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Malassezia spp. are lipid-dependent yeasts that have been related to skin myco-
biota and dermatological and systemic diseases. Study of lipid droplets (LDs)
is relevant to elucidate the unknown role of these organelles in Malassezia and
to gain a broader overview of lipid metabolism in Malassezia. Here, we stan-
dardized two protocols for the analysis of LDs in M. pachydermatis and M. glo-
bosa. The first describes co-staining for confocal laser-scanning fluorescence
microscopy, and the second details extraction and purification of LDs. The dou-
ble stain is achieved with three different neutral lipid fluorophores, namely Nile
Red, BODIPY™ 493/503, and HCS LipidTOX™ Deep Red Neutral, in combi-
nation with Calcofluor White. For LD extraction, cell wall rupture is conducted
using Trichoderma harzianum enzymes and cycles of vortexing with zirconium
beads. LD purification is performed in a three-step ultracentrifugation process.
These standardizations will contribute to the study of the dynamics, morphol-
ogy, and composition of LDs in Malassezia. © 2021 Wiley Periodicals LLC.

Basic Protocol 1: Lipid droplet fluorescence staining
Basic Protocol 2: Lipid droplet extraction and purification
Support Protocol: Malassezia spp. culture conditions
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INTRODUCTION

Malassezia spp. are lipophilic and lipid-dependent yeasts associated with skin mycobiota
of human and animals (Cabafies, 2014; Chang et al., 1998; Czyzewska et al., 2016). This
genus includes 18 species (Lorch et al., 2018) associated with skin disorders (Cabafies,
2014; Grice & Dawson Jr., 2017; Hay & Midgley, 2010), fungemia in neonates and im-
munocompromised patients (Cabaiies, 2014; Guého-Kellermann, Boekhout, & Begerow,
2010; Hay & Midgley, 2010), and more recently Crohn’s disease, exacerbation of colitis,
Parkinson disease, and pancreatic ductal adenocarcinoma (Aykut et al., 2019; Laurence,
Benito-Ledn, & Calon, 2019; Limon et al., 2019).

Knowledge of lipid metabolism in these yeast species is scarce, and many processes of
its pathophysiology are yet to be understood (Mayser & Gaitanis, 2010). Malassezia spp.
cannot synthesize lipids (fatty acids, or FAs) due to a lack of genes encoding the cytosolic
fatty acid synthase complex (FAS). Thus, the sebum, a lipid-rich substance produced by
the sebaceous glands of humans and animals, is an essential source of nutrients (Grice &
Dawson Jr., 2017; Ro & Dawson, 2005) for these yeasts. Malassezia spp. possess a high
number of genes encoding secreted enzymes such as lipases and phospholipases, which
can degrade the sebum. In turn, these enzymes can also cause damage to the host (Mayser
& Gaitanis, 2010). Degraded lipids outside the cell enter the yeast cell and participate in
different intracellular metabolic processes, such as elongation, f-oxidation, or storage
(Celis Ramirez et al., 2020; Klug & Daum, 2014; Mayser & Gaitanis, 2010).

Lipid storage is carried out by lipid droplets (LDs). These organelles contain a core of
neutral lipids, such as triglycerides and sterol esters, which is surrounded by a phos-
pholipid monolayer and proteins (Walther & Farese, 2012). LDs have been reported in
most biological models from bacteria to mammals, including humans cells (Zhang & Liu,
2017). LDs have been shown to fulfill biological functions such as participating in mem-
brane organization and dynamics, energy homeostasis, energy storage, lipid metabolism,
and signal transduction (Olzmann & Carvalho, 2019) and helping cells to buffer fluctua-
tions in energy availability (Sui et al., 2018). Organisms control the number and size of
these organelles depending on internal or external signals such as the concentration of
lipids (Yang, Galea, Sytnyk, & Crossley, 2012).

Studies on these organelles have been conducted in different fields (Onal, Kutlu,
Gozuacik, & Dokmeci Emre, 2017; Walther & Farese, 2012). In medicine, LDs have
attracted special interest due to their association with several pathologies, and in biotech-
nology, LDs in yeasts such as Pichia pastoris and Saccharomyces cerevisiae and some
grains like oatmeal are used for biofuel production (Aguilar et al., 2017; Walther &
Farese, 2012).

