
Identification and Characterization of LFD-2, a Predicted Fringe
Protein Required for Membrane Integrity during Cell Fusion in
Neurospora crassa

Javier Palma-Guerrero,a Jiuhai Zhao,a A. Pedro Gonçalves,b Trevor L. Starr,a N. Louise Glassa

Department of Plant and Microbial Biology, University of California, Berkeley, California, USAa; IBMC-Instituto de Biologia Molecular e Celular, Universidade do Porto, Porto,
Portugalb

The molecular mechanisms of membrane merger during somatic cell fusion in eukaryotic species are poorly understood. In the
filamentous fungus Neurospora crassa, somatic cell fusion occurs between genetically identical germinated asexual spores
(germlings) and between hyphae to form the interconnected network characteristic of a filamentous fungal colony. In N. crassa,
two proteins have been identified to function at the step of membrane fusion during somatic cell fusion: PRM1 and LFD-1. The
absence of either one of these two proteins results in an increase of germling pairs arrested during cell fusion with tightly ap-
pressed plasma membranes and an increase in the frequency of cell lysis of adhered germlings. The level of cell lysis in �Prm1 or
�lfd-1 germlings is dependent on the extracellular calcium concentration. An available transcriptional profile data set was used
to identify genes encoding predicted transmembrane proteins that showed reduced expression levels in germlings cultured in
the absence of extracellular calcium. From these analyses, we identified a mutant (lfd-2, for late fusion defect-2) that showed a
calcium-dependent cell lysis phenotype. lfd-2 encodes a protein with a Fringe domain and showed endoplasmic reticulum and
Golgi membrane localization. The deletion of an additional gene predicted to encode a low-affinity calcium transporter, fig1, also
resulted in a strain that showed a calcium-dependent cell lysis phenotype. Genetic analyses showed that LFD-2 and FIG1 likely
function in separate pathways to regulate aspects of membrane merger and repair during cell fusion.

Membrane fusion plays an important role in intracellular traf-
ficking of vesicles, exo- and endocytosis, fertilization, the

entry of enveloped animal viruses into their host cell, and syncy-
tium formation during developmental processes (1–3). In intra-
cellular vesicle trafficking, SNARE proteins facilitate membrane
merger by forming coiled-coil interactions between v-SNARES on
vesicles and t-SNARES on target membranes to bring membranes
into close proximity (1, 4). The mechanisms that direct cell-cell
fusion are less well understood, although genetic screens have
identified candidate molecules, termed fusogens, which are mem-
brane-incorporated proteins that facilitate membrane fusion. For
example, in Caenorhabditis elegans, two fusogenic glycoproteins,
EFF-1 and AFF-1, are necessary and sufficient to fuse cells (5, 6),
but their conservation is restricted to nematodes and related or-
ganisms (7).

In the yeast Saccharomyces cerevisiae, a number of proteins that
are involved in mating cell fusion have been identified (8–14).
Mating pairs between strains bearing deletions of Prm1p or Fig1p
show tightly appressed plasma membranes, indicating a defect in
membrane fusion (10, 12). Mating pairs of prm1� or fig1� strains
also show increased cell lysis, the frequency of which is influenced
by the concentration of extracellular calcium (12, 15). However,
Prm1p and Fig1p are not fusogens, as neither is necessary or suf-
ficient for membrane merger. In Schizosaccharomyces pombe,
prm1 also plays a role in mating cell fusion. However, unlike S.
cerevisiae prm1� mutants, S. pombe prm1� mutants are almost
completely blocked in cell fusion and display an abnormal distri-
bution of plasma membrane and cell wall in the area of cell-cell
interaction (16).

In the filamentous fungus Neurospora crassa, cell-cell fusion
plays an essential role during both sexual and vegetative develop-
ment. During vegetative growth, cell fusion can occur between

genetically identical germinated asexual spores (germlings) as well
as between hyphae within a single colony. Cell-cell fusion allows
the formation of the syncytial hyphal network that is characteristic
of this group of organisms (17–20). Two proteins in N. crassa that
play a role in membrane fusion have been identified: PRM1-like
(PRM1) and LFD-1 (for late fusion defect-1). PRM1 is the or-
tholog of S. cerevisiae Prm1p, and N. crassa �Prm1 mutants have a
defect in membrane fusion similar to that observed for S. cerevisiae
prm1� mutants (21). LFD-1 was recently identified as playing a
role in membrane merger by screening for genes regulated by
PP-1, a transcription factor that regulates genes associated with
cell fusion in N. crassa (22, 23). In addition to defects in mem-
brane merger, the absence of PRM1 or LFD-1 also led to signifi-
cant cell lysis of adhered germlings. The cell lysis defect in �Prm1
and �lfd-1 cells was suppressed by the addition of extracellular
calcium and was shown to be dependent upon SYT1, a synap-
totagmin homolog involved in calcium-mediated membrane
damage repair (22). These observations suggest that membrane
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damage is associated with membrane merger and that PRM1 and
LFD-1 play a role in preventing catastrophic membrane damage
during cell fusion in N. crassa.

