
surG� strains, that of PilB is drastically affected. The distribu-
tion of PilB in surG� strains is partly reminiscent, in quiescent
conidia, of the distribution of Lsp1 in pil1� strains. That SurG
is necessary for PilB localization is also consistent with the
localization of PilB to the cytoplasm of wild-type hyphae,
where SurG is sequestered in the vacuole and endosomes and,
consequently, may not be available to interact with PilB. Thus,
the strong similarity of eisosomal components in S. cerevisiae
cells and A. nidulans conidiospores is not correlated with the
identical interactions leading to their assembly.

Eisosomes have been defined as portals of endocytosis (52).
However, the data presented in this article imply that if they
play a role in endocytosis in A. nidulans, this role is minor or

limited to specific cargos, which remain unidentified. Neither
the endocytosis of FM4-64 nor the ammonium-elicited endo-
cytosis of the AgtA (dicarboxylic amino acid transporter [5];
data not shown) or PrnB (the major proline transporter [41];
data not shown) are visibly affected in mycelia by a deletion of
pilA, encoding the only eisosomal protein present in discrete
foci in hyphae. It should be noted that although the AgtA and
PrnB proteins of A. nidulans and the Hxt2 protein of S. cer-
evisiae are transporters with a homogeneous distribution in the
plasma membrane, upon endocytosis Hxt2 accumulates in dis-
crete plasma membrane-associated foci (52), while the two A.
nidulans proteins do not (5).

Endocytosis in A. nidulans has been investigated in mycelia
(36), where it is involved in the cycling of transporters (5, 16,
35, 49) and in sensing the external pH (19, 38, 50), but has not
been investigated in the process of conidial germination; and
the possibility remains open that the yeast-like eisosomes of
conidiospores have a role in early, germination-related endo-
cytosis events. The endocytic pathway is nearly essential in A.
nidulans. Deletion of components of the endosomal sorting
complex required for transport III (ESCRT-III; Vps24 [38]
and Vps20, Vps32, and Vsp36 [A. M. Calcagno-Pizzarelli and
H. N. Arst, personal communication) results in a drastic im-
pairment of growth. This contrasts with the absence of any
obvious growth phenotype in surG�, pilA�, and pilB� strains.
A possible explanation for this apparent paradox is that, as
proposed for S. cerevisiae, endocytosis could proceed by two
independent pathways, one of which would not involve eiso-
somes (18).

A vexing result, common to S. cerevisiae and A. nidulans, is
the absence of any drastic phenotype in deletion mutants of the
eisosomal soluble proteins (Pil1/Lsp1/PilA/PilB) or membrane
proteins (Sur7/SurG). We did not observe any growth pheno-
type in any media or at any temperature tested for strains with
pilA, pilB, pilA pilB, or surG deletions. Nevertheless it was

FIG. 6. Colocalization of PilB with PilA and SurG with PilA in resting conidiospores. Representative confocal fluorescence micrographs (A to
C and F to H) and fluorescence intensity profiles of PilA (red curves in panels E and J), PilB (green curve in panel E), and SurG (green curve
in panel J) are shown. The fluorescence intensity, plotted along the yellow line in panel D (a magnification of panel C) and panel I (a magnification
of panel H) that runs through both the inside and the periphery of the arrowed cell in panels C and H, respectively, was calculated using ImageJ
software and normalized to the maximum value. Bars, 5 �m.

FIG. 7. Itraconazole resistance of pilA�, pilAB�, and surG�
strains. Cotton-filtered pilA�, pilB�, pilAB�, surG�, and wild-type
conidiospore suspensions were prepared in PBS; counted using a
Neubauer counting chamber and found to have a concentration of
�106 conidia/ml; and then plated (5 �l) as 10
1, 10
2, and 10
3 serial
dilutions on CM in the absence or the presence of 15 �M itraconazole.
The plates were incubated at 37°C for 3 days.
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reported at a recent meeting that a deletion of ANID_04615.1
(surG) results in growth impairment on minimal medium with
nitrate as the nitrogen source at 37°C and 42°C, an impairment
that is seen only on complete medium at 42°C (8a; D. Chung

and B. Shaw, personal communication). We did not observe
this phenotype on minimal medium using a variety of nitrogen
sources, including nitrate, or on complete medium at any tem-
perature. The phenotype did not appear after outcrossing our
strain with the deletion, which eliminates the possibility that
our strain could carry a suppressor of the growth phenotype.
We do not know the reason for this difference, which merits
investigation. However, a growth phenotype was observed for
strains with the surG deletion and the pilA deletion. This is the
mild but clear resistance to itraconazole which cosegregates in
crosses with each deletion. This is surprising, as deletions of
SUR7 in Candida albicans result in marked hypersensitivity to
fluconazole (3), another triazole antifungal agent to which
Aspergillus species are tolerant (33). This resistance probably
operates at the level of conidial survival or germination, and it
may be in some way related to the mislocalization of filipin
staining in conidia but not in mycelia both in strains with the
surG deletion and in strains with the pilA deletion. Triazole
drugs act by inhibiting the cytochrome P450-dependent con-
version of lanosterol to ergosterol. Filipin is a polyene macro-
lide antifungal agent that selectively binds and stains ergosterol
at the plasma membrane.