LDs have become a subject of study in Malassezia to gain information about lipid
metabolism in this genus. Lipidomic analysis of these organelles in M. furfur revealed the
presence of phospholipids and triglycerides (Celis et al., 2018). Lipid storage is possi-
bly involved in the pathogenic behavior of this yeast (Henne, Reese, & Goodman, 2018;
Onal et al., 2017; Radulovic et al., 2013). LDs are promoters of pathogenicity such as
that occurring in Mycobacterium tuberculosis (Armstrong, Carter, Atkinson, Terhune, &
Zahrt, 2018) or are promotors of survival under different types of stress, as observed in
Rhodococcus jostii (Zhang & Liu, 2017). They are also involved in the assembly of vi-
ral particles during hepatic steatosis development in hepatitis C (Ferguson et al., 2017;
Herker & Ott, 2012; Miyanari et al., 2007).

Here, we standardized two protocols for the analysis of M. pachydermatis CBS1879 and
M. globosa CBS7966 LDs to evaluate their structure and composition. Basic Protocol 1
describes co-staining with different fluorophores for confocal laser-scanning microscopy,
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allowing the identification of LD morphology. Basic Protocol 2 describes the extraction
and purification of LDs, allowing analysis of the composition. In addition, we describe
the methodology that is used to culture the two strains (Support Protocol).

CAUTION: M. pachydermatis CBS1879 and M. globosa CBS7966 are Biosafety Level
2 (BSL-2) pathogens. Follow all appropriate guidelines and regulations for the use and
handling of pathogenic microorganisms.

LIPID DROPLET FLUORESCENCE STAINING

Confocal laser-scanning microscopy is a valuable tool to assess LD morphology (Ding
etal., 2013). Here, we present a standardized methodology for LD morphology identifica-
tion in Malassezia spp. based on a double-stain fluorescence microscopy with Calcofluor
White combined with three different neutral lipid fluorophores: Nile Red, BODIPY ™
493/503, and HCS LipidTOX™ Deep Red Neutral; to our knowledge, this is the first
double-staining protocol for LDs in this genus. Fluorescence staining methods used in
other yeasts, such as S. cerevisiae and Rhodotorula minuta, for LD observation use com-
parable concentrations of fluorophores and fixation agents as the ones used here (Adeyo
et al., 2011; Patel, Pruthi, & Pruthi, 2019; Wolinski & Kohlwein, 2008; Zhu et al., 2015).
However, to adapt the staining procedure to this genus, the following changes were intro-
duced in this protocol: (i) neutral lipid fluorophore incubation times are higher than the
ones used in other yeasts (Adeyo et al., 2011; Patel et al., 2019; Wolinski & Kohlwein,
2008; Zhu et al., 2015), and (ii) the incubation temperature was adjusted to 30°C, which
prevents changes observed in environmental temperature, allowing method reproducibil-

ity.
Materials

M. pachydermatis CBS1879 or M. globosa CBS7966 grown to early stationary
phase (see Support Protocol)

Sterile phosphate-buffered saline (PBS), pH 7.4

4% (wlv) paraformaldehyde (in water)

1 mg ml~! Nile Red (e.g., Sigma-Aldrich, cat. no. 72485) in methanol

0.1 mg ml~' BODIPY™ 493/503 (e.g., Invitrogen, cat. no. D3922) in methanol

100x HCS LipidTOX™ Deep Red Neutral (e.g., Invitrogen, cat. no. H34477) in
dimethyl sulfoxide (DMSO)

0.01% (v/v) Calcofluor White (e.g., Sigma-Aldrich, cat. no. 18909; in water)

10% (w/v) KOH (in water)

1.5-ml microcentrifuge tubes

Microcentrifuge

Aluminum foil

Vortex

30°C shaking incubator

Glass microscope slides

Coverslips

Clear nail polish

Confocal laser-scanning microscope (e.g., Olympus FV1000) with 60x/1.42 NA
oil-immersion objective

Microscope software (e.g., Olympus FluoView, version 4.1)

Imagel, version 2.0.0-rc-69/1.52p (www.fiji.sc)

Cell neutral lipid staining
1. Collect three aliquots of 1 ml M. pachydermatis CBS1879 or M. globosa CBS7966
grown to early stationary phase (see Support Protocol) in individual 1.5-ml

microcentrifuge tubes.
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Wash each aliquot three times with 1 ml sterile PBS, pH 7.4. For each washing step,
centrifuge tubes for 5 min at 5000 x g. After the last wash step, centrifuge tubes for
5 min at 5000 x g and reserve pellet.

Resuspend pellet at room temperature in 100 ul of 4% paraformaldehyde to fix the
cells. Immediately add 2 pl of each of the following fluorochromes to different tubes:
1 mg ml~! Nile Red in methanol, 0.1 mg ml1~! BODIPY ™ 493/503 in methanol, or
100x HCS LipidTOX™ Deep Red Neutral in DMSO. Cover tubes with aluminum
foil and vortex for 15 s.