The observation that calcium plays an important role in cell
lysis during fusion in N. crassa prompted us to look for new genes
involved in membrane fusion. Our strategy relied on the identifi-
cation of genes encoding predicted transmembrane proteins and
which showed a significant decrease in expression level in the ab-
sence of extracellular calcium (24). We screened 29 strains carry-
ing deletions of candidate genes for defects in membrane merger
and cell lysis during germling fusion. We identified 2 genes that,
when deleted, resulted in strains that showed increased lysis dur-
ing germling fusion. One of them, encoding a single-pass trans-
membrane protein, LFD-2, showed calcium-dependent cell lysis
and contains a Fringe domain. Fringe has been implicated in the
activation of epidermal growth factor receptors, such as Notch, in
metazoan species (25). The �lfd-2 germling fusion phenotype,
LFD-2 localization, and genetic interactions of lfd-2 with Prm1,
lfd-1, and a predicted low-affinity calcium transporter, fig1, were
evaluated. Our study indicates that the process of membrane
merger during germling fusion is a complex process requiring
many proteins that play a role in mediating the fidelity of the cell
fusion process.

MATERIALS AND METHODS
Membrane fusion and cell lysis screening. The deletion mutants used in
this study were generated by the Neurospora Genome Project (26, 27)
(Table 1) and were obtained from the Fungal Genetics Stock Center
(FGSC) (28). Strains were grown on Vogel’s minimal media (VMM) (29)
slant tubes for 4 to 6 days or until significant conidiation occurred. Conid-
ial suspensions were prepared as described in Palma-Guerrero et al. (22).
Homokaryotic deletion strains were obtained via microconidiation selec-
tion (Table 1) (26, 27). Conidia were diluted to a concentration of 3 � 107

conidia/ml, and 300 �l of conidial suspension was spread onto VMM
plates. Plates were incubated for 5 h at 30°C, and 1-cm squares were
excised and treated with 4 �M FM4-64 for screening for membrane fusion
defects and cell lysis. Samples were observed with a Zeiss Axioskop 2 using
a 403 Plan-Neofluar oil immersion objective. A rhodamine filter set (ex-
citation at 543 nm and emission at 590 nm) was used for detecting
FM4-64 fluorescence. Images were captured using a Hamamatsu digital
camera C8484 (Hamamatsu, Japan) on a Zeiss Axio Imager microscope
and analyzed using iVision Mac4.5 software.

For lysis experiments in reduced calcium, VMM containing a 0.34 mM
final concentration of CaCl2 · 2H2, which is half of the normal CaCl2 ·
2H2O concentration in the VMM, was used (29). Germlings were pre-
pared and examined as described above, using 0.002% methylene blue to
differentiate lysed from nonlysed cells. The same procedure was used to
evaluate lysis under increased calcium concentrations (2� � 1.28 mM
and 5� � 3.2 mM). For testing cell lysis under osmotic stabilization, 1 M
sorbitol was added to the growth media, and germling pairs were exam-
ined as described above.

For examining lysis during hyphal fusion, VMM plates were inocu-
lated in the center with conidia and incubated for 16 to 24 h. One-cm
squares were excised from the area between the center of the colony and
the tips, and the agar squares were treated with 0.002% methylene blue.
Images were captured using a Qimaging Micropublisher 5.0 digital cam-
era (Qimaging, Canada) on a Zeiss Axio Imager microscope and analyzed
using iVision Mac4.5 software.

Strain and plasmid construction. Strains constructed for this study
are listed in Table 1. To obtain �lfd-2 strains expressing cytoplasmic
markers, the his-3 A strain (FGSC 6103) was used as the female in crosses
with �lfd-2 a. Progeny carrying the deletion mutation and the his-3
marker were used for transformation, with either pMF272 (30, 31) or the

modified version of pMF272 containing mCherry instead of green fluo-
rescent protein (GFP), as described in Palma-Guerrero et al. (22). Mac-
roconidia were transformed by electroporation as described by Margolin
et al. (32).

To obtain double mutants with �Prm1, crosses were performed with a
�Prm1 strain complemented at the his-3 locus with ccg1-Prm1-gfp (A24)
(Table 1). �Prm1 mutants are sterile both as a female and as a male due to
dominant postfertilization defects in the �Prm1 mutant (21). The �fig1
mutant is female sterile (33); therefore, it was used as a male in crosses.

For �lfd-2 complementation and GFP tagging of LFD-2 for localization
studies, the open reading frame (ORF) of NCU02191 was amplified by PCR,
as annotated by the N. crassa database (http://www.broadinstitute.org
/annotation/genome/neurospora/MultiHome.html), using genomic DNA with
primers that incorporated XbaI/PacI sites. Due to the low expression lev-
els of lfd-2 in germlings and hyphae, we constructed an lfd-2 allele under
the regulation of the tef1 promoter by replacing Prm1 with lfd-2 in the
tef1-Prm1-GFP plasmid (provided by A. Fleissner, Technische Universitat
Braunschweig, Germany) using the XbaI/PacI sites.

