








cantly larger than those observed in the wild type (Fig. 3c). Anal-
ysis using imaging software revealed a significant population of
EVs with diameters above 100 nm, which was not observed in the
wild type or in other mutant strains (Fig. 3d). TEM therefore
provided two additional insights into the vesicle samples: the
cho1�/� mutant generated fewer EVs than the stained debris, and
the psd1�/� psd2�/�-derived EVs are indeed significantly larger
than those derived from the wild type. Although the samples
were collected identically, differences in processing for TEM
versus SEM may account for the identification of this larger
psd1�/� psd2�/� population (also identified by DLS) by TEM
but not SEM.

We hypothesized that the lipid makeup of the cho1�/�-derived
EVs and the psd1�/� psd2�/�-derived EVs would differ from the
lipid makeup of the WT-derived EVs. We tested the phosphatidyl-
choline concentration using a fluorometric ELISA to measure ves-
icle preparation lipid (Fig. 4b). This revealed an increase in the
vesicle-associated PC content of both the cho1�/� and psd1�/�
psd2�/� mutant strains compared to the content in the wild-type

strain (Fig. 4a). We observed no significant differences in sterol
composition (Fig. 4b), however, suggesting that vesicle sterol
composition is not affected by phospholipid concentration. As
noted above, all strains but one grew in density to comparable
OD600 in YPD broth, suggesting that strain differences in vesicle
dimensions and composition were not due to different growth
states or total culture biomass. The slight growth defect observed
in the cho1�/� mutant suggests that the per-cell lipid output of
this strain was greater in this strain than in the other strains stud-
ied here.

We suspected that differences in lipid composition might be
reflected in the protein cargo associated with the vesicle prepara-
tions. A silver-stained SDS gel confirmed our suspicions, with
several bands in the wild type not observed in the mutant strain
samples and, conversely, some bands not found in the wild type
observed in the mutant strain samples (Fig. 5). To gain a more
complete picture of the protein components, we used proteomic
analysis.

Proteomic analysis revealed a wide variety of proteins in each

FIG 3 Electron micrographs of EV preparations. EV preparations were visualized either by scanning electron microscopy (a) or by transmission electron
microscopy (c). EVs were measured using ImageJ software and plotted by size on corresponding histograms (b and d). Scale bars, 200 nm in all panels. *, P  0.05
by z test for population ratios.
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sample (Table 2; see also Table S1 in the supplemental material).
We identified between 179 and 278 unique proteins per strain. As
with previous extracellular vesicle proteomics analyses, the pro-
teins identified were associated with a wide variety of cellular func-
tions and localizations (10, 13, 15, 21, 22). The 179 proteins iden-
tified in the wild-type EVs were in line with previously described
C. albicans proteins (11). We noted differences in the detected
protein content between the mutant and wild-type strains. Nota-
bly, several virulence factors were identified in wild-type EVs that
were not in cho1�/� EVs (among them, phospholipase Plb3 and
adhesin Sim1) or in psd1�/� psd2�/� EVs (including proteinase
Prd1) (Table 2). Thus, phospholipid biosynthetic genes are in-
volved in EV size, lipid composition, and protein cargo.

To test whether the cargo and/or lipid differences would reflect
a change in host cell activation, we incubated the EVs with bone
marrow-derived macrophage (BMDM) cells or with the murine
macrophage-like J774.14 cell line. C. albicans activates NF-�B ac-
tivation through Toll-like receptor 2 (TLR2) and TLR4 interac-
tions, leading to transactivation of the activated transcription
factor, NF-�B p65, also called RelA (23, 24). We observed nucle-
us-specific staining of NF-�B p65 in both cell types treated with
wild-type EVs, based on colocalization of NF-�B p65 and DAPI,