One of the surprising results from this work is that in A.
nidulans, S. cerevisiae-like eisosomes assemble during conidial
formation and disassemble during germination, resulting in
germlings and mycelia in eisosome-like punctate structures
comprising PilA and a novel cellular distribution (cytosolic and
vacuolar, respectively) for PilB and SurG. As no specific conid-
ial survival phenotype was found in strains with eisosomal
component deletions, this developmentally regulated distribu-

FIG. 8. Representative epifluorescence (A to C) and confocal (D) images of a PilA-GFP strain labeled with FM4-64. Samples were taken after
the dye was loaded and the samples were placed on ice for 5 min (A). Note the cortical punctate structures indicated by arrows: forked headed
arrows indicate FM4-64 internalization sites free of PilA, while triangular headed arrows indicate FM4-64 internalization sites colocalizing with
PilA.

FIG. 9. Subcellular localization of PilB-GFP and SurG-GFP pro-
teins expressed in conidia of a pilA� strain and of PilA-mRFP and
PilB-GFP proteins expressed in conidia of a surG� strain. (A) Pictures
of representative equatorial sections from laser scanning confocal mi-
croscopy of strains expressing chimeric PilB-GFP and SurG-GFP mol-
ecules in ungerminated (0 h) and swollen (5 h) conidia of a wild-type
and a pilA� strain. (B) Representative pictures from laser scanning
confocal microscopy of strains expressing chimeric PilA-mGFP and
PilB-GFP molecules in ungerminated (0 h) and swollen (5 h) conidia
of a wild-type and a surG� strain. In both panels A and B, Nomarski
pictures (DIC) of wild-type conidia 0 h are shown. Bars, 5 ��. For the
PilA-GFP and PilB-GFP strains, two independent conidia are shown.

1452 VANGELATOS ET AL. EUKARYOT. CELL



tion remains baffling. EglD, a putative endoglucanase compris-
ing an expansin-like domain, also localizes at the periphery of
ungerminated conidia (7). It would be of interest to study
whether this localization implies a topological or functional
association with eisosomes. In mycelia, PalI and PalH, involved
in pH sensing, have been reported to form membrane-associ-
ated punctate structures (8). The connection between PilA and
these proteins is under investigation.

The work presented above is a first study of eisosomal struc-
ture and function in a model filamentous ascomycete. The
universal presence of eisosomal proteins in the ascomycetes
and probably in other fungal phyla (3, 32; Olivera-Couto and
Aguilar, unpublished; C. Scazzocchio, unpublished data), cou-
pled with the paucity and diversity of the phenotypes of the
deletion mutants observed in three different fungal species (S.
cerevisiae, C. albicans, and A. nidulans) and the striking devel-
opmental pattern of eisosomal protein distribution seen in A.
nidulans, continues to be an unsolved paradox. The role of the
Meu14 protein, a relative of the Pil1/PilA proteins in the mei-
osis of S. pombe, suggests that eisosomal proteins may have
acquired entirely new functions in different ascomycete phylo-
genetic groups. Eisosomes, as defined in S. cerevisiae, are
present within the asexual cycle only in the conidia of A. nidu-
lans (see also reference 29), positing the question of their
functional significance in this developmental stage. The punc-
tate structures seen in mycelia can be considered to define a
new class of assemblies comprising only one Pil paralogue.
Thus, it would be of interest to explore in this filamentous
ascomycete the developmental fate of other conserved pro-
teins known to share the S. cerevisiae MCC localization pat-
tern.
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for laboratory facilities, helpful discussions, and encouragement at the
onset of this work.

This work was supported by research grants from the NCSR De-
mokritos to I.V. and IKY to C.G.

REFERENCES

1. Abenza, J. F., A. Pantazopoulou, J. M. Rodríguez, A. Galindo, and M. A.
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36. Peñalva, M. A. 2005. Tracing the endocytic pathway of Aspergillus nidulans
with FM4-64. Fungal Genet. Biol. 42:963–975.

37. Pontecorvo, G., J. A. Roper, L. M. Hemmons, K. D. MacDonald, and A. W.
Bufton. 1953. The genetics of Aspergillus nidulans. Adv. Genet. 5:141–238.

38. Rodríguez-Galán, O., A. Galindo, A. Hervás-Aguilar, H. N. Arst, Jr., and
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