The plasmid containing sec61-mCherry under the ccg-1 promoter was
constructed by introducing the ORF of sec61 (NCU08897) into the mod-
ified version of pMF272 containing mCherry instead of GFP, as described
in Palma-Guerrero et al. (22), using the XbaI/PacI sites.

A strain expressing the mCherry-tagged endoplasmic reticulum (ER)
protein ERV25 (NCU01342) was generated by targeting a constitutively
expressed version of ERV25-mCherry-6� His to the CSR1 locus of a
mutant strain lacking the erv25 open reading frame. To achieve this, the
pCSR1 vector (34) was modified to contain promoter and terminator
elements, as well as an expanded multiple cloning site, into which
mCherry-6� His and erv25 fragments were sequentially cloned. Primer
pair OTS336/OTS337 (AAACTGCAGAGCGCATTTCCGACGTTAAG
and AAAGCGGCCGCTTTGATT TCTGTGATGTG), incorporating PstI
and NotI restriction sites, respectively, was used to amplify a 1-kb pro-
moter fragment immediately upstream of the predicted open reading
frame of the gene encoding glyceraldehyde 3-phosphate dehydrogenase
(GPD) from Myceliophthora thermophila genomic DNA (nucleotides
1,538,499 to 1,539,504 of chromosome 7). Insertion of this promoter
fragment into the pCSR1 vector resulted in plasmid pCSR1-GPD. This
plasmid was further modified to incorporate a new multiple cloning site
(MCS) and the trpC terminator from Aspergillus nidulans. Primer pair
OTS340/OTS341 (AAAGCGGCCGCCCTGCAGGAATCGATCCTAGG
TGTACAGCATGCTTAATTAATTTAATAGCTCCATGTCAACAA and
AAACCGCGGGGAGCATTCACTAGGCAACCATGGT) and template
plasmid pMFP26 (35) were used to generate a multiple cloning site
(MCS)/terminator fragment with NotI and SacII sites at the 5= and 3=
ends, respectively. The new MCS, appended onto primer OTS340, in-
cluded NotI, SbfI, ClaI, AvrII, BsrGI, SphI, and PacI restriction sites.
Cloning of the MCS/terminator fragment into pCSR1-GPD yielded plas-
mid pTSL126B. To create a version of this plasmid containing an
mCherry-6� His tag, primer pair OTS415/OTS416 (AAAGCATGCGTG
AGCAAGGGCGAGGAGGATAAC and CGCTTAATTAACTAGTGGTG
GTGGTGGTGGTGGCTGCCCTTGTACAGCTCGTCCATGCC), incor-
porating SphI and PacI sites, respectively, was used to amplify a
Neurospora codon-optimized mCherry-6� His fragment from plasmid
pMFP26. Cloning of this fragment resulted in plasmid pTS184J. Subse-
quently, primer pair OTS387/418 (AAAGCGGCCGCATGGCATCCCTA
AAGTCGCTG and AAACCTAGGAATAAGATGCTTAGATCTAAGC
AG), incorporating NotI and AvrII restriction sites, respectively, was used
to amplify the erv25 open reading frame for insertion into pTS184J, re-
sulting in plasmid pTSL190A. Plasmid pTSL190A was linearized and
transformed into the �erv25 deletion strain FGSC 18824. Transformants
were selected on medium containing cyclosporine.

Protein localization. Protein localization was analyzed in germlings
prepared as described above or in hyphal samples growing on VMM agar
plates. Strains containing the vacuolar marker red fluorescent protein
(RFP)-VAM3 and the Golgi membrane marker RFP-VPS52 (36) were
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TABLE 1 Strains used in this study