which marks the nucleus (Fig. 6a and b). Colocalization quantifi-
cation via ImageJ analysis confirmed these findings (Fig. 6c and d).
Of the strains tested, only the cho1�/� EVs failed to show any
NF-�B activation in either cell type via nuclear staining, while all
other strains showed no statistical difference from the wild type
(Fig. 6a and b). When we added three times the amount of sterol to
the cho1�/� EV-treated J774.14 cells, we saw no significant differ-
ence in the results despite a continuing trend for decreased signal-
ing in this sample (Fig. 6b and d). Further, when we exposed
BMDM to EVs prepared with a larger pore size (0.8 �m instead of
0.45 �m), we observed a staining pattern similar to that seen with
the smaller filter, with cho1�/�-derived EVs consistently not stim-
ulating transcription factor translocation (see Fig. S1 in the sup-
plemental material). Thus, the differences observed in lipid and
proteomic makeup impact host cell stimulation.

DISCUSSION

Our studies demonstrate that lipid biosynthesis plays a role in the
secretion of virulence factors and in vesicle size and makeup.
These differences in EV release likely contribute to a different
secretion profile of these strains for reasons independent from
their effects on cell wall stability. Our results indicate that the
cho1�/� mutant strain, deficient in PS de novo synthesis, generates
EVs with higher PC content than, and different protein cargo
content from, that of the wild-type strain. Further, while the single
gene deletion psd1�/� does not play a large role in vesicle biology,
the psd1�/� psd2�/� mutant generates EVs with higher PC con-
tent, increased size, and different protein cargo content from both
the wild-type and cho1�/� mutant strains.

How could phospholipid biosynthesis affect EV size and lipid
composition? Both PS and PE are constituents of Paracoccidioides
brasiliensis EV and are present in compositional ratios different
from those in whole-cell lipid composition, suggesting a role of
specific organelles in EV biogenesis (19). Membrane composition
will be dictated in part by the phospholipids available for the cell
incorporation into plasma membrane and membrane-bound or-
ganelles. With depleted PS and decreased PE, the cell may com-
pensate with other phospholipids, such as phosphatidylcholine
(PC), which accumulates at abnormal levels in these cells (14).

FIG 4 EV lipid profiles. Phosphatidylcholine (a) and sterol (b) content of EV
preparations as normalized to the WT content. *, P  0.05.

FIG 5 EV protein profiles. Equivalent protein concentrations were run on a 4
to 20% gradient gel and silver stained. Arrows indicate bands found in WT but
not mutant EV preparations (filled arrow) or bands found not in WT but in
mutant EV preparations (empty arrows).

Wolf et al.

750 ec.asm.org August 2015 Volume 14 Number 8Eukaryotic Cell

 on O
ctober 1, 2020 by guest

http://ec.asm
.org/

D
ow

nloaded from
 

http://ec.asm.org
http://ec.asm.org/


The geometrical characteristics of phospholipid molecules may
affect the overall EV structure: PC and PS have a cylindrical shape,
while PE is conical (25). This conical nature means that PE cannot
form lipid bilayers itself but often plays a role in disrupting the
naturally planar bilayers formed by PC and PS, required for bio-
logical functions such as budding (26). Thus, a decrease in cellular
PE concentrations may lead to delayed budding, manifesting in

the large EVs observed in the psd1�/� psd2�/� mutant. The de-
crease of inner-leaflet members PE and PS in the cho1�/� mutant
may alter the lipid stoichiometry such that the cell sheds outer-
leaflet PC, resulting in some of the hydrophobic, non-EV material
observed in the EV electromicrographs (Fig. 3). Different lipid
head groups may also change the geometry of the EVs as they are
forming, either internally as intraluminal EVs in multivesicular

TABLE 2 Partial list of proteomic results representing the strongest differences between WT and mutant EV preparationsa

