandeputte et al., 2007). The stress-related growth
defects of erg6 mutants may also be a consequence of disturbances in
surface of the cell caused possibly by altered protein trafficking or
mislocation of cell wall-related enzymes. ERG6 was identified as ne-
cessary for the trans-Golgi network transport of proteins (Proszynski
et al., 2005). Membrane ergosterol is required for targeting to the cell
surface several biologically important proteins involved in cations and
pH homeostasis, nutrient, pheromones and virulence factors transport,
drug efflux and stress response (Daum et al., 1998; Espenshade and
Hughes, 2007; Kodedová and Sychrová, 2015; Umebayashi and
Nakano, 2003).

Our data clearly demonstrated that the C. neoformans erg6Δ strain
has major growth impairments at 37 °C and altered growth rates at 30
and 35 °C. As the ability to grow at high temperature is an intrinsic
characteristic of a human pathogen, we hypothesized that erg6Δmutant
would demonstrate virulence defects. After macrophage phagocytosis,
erg6Δ strain had reduced survival. Also, the mutant was avirulent at
37 °C and hypovirulent at 30 °C in the Galleria virulence model. These
data suggest a pathogenicity defect caused not only by the incapacity to
adapt to high temperature, but also to a more complex mechanism in
which ergosterol is required for the host-pathogen interaction.
Recently, Koselny et al. (Koselny et al., 2018) provided evidence that
ergosterol is recognized by immune cells, and highlighted this is not
only a structural molecule, but it has an active role in the host-pathogen
interaction. They demonstrated a close relationship between the
amount of ergosterol and the capacity of yeast cells to induce macro-
phage lysis by pyroptosis. Kim et al. (Kim et al., 1975) isolated six C.
neoformans UV-irradiated mutants resistant to polyenes with attenua-
tion of virulence in mice and growth reduction dependent on tem-
perature. Jia et al., (Jia et al., 2002) also reported a slow growth under
several conditions and reduced mortality of mice infected with erg24
mutants of C. albicans.

In this work, we observed the antifungal susceptibility profile for
erg6Δ mutant was significantly altered from the wild type strain. We
tested several commercially available antifungal drugs and metabolic
inhibitors, and we found erg6Δ mutant is extremely susceptible to
azoles and allylamines, whereas it demonstrated relative resistance to
polyenes. The synergism between ERG6 deletion and inhibition of
Erg11 by azoles has a wide applicability for future development of new
molecules that are able to target Erg6. The use of drugs affecting two
enzymes of the same ergosterol cascade points to a possible reduction in
dosages and consequently fewer side effects for the patients. In addi-
tion, a well-known advantage of combination therapy is that the
emergence of resistance to two concomitant antimicrobials would be
impaired. Because of the effect on the cellular membrane, the combi-
nation of Erg6 inhibitors and other drugs with different mechanism of
action could be a clinical strategy to favor the enhanced uptake of
drugs. Other compounds such as FK-506, cerulenin and brefeldin A, also
had a strong inhibitory effect on erg6Δ. Previous studies confirm that
the calcineurin pathway plays a role in the membrane stress survival
pathway of fungi and the synergism of FK-506 and members of the
azole class exhibited strong activity against susceptible and resistant
strains of C. albicans (Chen et al., 2013; Cruz and Goldstein, 2002;
Onyewu et al., 2003).

The multiple alterations in antifungal drug susceptibility in erg6Δ

mutant point to a greater need for understanding the role of ergosterol
in the development of resistance to the azoles and polyenes, the most
commonly used agents in clinical treatments against fungal infections.
Antimicrobial resistance is a complex trait generated by a combination
of several mechanisms. The evolved mechanisms include alteration of
ergosterol biosynthesis components by genetic mutations (for example
ERG11, ERG2, ERG3), regulation of transcriptional factors related to
sterol response UPC2 in C. albicans (Flowers et al., 2012; Silver et al.,
2004) and SRE1 in C. neoformans (Chang et al., 2009); expression of
efflux pump transporters (Vincent et al., 2013; White, 1997), activation
of stress responsive signal transduction pathways (HOG1) (Ko et al.,
2009), PKC (Lafayette et al., 2010), Calcineurin and HSP90 (Cowen and
Lindquist, 2005; Cowen and Steinbach, 2008; Cruz and Goldstein,
2002); and others (Robbins et al., 2017; Xie et al., 2014). The resistance
to AmB and increased susceptibility to azoles caused by ergosterol de-
pletion observed in erg6 mutants may be one of many mechanisms the
fungal cells have evolved to respond to drugs. Clinical isolates of C.
glabrata resistant to AmB had reduction of ergosterol content caused by
missense mutations in the ERG6 gene (Vandeputte et al., 2007), while
C. neoformans with defective sterol delta 8–7 isomerase shares the same
phenotype (Kelly et al., 1994). One C. albicans strain resistant to both
AmB and azoles was demonstrated to have an altered membrane lipid
composition with reduction of ergosterol and accumulation of a me-
thylated sterol as a common basis for the double resistance (Hitchcock
et al., 1987). In contrast, some C. neoformans clinical isolates resistant
to AmB did not demonstrate a reduction of ergosterol levels (Joseph-
Horne et al., 1996). Thus, given the complexity of this topic, future
studies focusing on the modulation of ergosterol and its real impact in
the resistance emergence scenario may clarify the mechanisms adopted
by fungal pathogens to counteract polyenes and azoles effect. This
knowledge will lead to new approaches to deal with the appearance of
resistant clinical isolates, assisting in monitoring the susceptibility
profiles to antifungal drugs and improve the efficacy of the most
common drugs used in clinical treatment of those infections.

The detailed knowledge about ergosterol biosynthetic pathways and
their regulation will encourage the identification of new molecular
targets for the development of antifungal drugs and/or may be useful to
modulate the immune response against the pathogens. The deletion of
ERG6 in C. neoformans demonstrated that absence of the enzyme affects
many cellular processes, including pathogenicity, indicating that an
inhibitor of this protein has great potential to treat cryptococcosis and
other fungal diseases. The data generated by this work reinforces the
multiple roles of ergosterol as an active and dynamic molecule on the
surface of several fungal species, from ascomycetes to basidiomycetes.
Our findings also contribute to the response to the last decade’s global
demand for the identification of new molecular targets with potential
for treating fungal diseases that affect humans.
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