Strain Genotype Origin or reference

FGSC2489 A FGSC
FGSC21584 �NCU10610::hph� A FGSC
FGSC15199 �NCU01382::hph� a FGSC
FGSC14575 �NCU01697::hph� A FGSC
FGSC20488 �NCU07802::hph� A FGSC
FGSC11423 �NCU08447::hph� A FGSC
FGSC21874 �NCU09562::hph� a FGSC
FGSC17749 �NCU06034::hph� A FGSC
FGSC14335 �NCU07235::hph� A FGSC
FGSC17420 �NCU03863::hph� A FGSC
FGSC14419 �NCU06130::hph� A FGSC
FGSC18043 �NCU04872::hph� a (heterokaryon) FGSC
4872 �NCU04872::hph� a (homokaryon) This study
FGSC14037 �NCU03132::hph� a FGSC
FGSC13071 �NCU04736::hph� A FGSC
FGSC22512 �NCU09955::hph� A (heterokaryon) FGSC
9955 �NCU09955::hph� A (homokaryon) This study
FGSC17821 �NCU05915::hph� A FGSC
FGSC17765 �NCU05798::hph� A FGSC
FGSC11249 �NCU07075::hph� A FGSC
FGSC19479 �NCU08870::hph� A FGSC
FGSC11148 �NCU07769::hph� a FGSC
FGSC16642 �NCU00832::hph� A FGSC
FGSC13466 �NCU01289::hph� A FGSC
FGSC19337 �NCU08524::hph� a FGSC
FGSC14995 �NCU06116::hph� a FGSC
FGSC21689 �NCU07582::hph� A FGSC
FGSC19267 �NCU02191::hph� A FGSC
FGSC15048 �NCU03192::hph� a FGSC
FGSC18602 �NCU09852::hph� A FGSC
FGSC17778 �NCU05826::hph� A FGSC
FGSC 15811 �NCU06328::hph� A FGSC
FGSC17683 �NCU05629::hph� a FGSC
FGSC12093 �NCU05681::hph� A FGSC
FGSC12948 �NCU06912::hph� A FGSC
FGSC6103 his-3 A FGSC
JPG6 �lfd-1::hph� a 22
A32 �Prm1::hph� A 21
A9 his-3�::Pccg1-gfp A 21, 67
A10 his-3�::Pccg1-dsRed A 67
A7 his-3�::Pccg1-gfp; �Prm1::hph�; �mus-51::bar A 67
A8 his-3�::Pccg1-dsRed; �Prm1::hph�; �mus-51::bar A 67
JPG7 �lfd-1::hph� his-3�::Pccg1-gfp a 22
JPG8 �lfd-1::hph� his-3�::Pccg1-mCherry a 22
JPG26 �lfd-1::hph� his-3�::Pccg1-gfp; �Prm1::hph� a 22
JPG27 �lfd-1::hph� his-3�::Pccg1-mCherry; �Prm1::hph� a 22
�lfd-2 his-3 his-3 �lfd-2::hph�A This study
�lfd-2 GFP his-3�::Pccg1-gfp �lfd-2::hph� A This study
�lfd-2 Cherry his-3�::Pccg1-mCherry �lfd-2::hph� A This study
�lfd-1�lfd-2 GFP �lfd-1::hph� his-3�::Pccg1-gfp; �lfd-2::hph� a This study
�lfd-1�lfd-2 Cherry �lfd-1::hph� his-3�::Pccg1-mCherry; �lfd-2::hph� a This study
�Prm1�lfd-2 GFP his-3�::Pccg1-gfp �Prm1::hph�; �lfd-2::hph� a This study
�Prm1�lfd-2 Cherry his-3�::Pccg1-mCherry �Prm1::hph�; �lfd-2::hph� a This study
FGSC17273 �fig1::hph� a FGSC
�fig1 his3 his-3 �fig1::hph� A This study
�fig1 GFP his-3�::Pccg1-gfp �fig1::hph� A This study
�fig1 Cherry his-3�::Pccg1-mCherry �fig1::hph� A This study
�lfd-1�fig1 GFP �lfd-1::hph� his-3�::Pccg1-gfp; �fig1::hph� a This study
�lfd-1�fig1 mCherry �lfd-1::hph� his-3�::Pccg1-mCherry; �fig1::hph� a This study
�Prm1�fig1 GFP �lfd-1::hph� his-3�::Pccg1-gfp; �fig1::hph� a This study
�Prm1�fig1 mCherry his-3�::Pccg1-mCherry; �Prm-1::hph�; �fig1::hph� a This study
�lfd-1�Prm1�fig1 GFP �lfd-1::hph� his-3�::Pccg1-gfp; �Prm1::hph�; �fig1::hph� a This study
�lfd-1�Prm1�fig1 mCherry �lfd-1::hph� his-3�::Pccg1-mCherry; �Prm1::hph�; �fig1::hph� a This study
tef1-lfd-2-gfp �lfd-2::hph� his-3�::PTef1-lfd-2-gfp A This study
Sec61-mCherry his-3�::Pccg1-sec61-mCherry A This study
TSF314 �NCU01342::hph� csr�1::Pgpd-ncu01342-mCherry-6xHis A This study
RFP-VAM-3 his-3�::Pccg1-rfp-vam-3 A 36
RFP-VPS-52 his-3�::Pccg1-rfp-vps-52 A 36

Lysis Mutants in N. crassa
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used for colocalization studies. Heterokaryotic cells were obtained by
mixing equal amounts of the two strains expressing the different proteins
on VMM slant tubes. After conidiation, conidial suspensions were pre-
pared and examined by confocal microscopy using a Leica SD6000 micro-
scope with a 100�, 1.4-numeric-aperture oil immersion objective
equipped with a Yokogawa CSU-X1 spinning disk head and 488-nm and
561-nm lasers controlled by Metamorph software (Molecular Devices).