Each fluorochrome is added to a single microcentrifuge tube.

From this point, make sure to keep the 1.5-ml microcentrifuge tubes in darkness.
Incubate cells in the dark for 2 hr in a 30°C shaking incubator at 52 rpm.
Wash cells by adding 1 ml sterile PBS, pH 7.4, and centrifuging 3 min at 1248 x g.
Thoroughly resuspend cells in 100 l of 4% paratormaldehyde.

Cells can be stored <I day at 4°C after the staining procedure and before visualization.

Cell wall staining and microscopy visualization

7.

10.

11.

12.

13.

Place 2 1 of the previously neutral lipid—stained cells on a clean glass microscope
slide.

Make at least three slides per stained tube. To avoid cell agglomeration on the slides,
vortex the cells before staining.

Place 2 1 of 0.01% Calcofluor White and 2 1 of 10% KOH on top of cells on the
slides and let slides dry for 1 to 2 min.

Letting the slides dry before putting the coverslip on (step 9) helps to avoid cell movement
during visualization.

Put a coverslip on top of sample and seal borders with clear nail polish.

Clear nail polish prevents movement of the coverslip during confocal imaging (steps 10
to 12).

Slides can be stored <2 days at 4°C before visualization.

Visualize cells with a confocal laser-scanning microscope using the following set-
tings:

. For Calcofluor White, the DAPI settings.

. For Nile Red, the Alexa 488 settings.

. For BODIPY™ 493/503, use the FITC settings.

. For HCS LipidTOX™ Deep Red Neutral, the Alexa 633 settings.

Calcofluor White is used to stain the fungal cell wall, and Nile Red, BODIPY™ 493/503,
and HCS LipidTOX™ Deep Red Neutral are utilized for LD visualization.

a0 o

Use a 60x/1.42 NA oil-immersion objective and a digital zoom of 4 x to take images
under Calcofluor White and neutral lipid fluorophore settings.

Obtain Z-stacks at 1024 x 1024 pixels (55 x 55 um), imaging every 0.5 pm.

The number of stack images should be between 15 and 30 images. Make sure the stack
images cover the whole cell. We recommend obtaining at minimum three Z-stacks at dif-
ferent locations on each slide.

Analyze raw data, obtained as .oib files, using the microscope software.

Current Protocols



Calcofluor White

BODIPY 493/503 Calcofluor White

LipidTOX Calcofluor White

Figure 1 Co-staining of LDs and M. pachydermatis CBS1879 (after 30 hr of incubation, early
stationary phase) with the following fluorophores: (A) Nile Red (red) and Calcofluor White (green),
(B) BODIPY™ 493/503 (red) and Calcofluor White (green), and (C) HCS LipidTOX™ Deep Red
Neutral (red) and Calcofluor White (green). Scale bar 2 um. Representative maximum-intensity
projections are shown for M. pachydermatis cells and LDs.

14. Using ImagelJ, overlay Calcofluor White and neutral lipid fluorophore .oib files to
generate top views of each of the stacks and observe the contrast between the cell
wall and the LDs.

This can be achieved using the project stacks function in ImageJ software (Fig. 1 and 2).
In the figures, for each image, Z-stacks were used to create maximum-intensity projections
with the function “Z project” in ImageJ. All neutral lipid staining images were combined
with each corresponding cell wall staining image with the function “merge channel.” To
add a scale bar; use the following workflow: Analyze > Tools > Scale bar.

For suggestions to resolve common problems with this protocol, see Table 1.

LIPID DROPLET EXTRACTION AND PURIFICATION

Removal of the cell wall and subsequent lysis of the spheroplast without damaging LDs
is one of the most critical steps to obtain these organelles (Radulovic et al., 2013). Sev-
eral methodologies, such as enzymatic, chemical, and mechanical procedures, have been
used to perform the rupture in other biological models, but in most cases, cell breakage
is accomplished with only one of the aforementioned protocols (see Current Protocols
article; Brasaemle & Wolins, 2016; Ding et al., 2013; Mannik, Meyers, & Dalhaimer,
2014). For example, for Ustilago maydis, an enzymatic reaction of 45 min was sufficient
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Figure 2 Co-staining of LDs and M. globosa CBS7966 (after 72 hr of incubation, early station-
ary phase) with the following fluorophores: (A) Nile Red (red) and Calcofluor White (green), (B)
BODIPY™ 493/503 (red) and Calcofluor White (green), and (C) HCS LipidTOX™ Deep Red Neu-
tral (red) and Calcofluor White (green). Scale bar 2 um. Representative maximume-intensity projec-
tions are shown for M. globosa cells and LDs.