Protein name
Protein
abbreviation

No. of peptide hits

WT
strain

cho1�
/� mutant

cho1�/�::CHO1
mutant

psd1�/� psd2�
/� mutant

psd1�
/� mutant

psd1�/� psd2�/�::
PSD1 mutant

Fatty acid synthase subunit beta FAS1 52 15 53 51 63 66
Fatty acid synthase subunit alpha FAS2 30 9 37 34 51 52
ATP alpha synthase chain, mitochondrial

precursor, putative
ATP1 18 16 16 17

Heat shock protein 60 HSP60 14 13 13 21 19 16
Clathrin heavy chain CHC1 10 5 10
Beta-1,3-glucan synthase catalytic subunit GSC1 9
Fructose-1,6-bisphosphatase FBP1 8 8 5 6 8
ATP-dependent 6-phosphofructokinase subunit

beta
PFK2 5 12 9 5

GPI-anchored cell surface phospholipase B PLB3 5 3 1 5
Putative peptide:N-glycanase PNG2 5 5 9
Vacuolar H(�)-ATPase VMA2 5 9 9 5 4
Adenyl succinate synthetase ADE12 4 2 6
Putative F0-ATP synthase subunit 4 ATP4 4 5 2
Drug resistance protein 2 CDR2 4
Cytochrome c oxidase polypeptide VI,

mitochondrial precursor
COX6 4 1 5

ATP-dependent RNA helicase SUB2 SUB2 4 4
Exportin-1 CRM1 3 6 4 3
YEF3-subfamily ABC family protein KRE30 3 7 6
Putative dihydrolipoamide acetyltransferase

component (E2) of pyruvate dehydrogenase
complex

LAT1 3 2 4 5

Adhesin-like protein SIM1 1 2 1
Phosphoacetylglucosamine mutase (N-

acetylglucosamine-phosphate mutase)
AGM1 3

Catalase CAT1 3 5
Putative cofilin COF1 6
NADPH oxidoreductase EBP1 4
Glutathione S-transferase GST3 3
Essential 5-methyltetrahydropteroyltriglutamate-

homocysteine methyltransferase (cobalamin-
independent methionine synthase)

MET6 20 23 18 23

Cell surface mannoprotein MP65 3 2 5
Predicted acyl-CoA oxidase POX1-3 17 10 21 10 4
Putative proteinase PRD1 8
Alpha7 (C8) subunit of the 20S proteasome PRE10 4
Putative proteasome beta-5 subunit PRE2 3
Putative beta-1 proteasome subunit PRE3 3
Alpha6 subunit of the 20S proteasome PRE5 8 5
Putative alpha-2_sc subunit of proteasome PRE8 8
Alpha3 (C9) subunit of the 20S proteasome PRE9 7
Thioredoxin peroxidase PRX1 3 2
Essential protein SEC14 6
Plasma membrane t-SNARE SSO2 2
Putative transketolase TKL1 17 4 8
H� transporting ATPase E chain VMA4 3 3 3
Secreted yeast wall protein YWP1 1 3
a For a full list of results, see the supplemental material. Abbreviations: GPI, glycosylphosphatidylinositol; acyl-CoA, acyl coenzyme A.
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bodies or while budding from the plasma membrane itself. Alter-
natively, the change in plasma membrane lipid composition may
affect exocytosis. Studies of the Schizosaccharomyces pombe phos-
phatidylserine synthase gene PPS1 demonstrated a role for PS in F
actin homeostasis (27). In S. cerevisiae, Cdc42 accumulates at PS-
rich microdomains (28), where Cdc42 can interact with Bni1
and/or Exo70 to mediate localized actin assembly and vesicle ex-
ocytosis (29). Cdc42 is mislocalized in the C. albicans cho1�/�
mutant (T. Reynolds, unpublished data), supporting a role for
phospholipid homeostasis in Cdc42 regulation. We observed no
difference in the phalloidin staining of mutant versus wild-type
actin in rich medium (data not shown), but more detailed studies
of cortical actin staining patterns may illuminate cytoskeletal dif-
ferences between strains. Interestingly, the absence of many true
EVs in the cho1�/� mutant and the presence of larger EVs in the
psd1�/� psd2�/� mutant correlate with the cellular levels of PS.
The cho1�/� lacks PS altogether, while the psd1�/� psd2�/� mu-

tant has a higher level of PS than the wild type. The mechanism
driving this is not clear, but it could be regulated by PS levels.