Phylogenetic analyses. The N. crassa LFD-2 protein sequence was
used to search the JGI (http://jgi.doe.gov/) and FungiDB (http://fungidb
.org/fungidb/) databases. JGI blast searches were conducted using the
default settings (e value of �1e�5) with the scoring matrix set to
BLOSUM62. FungiDB blast parameters matched those used for JGI
database searches. Sequences with significant similarity (more than
33% amino acid identity) to LFD-2 (NCU02191) were selected for
further analysis, with the exception of NCU07762 and Batrachochy-
trium dendrobatidis (GP3.005680), which were used as outgroups. Protein
sequences were aligned using MAFFT (37), and gaps were trimmed by
TrimAl (38) and further improved by Gblock (39) to remove highly di-
vergent regions. Mview (40) was used to view alignments, and percent
identities in alignment were calculated. Phylogenetic trees were built by
PhyML V 3.0 (41) using LG mode (42), and the number of relative sub-
stitution rate categories was set to 16. The trees were visualized and con-
verted with Figtree V 1.40 (http://tree.bio.ed.ac.uk/software/figtree/).

Protein domain prediction. Pfam, InterPro, and SMART (43–45)
were used to predict conserved protein domains. Predicted domains sup-
ported by all databases are shown. TMHMM Server v. 2.0 (46) was used
for transmembrane domain prediction. Signal peptides were detected by
SignalP 4.1 (47). N-linked glycosylation sites were predicted by NetNGlyc
(http://www.cbs.dtu.dk/services/NetNGlyc/), and O-glycosylation sites
were predicted by YinOYang, DictyOGly, and NetOGlyc (48–50).

Statistical analyses. Data are presented as means 	 standard devia-
tions (SD), averaged for a minimum of three replicates of the experiments.
Data were analyzed with Student’s t test. A P value of less than 0.05 was
accepted as indicating a statistically significant difference compared with
controls.

RESULTS
Identification of new genes involved in germling fusion. Cal-
cium plays an important role during membrane fusion in N.
crassa, as cell lysis frequency in �Prm1 or �lfd-1 germling pairs is
affected by the extracellular calcium concentration (22, 51). These
observations prompted us to examine the transcriptional profile
of N. crassa germlings grown in the absence of calcium in the
external medium (http://www.ncbi.nlm.nih.gov/geo/; series re-
cord: GSE53013) (24). We narrowed our search to genes that
showed decreased expression levels in the absence of calcium and
encoded proteins containing transmembrane domains; 50 genes
were identified that met these criteria (see Table S1 in the supple-
mental material). Among this gene set were Prm1 (NCU09337)
and lfd-1 (NCU09307). Mutants for 7 of the 50 downregulated
genes were not available at the time of this study, three other
mutants showed conidiation defects (therefore, germling fusion
frequencies could not be ascertained), and nine additional dele-
tion mutants were eliminated, because the annotation of their
corresponding gene was predicted to encode a metabolic enzyme
or transporter.

Deletion mutants for two (�NCU04872 and �NCU09955) of
the remaining 29 genes were available only as heterokaryons (Ta-
ble 1); homokaryotic strains were isolated via microconidial iso-
lation (see Materials and Methods). Strains containing deletions
of all 29 genes were screened for membrane fusion defects and cell
lysis of adhered germlings by using the plasma membrane dye
FM4-64 (22, 52) (Fig. 1A). This initial screening showed that 10 of

the 29 mutants had significantly higher frequencies of cell lysis of
adhered germling pairs than wild-type (WT) germling pairs (P �
0.05) (see Table S1 in the supplemental material). All 10 mutants were
crossed to the wild type to assess segregation of the germling lysis
phenotype with the hygromycin marker. Crosses with one mutant
(NCU09955) failed to produce progeny. In 2 of the 9 strains, clear
segregation of the germling lysis phenotype and the hygromycin
marker was observed (�NCU01697 and �NCU02191). Cell lysis lev-
els in progeny in crosses with the remaining mutants were variable
and could not be definitively correlated with the hygromycin marker,
suggesting modifiers in the backgrounds of these strains that affected
cell lysis frequency.

Lysis of �NCU01697 or �NCU02191 adhered germlings re-
sulted in cell death of one or both germlings and occurred at
higher levels than those for the WT (Fig. 1). Cell lysis was never
detected in germlings that were not adhered, indicating that lysis is
the result of a defect during plasma membrane merger or cell wall
deconstruction, which occurs during the process of cell-cell fu-
sion. Strong FM4-64 staining was observed in the contact area of
lysed germling pairs of �NCU01697 and �NCU02191, suggesting
that plasma membrane permeabilization in the contact area al-
lowed greater accumulation of FM4-64 in membranes near dam-
aged areas (Fig. 1A, arrows).