Table1 Suggestions for Overcoming Possible Problems with Lipid Droplet Fluorescence Staining

Possible problem Suggestion for overcoming problem

Agglomeration of cells on the slide Increase the duration of vortexing of the cells
before adding them to the slide.

Cells moving on the slide Increase the drying time of the slide before
sealing the coverslip.

Neutral lipid fluorophores Decrease the laser intensity. Increase the stack

photobleaching in confocal imaging distance to increase the imaging speed. Avoid

exposure of the slides to light.

to generate cell wall rupture (Aguilar et al., 2017). To achieve cell wall rupture in our
work, we combine the use of four different techniques, which include (i) enzymatic re-
action for 18 hr, a longer time than used in other protocols (Aguilar et al., 2017; Mannik
et al., 2014), and cycles of mechanical rupture by (ii) addition of zirconium beads, (iii)
vortexing, and (iv) Dounce homogenization. To further improve the rupture, we perform
the homogenization during the growth phase of the yeast cells, taking into consideration
the structure of the Malassezia cell wall (Guého-Kellermann et al., 2010; Mittag, 1995),
which is reported to thicken in later stationary phases (Pomraning et al., 2015).
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Additional Materials (also see Basic Protocol 1)

Lytic enzymes from Trichoderma harzianum (e.g., Sigma-Aldrich, cat. no. L1412)
600 mM (NH4),SOy (e.g., Sigma-Aldrich, cat. no. A4915)

Wash buffer (see recipe)

Buffers A, B, and C (see recipe)

0.5-mm zirconium beads

mDixon agar plates (see recipe)

50-ml centrifuge tubes

47°C shaking incubator

Standard tabletop centrifuge

Dounce homogenizer with loose-fitting glass pestle

24-ml polycarbonate ultracentrifuge bottles (Thermo Fisher Scientific)

Sorvall™ WX ultracentrifuge (Thermo Fisher Scientific) with Fiberlite™ F37L-8
x 39 Fixed-Angle Rotor (Thermo Fisher Scientific), 4°C

33°C incubator

Conversion to spheroplasts

L.

Begin enzymatic digestion of cell wall in a 50-ml centrifuge tube by combining a
preparation of lytic enzymes from 7. harzianum at a concentration of 16 mg g~!
wet weight in 600 mM (NH4),SO4 (Mannik et al., 2014) with M. pachydermatis
CBS1879 or M. globosa CBS7966 grown to early stationary phase (see Support
Protocol).

For the digestion, use ~4.16 mg enzymes in 5 ml buffer for each 13 ml medium (mDixon
medium) containing yeast (M. pachydermatis or M. globosa).

Incubate digestion in a 47°C shaking incubator at 52 rpm for 18 hr.

After the incubation, wash cells twice with 10 ml wash buffer and recover by cen-
trifuging 5 min at 3000 x g.

Resuspend at a ratio of 1 ml g—!

wet weight in Buffer A.
The resuspension is in ~10 ml Buffer A.

Add 0.92 g of 0.5-mm zirconium beads for mechanical disruption and perform cy-
cles of vortexing for 1 min and then incubating for 30 s on ice.

For M. pachydermatis, 30 cycles are necessary, and for M. globosa, 50 cycles.

Stroke sample 120 times with a Dounce homogenizer with a loose-fitting glass pestle
(Ding et al., 2013; Mannik et al., 2014).

Dilute homogenate with 0.5 volumes of Buffer A and centrifuge 10 min at 6000 x
g. Store supernatant at 4°C in a new 50-ml centrifuge tube.

Resuspend pellet in 0.5 volumes of Buffer A with 120 strokes with the Dounce
homogenizer and centrifuge 10 min at 6000 x g (Ding et al., 2013; Mannik et al.,
2014).

Add the same volume of Buffer A as was used in step 7. Keep an aliquot of >2 ml at 4°C
for further evaluation of the process (step 18).

Lipid droplet extraction

0.

Combine supernatants from steps 7 and 8 in one or two 24-ml polycarbonate ultra-
centrifuge bottles (depending on the supernatant volume) to one-third of the capacity
and add Buffer A to 80% of the capacity.
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Figure 3 Evaluation of rupture in the M. pachydermatis cell wall by (A) culture on mDixon agar
and (B) co-staining with Nile Red (red) and Calcofluor White (green), scale bar 2 um. Left panels,
control sample (without rupture). Right panels, after enzymatic digestion and chemical disruption.
Representative maximume-intensity projections are shown for M. pachydermatis lysis.