Many of the proteins identified here as EV associated were
previously found in association with the cell wall proteome (30),
where the EVs may have been captured en route to release into the
extracellular environment. It is of note that both the cho1�/�
mutant and the psd1�/� psd2�/� mutant have cell wall defects
(14), which may be related to different cell wall-modifying con-
tent, such as Gsc1, of EVs from these strains (Table 2). How could
phospholipid synthesis genes affect vesicle protein cargo? One
model is that the changes affecting membrane bending also affect
protein loading kinetics. A second model would suggest that a
specific protein-lipid interaction may be altered due to a change in
lipid composition. However, both of these models predict a phe-
notype based on different membrane structures. PS is concen-
trated on the outer endosomal membrane and the cytoplasmic
side of the plasma membrane, which could potentially impact the

FIG 6 Activation of NF-�B by EV preparations. BMDM were stimulated by equal sterol concentrations of EV preparations. (a) NF-�B p65 staining of BMDM;
(b) NF-�B p65 staining of J774.14 cells. (c and d) Quantification of NF-�B colocalization with DAPI by ImageJ imaging software in BMDM (c) and J774.14 cells
(d). **, P  0.001; *, P  0.05.
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loading of such vesicles. Of course, we cannot dismiss the possi-
bility that altering various lipid membrane homeostasis may in
turn increase cell stress levels, which in turn may alter EV release.
Stressful environments have been shown to increase EV output in
other organisms, such as Escherichia coli (31).

Given the lipid and protein differences, it is perhaps not sur-
prising that EVs from mutant strains have altered host cell inter-
actions relative to wild-type strains. While the proteomics data did
not reveal vast differences between the strains, we did note a few
potential virulence-related proteins that may modify the biologi-
cal activity of these EVs. Among these differences, some were spe-
cific to the cho1�/� mutant, including the absence of phospho-
lipase 3b (Plb3) and a putative adhesin-like protein (Sim1).
Several virulence-related proteins that were identified as associ-
ated with the cho1�/� mutant were not found in the wild type,
including cofilin (Cof1), catalase (Cat1), and a secreted yeast wall
protein (Zwf1). The presence or absence of this cargo may play a
role in the differential activation of macrophage by EVs derived
from the cho1�/� mutant. We cannot conclude that this is the
case for the psd1�/� psd2�/� mutant, which did contain Plb3.
Enzymatic cargo differences can be too low in concentration to
measure by proteomics and are more readily detected through
biochemical assays (21).

Lipid composition differences may compound the stimulation
defect. Phospholipomannan is a released phosphatidylinositol-
based C. albicans antigen that stimulates TLR2 activation (24). It is
found in vesicle-like structures near the cell wall (32), and its
proper secretion may be affected by phospholipid synthesis. Re-
cently, the cho1�/� mutant was shown to display more �(1-3)-
glucan on its surface, promoting proinflammatory cytokine secre-
tion from macrophage but without a change in antimicrobial
activity (33). The differential stimulatory effects of cells and their
EVs suggest that C. albicans EVs do not contain cell wall particles,
unlike EVs from the fungus Paracoccidioides brasiliensis (34).

We note that although no single gene has been associated with
a null phenotype for vesicle production in either bacteria or fungi,
several genes have now been shown to modify aspects of EV com-
position and structure (35, 36). In this study, we report that genes
involved in phospholipid synthesis can affect a variety of secretion
phenotypes based not only on cell wall integrity but also on release
of EVs carrying microbial cargo. Phospholipid synthesis impacts
the fungal components that interact with host cells, and thus the
genes in this study play a role in mediating host-pathogen inter-
actions. Factors that affect lipid synthesis have the potential to
affect EV structure and constitution and are an important consid-
eration in future research investigating secreted virulence factors.
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