Lysis is due to defects in plasma membrane integrity. The
lysis phenotype of adhered germlings in the �NCU01697 and
�NCU02191 mutants could be due to defects in cell wall remod-
eling, which occurs at the point of adherence of germlings and is
required for subsequent membrane fusion, or to defects in plasma
membrane integrity during membrane merger. In S. cerevisiae, the
growth defect of cell wall remodeling mutants is remediated by the
addition of an osmotic stabilizer, such as sorbitol, to the growth
medium but does not suppress the cell lysis phenotype of mem-
brane fusion mutants, such as the prm1� mutant (15). To differ-
entiate whether cell lysis during germling fusion is due to a defect
in plasma membrane integrity versus cell wall integrity, we per-
formed fusion assays in VMM (29) supplemented with 1 M sor-
bitol. As shown in Fig. 1B, osmotic stabilization failed to suppress
cell lysis observed in VMM in both �Prm1 and �lfd-1 mutants. In
the two new mutants, the addition of sorbitol also failed to sup-
press the cell lysis phenotype of adhered germlings, suggesting that
lysis is due to a defect in membrane integrity in these mutants and
not a defect in cell wall integrity.

Characterization of the lfd-2 mutant. The N. crassa �Prm1
and �lfd-1 mutants show increased cell lysis of adhered germling
pairs under conditions of reduced extracellular calcium (22).
Therefore, we tested whether the frequency of cell lysis increased
under reduced calcium conditions in the two deletion strains that
showed lysis during cell-cell fusion. As shown in Fig. 1B, only the
strain carrying a deletion of NCU02191 showed a significant in-
crease in lysis of germling pairs under reduced extracellular cal-
cium concentrations. Due to the similarity in germling fusion
phenotype between �Prm1, �lfd-1, and �NCU02191 strains, we
focused on NCU02191, which we named lfd-2 for late fusion de-
fect-2.

To obtain quantitative data for cell fusion events, we con-
structed duplicate strains where one �lfd-2 strain carried a cyto-
plasmic GFP marker and another �lfd-2 strain carried a cytoplas-
mic mCherry marker. Five hours postgermination, the fusion
phenotype between green and red fluorescent �lfd-2 germling
pairs was analyzed. Whereas 100% of the adhered wild-type germ-
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ling pairs fused and showed mixed green and red fluorescence,
fusion between adhered �lfd-2 germlings was reduced to 81%
(Fig. 2). The reduction in fusion frequency in �lfd-2 germling
pairs was due to a significant increase in cell lysis (14% of the
fusion pairs) rather than an increase in the class of adhered but
nonfused germlings, as was observed for both �Prm1 and �lfd-1
strains (Fig. 2B and C). However, similar to �Prm1 and �lfd-1
mutants (22), increasing the calcium concentration suppressed
the lysis phenotype of adhered lfd-2 germlings (Fig. 2A).

The similarity in lysis phenotype between �lfd-2, �Prm1, and
�lfd-1 mutants suggested that these proteins function in a similar
process during cell fusion. To assess this hypothesis, we performed
an epistasis test by constructing �lfd-1 �lfd-2 and �Prm1 �lfd-2
double mutants. Compared with the cell lysis frequency in �lfd-1
or �lfd-2 adhered germlings (8% and 14%, respectively), the
�lfd-1 �lfd-2 germlings showed an additive increase in lysis fre-

quency (23%) (Fig. 2B, white bars). This lysis value increased sig-
nificantly under reduced calcium concentrations (31%). The de-
letion of lfd-2 reduced the adhered, nonfused germling phenotype
of �lfd-1 mutants, with a concomitant increase in cell lysis, but did
not affect the frequency of the class of fused germlings (Fig. 2B).

N. crassa germlings lacking Prm1 showed a high percentage of
adhered but unfused germlings (
44%) (Fig. 2C) (21, 22), of
which 
11% showed a lysis phenotype. An additive cell lysis phe-
notype also was observed in the �Prm1 �lfd-2 germlings (26%)
compared to �Prm1 or �lfd-2 germlings alone (11% and 14%,
respectively) (Fig. 3B, white bars). The cell lysis frequency of the
�Prm1 �lfd-2 germlings also increased significantly (34%) under
conditions of reduced calcium. However, the frequency of germ-
lings that underwent productive cell fusion in the �Prm1 �lfd-2
germlings was not significantly different from that of �Prm1
germlings alone (Fig. 2C). Similar to the �lfd-1 �lfd-2 germlings,