10.

11.

12.

13.
14.

15.

Here and in steps 12 and 15, balance the bottles (two bottles of supernatant or one bottle
plus a balance) to within 0.01 g.

Ultracentrifuge 1 hr at 182,000 x g, 4°C,in a Sorvall™ WX ultracentrifuge with a
Fiberlite™ F37L-8 x 39 Fixed-Angle Rotor.

Recover resulting top layer with a micropipet and transfer it to a new polycarbonate
bottle.

Avoid moving the bottle because the top layer can be dispersed. Expect ~4 ml sample.
Keep a 0.5- to 1-ml aliquot at 4°C for further evaluation of the process (step 18).

Fill tube to 80% of the capacity with Buffer B and homogenize with 10 strokes with
Dounce homogenizer.

Ultracentrifuge 1 hr at 182,000 x g, 4°C.

Recover resulting top layer with a micropipet and transfer it to a new polycarbonate
bottle.

Avoid moving the bottle because the top layer can be dispersed. Expect ~4 ml sample.
Keep a 0.5- to 1-ml aliquot at 4°C for further evaluation of the process (step 18).

Add Buffer C to three-quarters of the capacity and homogenize with 10 strokes with
Dounce homogenizer.
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Without rupture With rupture

Figure 4 Evaluation of rupture in the M. globosa cell wall by (A) culture on mDixon agar and
(B) co-staining with Nile Red (red) and Calcofluor White (green), scale bar 2 um. Left panels,
control sample (without rupture). Right panels, after enzymatic digestion and chemical disruption.
Representative maximum-intensity projections are shown for M. globosa lysis.

Figure 5 Evaluation of the LD purification process by co-staining with Nile Red (red) and Cal-
cofluor White (green). (A) Supernatant from the first ultracentrifugation step and (B) top layer from
the third ultracentrifugation step. Scale bar 2 um. Representative maximume-intensity projections
are shown for LD purification. (C) Ultracentrifuge tube after the last step of the purification process.
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Table 2 Suggestions for Overcoming Possible Problems with Lipid Droplet Extraction and Purification

Possible problem Suggestion for overcoming problem

Ficoll® 400 insolubility Dilute small quantities with the help of a vortex and sonicator bath.

Spheroplasts are not obtained Increase the number of cycles of vortexing with beads and placing on
ice or the number of strokes with the Dounce homogenizer.

No LDs are obtained after Review the steps for breaking the cell wall (mechanical and

ultracentrifugation or the enzymatic) to check that the droplets have not broken; if this

supernatant does not resemble a happens, the enzyme reaction time or cycles must be reduced. If the

milky solution

problem is not in the formation of spheroplasts, change the time or
speed of the ultracentrifugation. For more information, see Ding
etal. (2013).
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16. Ultracentrifuge 1 hr at 182,000 x g, 4°C.

17.

18.

Collect top layer (containing the LDs), transfer to a new 50-ml centrifuge tube, and
store at 4°C.

Avoid moving the bottle because the top layer can be dispersed. Expect ~4 ml sample.
The top layer should be a milky solution at the top of ultracentrifugation bottle; this is
the purified LD fraction. Keep a 0.5- to 1-ml aliquot at 4°C for further evaluation of the
process (step 18).

For evaluation of the process, use aliquots stored in steps 8, 11, 14, and 17. For
the aliquot from step 8, culture 1 ml on an mDixon agar plate at 33°C for 7 days.
For all aliquots, stain 1 ml with Nile Red and Calcofluor White to visualize with
fluorescence microscopy (see Basic Protocol 1 and see Fig. 3 and 4 for the pre-
ultracentrifugation sample and Fig. 5 for the post-ultracentrifugation samples).

If the LDs are not going to be used right after the extraction, it is recommended to
lyophilize them and store them at room temperature.

For suggestions to resolve common problems with this protocol, see Table 2.

Malassezia spp. CULTURE CONDITIONS

Malassezia is a genus of lipophilic and lipid-dependent yeasts found in the micro-
biota of humans and warm-blooded animals (Lorch et al., 2018). These yeasts colo-
nize the sebaceous glands to obtain its nutrients from the sebum, a lipid-rich substance
(Cabaiies, 2014). Their lipid-dependence phenotype makes these species difficult to cul-
tivate. Therefore, special lipid-abundant media such as modified Dixon are used in order
to achieve Malassezia culture.

Materials

1.

M. pachydermatis CBS1879 or M. globosa CBS7966 (Westerdijk Fungal
Biodiversity Institute, The Netherlands, https://wi.knaw.nl)

mDixon agar plates (see recipe)

0.1% (v/v) Tween 80 (in water)

mDixon medium (see recipe)

33°C incubator

Sterile inoculating loops
Sterile 125-ml flasks
33°C shaking incubator

Two to three weeks in advance of assays (see Basic Protocols 1 and 2), streak M.
pachydermatis CBS1879 or M. globosa CBS7966 from stock onto mDixon agar
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plates. Incubate plates at 33°C for 72 to 96 hr for M. pachydermatis and 1 week for
M. globosa.

This time could change depending on the strain.

2. Streak 1 to 2 colonies on new mDixon agar plates using sterile inoculating loops and
incubate them at 33°C for 48 to 72 hr for M. pachydermatis and 96 to 108 hr for M.
globosa.

3. Suspend colonies from these plates in 3 ml of 0.1% Tween 80 and adjust inoculum to
standard of 2 on the McFarland scale.

4. Add suspension to 27 ml mDixon medium in a sterile 125-ml flask. Grow in a 33°C
shaking incubator at 180 rpm for 72 hr for M. pachydermatis and 108 hr for M. glo-
bosa.

5. Inoculate 0.3 ml of the growth strain into 29.7 ml fresh mDixon medium in a sterile
125-ml flask and grow for 30 hr for M. pachydermatis and 72 hr for M. globosa.

In this experiment, Malassezia strains are grown up to early stationary phase. Growth
times may be varied to achieve other growth phases.

REAGENTS AND SOLUTIONS
Buffer A

10 mM MES/Tris (e.g., Sigma-Aldrich, cat. no. M2933 and 252859), pH 6.9
12% (w/v) Ficoll® 400 (e.g., Sigma-Aldrich, cat. no. F8016)

0.2 mM EDTA (e.g., Sigma-Aldrich, cat. no. E6758E6758)

1 mM phenylmethylsulfonyl fluoride (PMSF; e.g., AMRESCO, cat. no. M145)
Store <1 day at 4°C

This buffer can be prepared in advance if the PMSF is not added; incorporate this reactive
the day that the buffer is going to be used.

Prepare a stock of 0.2 M PMSF by dissolving 0.35 g PMSF in 10 ml DMSO and then divide
the solution into 1-ml aliquots and store them at —20°C in the dark. When adding the PMSF
to the buffer, adjust the volume according to the final concentration needed and the total
volume of buffer prepared.

Buffer B

8% (w/v) Ficoll® 400 (e.g., Sigma-Aldrich, cat. no. F8016)

10 mM MES/Tris (e.g., Sigma-Aldrich, cat. no. M2933 and 252859), pH 6.9
0.2 mM Na,EDTA-2H,0 (e.g., Sigma-Aldrich, cat. no. E4884)

Store <1 week at 4°C

Buffer C

0.25 M sorbitol (e.g., Sigma-Aldrich, cat. no. S1876)

10 mM MES/Tris (e.g., Sigma-Aldrich, cat. no. M2933 and 252859), pH 6.9
0.2 mM Na,EDTA-2H,0 (e.g., Sigma-Aldrich, cat. no. E4884)

Store <1 week at 4°C

Modified Dixon (mDixon) agar plates

36 g L~! Mycosel agar (e.g., BD, cat. no. B11462)

20 g L' ox bile (e.g., Sigma-Aldrich, cat. no. 70168)

36 g L~! malt extract (e.g., Oxoid, cat. no. LP0039)

2 ml L~! glycerol (e.g., Sigma-Aldrich, cat. no. G5516)

2 ml L~! oleic acid (e.g., Sigma-Aldrich, cat. no. 01383)
10 ml L~! Tween 40 (e.g., Sigma-Aldrich, cat. no. P1504)
Pour plates and store <2 weeks at 4°C

Make sure that the agar plates are at room temperature before use.
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Modified Dixon (mDixon) medium

36 g L~! malt extract (e.g., Oxoid, cat. no. LP0039)

6 g L~ peptone (e.g., BD, cat. no. 211677)

20 g L' ox bile (e.g., Sigma-Aldrich, cat. no. 70168)

2 ml L~! glycerol (e.g., Sigma-Aldrich, cat. no. G5516)

2 ml L~! oleic acid (e.g., Sigma-Aldrich, cat. no. 01383)
10 ml L~! Tween 40 (e.g., Sigma-Aldrich, cat. no. P1504)

Store <2 weeks at 4°C

Make sure that the medium is at room temperature before use.