FIG 1 Identification and phenotype of deletion mutants that show increased cell lysis of adhered germlings. Mutants showed cell lysis of adhered germlings
during vegetative cell fusion. (A) Adhered germlings treated with FM4-64. Arrows point at lysed germlings showing intense FM4-64 staining, either across the
entire germling (left) or at the point of cell fusion (right). Asterisks indicate normal fusion events. BF indicates bright-field images, and FM4-64 indicates FM4-64
fluorescence images. Scale bar, 5 �m. (B) Lysis frequencies of adhered germlings for strains carrying deletions for two candidate genes identified from RNA-seq
analyses (24) compared to the WT and known fusion mutants �Prm1 and �lfd-1. Gray bars indicate lysis values in normal VMM (29), white bars indicate lysis
values in a reduced concentration of extracellular calcium (Ca2�), and patterned bars indicate lysis in 1 M sorbitol. Asterisks indicate a significant increase of cell
lysis (P � 0.05) compared to WT values. Diamonds indicate a significant increase of cell lysis in reduced calcium concentration with respect to the same strain
in normal VMM (P � 0.05). No significant difference was observed in the frequency of cell lysis between normal and 1 M sorbitol conditions in any of the strains.
Bars indicate standard deviations.
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FIG 2 Characterization of cell lysis frequencies of adhered germlings in �lfd-2, �lfd-1; �lfd-2, and �Prm1; �lfd-2 mutants under normal and altered calcium
conditions. (A) Fusion (black bars), lysis (white bars), and blocked fusion (nonfused; gray bars) frequencies of adhered �lfd-2 germlings at different calcium
(Ca2�) concentrations. B) Fusion (black bars), lysis (white bars), and blocked fusion (gray bars) for single (�lfd-1 or �lfd-2) and double (�lfd-1; �lfd-2) mutants
under different calcium concentrations. (C) Fusion (black bars), lysis (white bars), and blocked fusion (gray bars) of adhered germlings from single mutants
(�Prm1 or �lfd-2) versus the double mutant (�Prm1; �lfd-2) under different calcium (Ca2�) concentrations. Bars indicate standard deviations.
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the absence of lfd-2 from �Prm1 germlings resulted in a substan-
tial reduction in the adhered but nonfused germling class, which
was replaced by an increase in the class of germlings that showed
cell lysis.

By transmission electron microscopy analyses, it was previ-
ously shown that a significant portion of �Prm1 and �lfd-1 ad-
hered germlings show stable appressed plasma membranes, which
often display cellular invaginations (21, 22). Our data suggest that
in the absence of LFD-2, the appressed membranes representative
of the adhered, nonfused class of �Prm1 and �lfd-1 germlings are
destabilized, resulting in an increase in cell lysis in the �Prm1
�lfd-2 and �lfd-1 �lfd-2 germling pairs. This result is different
from that observed for �Prm1 �lfd-1 mutants, where the increase
in cell lysis occurs as a result of a decrease in cell fusion frequencies
but the percentage of adhered, nonfused germlings was unaffected
(22) (Fig. 3B).

The N. crassa fig1 mutant displays a germling lysis pheno-
type. In S. cerevisiae, Fig1p is a plasma membrane protein that
controls pheromone-induced calcium influx and is a component
of the low-affinity calcium uptake system (LACS) (53). fig1� mat-
ing pairs show an 
25% reduction in cell fusion and show calci-
um-dependent cell lysis (12). A FIG1-like homolog recently was
identified in N. crassa, and a strain bearing a deletion of fig1 dis-
plays a mating type-specific defect in the production of female
reproductive structures (33). Due to its mating cell fusion defect

and cell lysis phenotype in S. cerevisiae, we examined the role of
fig1 during germling fusion in N. crassa. The fig1 locus
(NCU02219) encodes a 267-amino-acid (aa) protein with 4 trans-
membrane domains. To obtain quantitative data for cell fusion
events, we constructed �fig1 strains carrying GFP or mCherry
cytoplasmic markers. �fig1 germlings showed normal chemo-
tropic behavior and adherence. However, adhered �fig1 germ-
lings showed significant cell lysis (12.7%) (Fig. 3A), a phenotype
very similar to that of �lfd-2 mutants. As for fig1� mutants in S.
cerevisiae and for �Prm1, �lfd-1, and �lfd-2 mutants in N. crassa,
increasing extracellular calcium suppressed the cell lysis defect of
�fig1 germlings (Fig. 3A). Similar to the �lfd-2 mutant, the fre-
quency of adhered but nonfused �fig1 germlings was not signifi-
cantly different from that of the wild type. Complementation of
�fig1 with the fig1 open reading frame under the regulation of the
tef1 promoter recovered WT levels of cell lysis (4.6% 	 1.2%),
confirming that the lysis phenotype detected in the mutant re-
sulted from the absence of FIG1.

To assess epistasis interactions between Prm1, lfd-1, and fig1,
we constructed double and triple mutants and quantitatively as-
sessed fusion and lysis in adhered germlings. The �Prm1 �fig1
mutant showed a significant increase in cell lysis (
40%) relative
to �Prm1 or �fig1 germlings (
11% and 
12.7%, respectively),
indicating a synergistic effect of the deletion of both genes. The
adhered germling class, and particularly the fused germling class,

FIG 3 Characterization of cell lysis frequencies of adhered germlings in �fig1, �Prm1; �fig1, �fig1; �lfd-1, and �Prm1; �fig1; �ldf-1 mutants under normal and
altered calcium conditions. (A) Frequency of fusion (black bars), lysis (white bars), or nonfusion (where adhered germlings are blocked at cell fusion; gray bars)
of �fig1 germlings under different calcium concentrations. (B) Frequency of fusion (black bars), lysis (white bars), or nonfusion (where adhered germlings are
blocked at cell fusion; gray bars) of �Prm1; �fig1, �fig1; �lfd-1, and �Prm1; �lfd-1; �fig1 germlings. Bars indicate standard deviations.
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were reduced in the �Prm1 �fig1 germlings. In contrast, the �fig1
�lfd-1 mutants showed an additive effect on cell lysis (
22%)
(Fig. 3B). As with the �lfd-1 �lfd-2 germlings, the increase in cell
lysis of the �fig1 �lfd-1 germlings was due to a decrease in the class
of adhered, nonfused germlings, but not in the frequency of germ-
lings that underwent productive cell fusion (Fig. 3B). The triple
mutant (�Prm1 �lfd-1 �fig1) showed a phenotype similar to that
of �Prm1 �lfd-1 germlings (Fig. 3B).