Wash buffer

400 mM sucrose (e.g., Sigma-Aldrich, cat. no. 84097)
10 mM Tris (e.g., Sigma-Aldrich, cat. no. 252859)
1 mM EDTA (e.g., Sigma-Aldrich, cat. no. E6758)

Adjust to pH 7.0 with NaOH
Store <1 week at 4°C

COMMENTARY

Background Information

Culturing

We have presented common growth con-
ditions for M. pachydermatis and M. globosa
strains (Support Protocol). mDixon medium is
a lipid-abundant medium that can be stored af-
ter preparation for ~2 weeks at 4°C.

Confocal imaging

Different techniques are available to study
the morphology and composition of LDs in
other biological models. Some of the main
approaches in the study of LDs are fluores-
cence microscopy and lipidomic analysis. As
lipids do not possess intrinsic fluorescence,
fluorophores with affinity for different types
of lipids have been used, allowing the observa-
tion and determination of LD morphology and
dynamics (Daemen, van Zandvoort, Parekh, &
Hesselink, 2016).

For neutral lipids present in LDs, Nile Red,
BODIPY™ 493/503, and HCS LipidTOX™
Deep Red Neutral have been used (Daemen
etal., 2016; Eggert, Rosch, Reimer, & Herker,
2014; Govender, Ramanna, Rawat, & Bux,
2012; Olzmann & Carvalho, 2019; Walther
& Farese, 2012). These fluorophores have
different advantages and disadvantages that
were determined in different organisms for
which the stains have been assessed for the
study of LDs, such as in microalgae, yeasts,
and mammalian cells (Daemen et al., 2016;
Feng et al., 2013; Olzmann & Carvalho, 2019;
Wang et al., 2010).

Dual stains allow one both to observe in-
dividual LDs and to identify individual cells.
In Basic Protocol 1, double staining includes
cell wall staining with Calcofluor White, a
well-known fluorophore used for this purpose
because it binds to chitin, a component of
the cell wall (Guého-Kellermann et al., 2010;
Harrington & Hageage, 2003; Ram & Klis,
2006; Stalhberger et al., 2014). This is a blue-
emitting fluorophore (Ae;, < 500 nm) having
an excitation around 365 nm and an emission
spectra peak around 440 nm, which prevents
spectra overlapping with those of the other
fluorophores used in this work (Fam, Klym-
chenko, & Collot, 2018; Knox, 2012).

Lipid droplet extraction assays

A second approach to study LDs is
lipidomic analysis, which determines the lipid
composition of these organelles (Ivashov
et al., 2013), but this approach requires the
extraction and purification of LDs to imple-
ment the analysis (Ding et al., 2013; Radulovic
et al., 2013). Even though various methods
have been reported for the study of LDs, to
the extent of our knowledge, these have not
been described for Malassezia. Considering
the morphological characteristics, specifically
the thickness and multilamellar structure of
the cell wall, and the metabolic characteris-
tics of these yeast species, it is of great impor-
tance to have protocols available for the study
of these organelles.

Different methods have been used to
confirm the efficiency of cell rupture and
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extraction and purification of LDs. The most
common analysis methods consist of staining
with fluorophores to determine some qualita-
tive characteristics and observation of the po-
sition, color, and consistency of the top layer
in the ultracentrifuge bottle (Aguilar et al.,
2017, see Current Protocols article; Brasaemle
& Wolins, 2016; Ding et al., 2013; Mannik
et al., 2014). In Basic Protocol 2, we use two
methods for verification of cell rupture: cul-
ture on mDixon agar and Nile Red staining.
These techniques confirm the degradation of
the cell wall and lysis of the spheroplasts, one
of the most critical steps in standardization.
After cell breakage, it was expected that the
staining procedure would show LDs with a
round morphology, at the outside of the cell or
in close proximity to it (Aguilar et al., 2017,
Brasaemle & Wolins, 2016; Ding et al., 2013;
Mannik et al., 2014). As for the final product
after LD purification, it was expected that LDs
would be recovered at the top of the ultracen-
trifuge tube due to their low density and with a
color and consistency resembling a milky so-
lution (Brasaemle & Wolins, 2016; Ding et al.,
2013; Gao et al., 2017; Mannik et al., 2014).
The results that we obtained were consistent
with previously mentioned reports on LD pu-
rification. One of the most frequent problems
that can occur during purification protocols is
loss of these organelles (Brasaemle & Wolins,
2016; Ding et al., 2013; Gao et al., 2017). Be-
cause of this and to determine whether LDs
were still available at the end of the process,
all the ultracentrifugation steps were qualita-
tively monitored. It was possible to establish
that the standardized protocol allowed the re-
covery of LDs to carry out a compositional
analysis using lipidomic approaches (such
as ultra-performance liquid chromatography—
mass spectrometry, or UPLC-MS; M. J. Man-
tilla et al., unpub. observ.).

Critical Parameters and
Troubleshooting

Culturing

Standard microbiology sterile techniques
are critical for all protocols in this article. In
all protocols, one or more uninoculated nega-
tive controls should be used to verify that the
medium has not been contaminated.

Confocal imaging and lipid droplet
extraction assays

See Tables 1 and 2 for troubleshooting sug-
gestions.

Current Protocols

Understanding Results

Confocal imaging

Standardization of a dual-staining protocol
for LDs and the cell wall of M. pachyder-
matis and M. globosa for confocal imaging
(Basic Protocol 1) was achieved. The proce-
dure, with three different neutral lipid fluo-
rophores (Nile Red, BODIPY, and LipidTOX,
observed in red), was optimized. Calcofluor
White (observed in green) was used to stain
the cell wall of the yeast (Fig. 1 and 2). The
three different neutral lipid fluorophores effi-
ciently stained M. pachydermatis and M. glo-
bosa LDs, even though there were some small
differences. The image resolution for LDs
from M. pachydermatis (Fig. 1) as well as the
staining stability was better when the imaging
was carried out with Nile Red, as compared
to LipidTOX and BODIPY. For M. globosa,
the same staining pattern was observed (Fig.
2). The Nile Red staining procedure reported
here was successful and allowed the obser-
vation of LDs, regardless of some challenges
reported in the literature (Fam et al., 2018).
BODIPY LD imaging also showed good or-
ganelle definition, demonstrating a good selec-
tivity and resolution (Collot et al., 2018; Fam
etal., 2018; Yang, Hsu, Yang, & Yang, 2012).
In contrast, LipidTOX showed lower resolu-
tion compared with Nile Red and BODIPY
staining. This is possibly due to staining prob-
lems in smaller LDs (Camus, Vogt, Kondra-
towicz, & Ott, 2013) or the lack of stability of
this fluorophore (Ranall, Gabrielli, & Gonda,
2011; Stalhberger et al., 2014).

Conversion to spheroplasts and lipid droplet
extraction

The protocol to achieve cell rupture of M.
pachydermatis and M. globosa in order to ex-
tract and purify LDs (Basic Protocol 2) was
optimized. The rupture efficiency was eval-
uated by two different methods: culture on
mDixon agar (Fig. 3A and 4A), which estab-
lished that the cell wall was affected enough to
prevent the yeast from further growth, and flu-
orescence co-staining (Fig. 3B and 4B), which
showed affected cell walls because the signal
emission was less bright. In some cases, the
morphology of the cell was poorly defined.
Additionally, some LDs were present outside
the cell or near the edge of the cell.

The purification process was evaluated af-
ter each ultracentrifugation step by fluores-
cence co-staining of LDs and cell walls. As
is shown in Figure 5A and 5B, a reduction in
the quantity of the Malassezia cell wall was
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observed during the subsequent steps of pu-
rification. At the same time, LDs remained
present during the entire purification process.
Additionally, throughout the purification pro-
cess for 30 ml of yeast culture, a white layer
with a volume of ~4 ml was observed at the
top of the ultracentrifuge tube during each
density centrifugation step (Fig. 5C), indicat-
ing the presence of LDs (Ding et al., 2013;
Mannik et al., 2014).

Time Considerations

M. pachydermatis and M. globosa cultur-
ing (Support Protocol) might take 2 to 3 weeks
before the actual assays (Basic Protocols 1 and
2). The dual-staining protocol for both strains
(Basic Protocol 1) takes 4 to 6 hr without tak-
ing into account the imaging visualization and
the culture of M. pachydermatis or M. globosa.
Conversion of M. pachydermatis or M. glo-
bosa to spheroplasts takes 22 to 24 hr, includ-
ing the incubation time with the lytic enzymes
of T. harzianum (Basic Protocol 2). LD extrac-
tion (Basic Protocol 2) takes 7 to 9 hr without
taking into account the 7 days of incubation
on mDixon agar and the microscopy observa-
tion, which can take 2 to 3 hr depending on
the number of slides. In addition, making the
buffers and reagents requires 3 to 5 hr.
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