To determine whether cell lysis and death observed during
germling fusion also occurs during hyphal fusion in an N. crassa
colony, we assessed lysis in a mature colony by staining with the
vital dye methylene blue. In a wild-type colony, no staining by
methylene blue was observed in fungal compartments at hyphal
fusion junctions (Fig. 4A; circles indicate fusion junctions). How-
ever, in a �Prm1 colony, cell lysis at approximately half of the
hyphal fusion points was observed (Fig. 4B, red circles). The vital
dye staining showed compartmentalization at the fusion point,
suggesting that the septal pores surrounding the fusion point were
blocked in these cells. For �lfd-1 and �lfd-2 colonies (Fig. 4C and
D) as well as for �fig1 and �NCU01697, no lysis at hyphal fusion
points within a colony was detected.

LFD-2 localizes to the ER and Golgi membrane. lfd-2 is pre-
dicted to encode a protein of 502 aa containing one transmem-
brane domain (aa 26 to 43) (Fig. 5A). Although a signal peptide is
not predicted (47), it is possible that the transmembrane domain
functions to target LFD-2 to the ER given its proximity to the N
terminus. TMHMM and PSORT (46, 54) support placement of

the C terminus of LFD-2 on the exterior of the cell or in the inte-
rior of the lumen of the ER/Golgi membrane. Three N-glycosyla-
tion sites (N147, N387, and N499) and six O-glycosylation sites
(S4, S60, S83, T406, S501, and S502) were predicted (48–50). A
Fringe domain (aa 202 to 262) also was identified in LFD-2 by
Pfam InterPro and SMART analyses (43–45) (Fig. 5A). Fringe
domains are associated with proteins having glycosyltransferase
activity, such as Fringe, which is an O-fucosyltransferase involved
in the glycosylation of Notch (55, 56). Fringe contains a DxD
motif, which is found in most glycosyltransferases that use nucle-
oside diphosphate sugars. A DAD motif is present within the pre-
dicted Fringe domain of LFD-2 (aa 214 to 216). Inactivation of
Fringe in metazoan species gives rise to Notch signaling defects
(57).

BLAST searches of the N. crassa genome identified a paralog of
lfd-2 (NCU07762) that has 
17% aa identity to LFD-2. Other
filamentous fungal species within the Eurotiomycetes, Dothidio-
mycetes, and Sordariomycetes also have a variable number of
LFD-2 homologs (from 1 to 9 homologs within a single genome).
The majority of these homologs show 
18 to 25% aa identity to
LFD-2. However, within the Sordariomycetes, homologs of LFD-2
were identified that showed high identity (�32% aa identity; E
value of �1�100) (Fig. 5B). In contrast, homologs of LFD-2 were
not identified in the Schizosaccharomycetes. Homologs to lfd-2 also
were absent from most species in the Saccharomycotina, with the
exception of Yarrowia lipolytica (
21% aa identity) and Lipomy-
ces starkeyi (4 homologs ranging from 16 to 27% aa identity). lfd-2

FIG 4 Evaluation of lysis and compartmentation during hyphal fusion in a wild-type colony versus �Prm1, �lfd-1, and �lfd-2 mutant colonies. (A) Lysis at
hyphal fusion points in a wild-type colony was assessed by staining with the vital dye methylene blue; black circles show productive fusion events (no cell lysis).
(B) Lysis at hyphal fusion points in a �Prm1 colony was assessed by staining with the vital dye methylene blue. Red circles show cell lysis that occurred at fusion
points; black circles show productive fusion events. (C) Lysis at hyphal fusion points in a �lfd-1 colony was assessed by staining with the vital dye methylene blue.
Black circles show productive fusion events. (D) Lysis at hyphal fusion points in a �lfd-2 colony was assessed by staining with the vital dye methylene blue. Black
circles indicate productive fusion events. Scale bars, 50 �m.
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homologs also were identified in a few basidiomycete species, in-
cluding Ustilago maydis (
18% aa identity), and even in more
distantly related species, such as in the chytrid Batrachochytrium
dendrobatidis (one lfd-2 homolog; 22% aa identity).

Macroscopically, the �lfd-2 mutant was indistinguishable
from the wild type (Fig. 5C) and showed normal growth, conidi-
ation, female fertility, and crossing behavior. To determine the
cellular location of LFD-2, an lfd-2-gfp allele, regulated by the tef1
promoter and integrated into the his-3 locus of a his-3; �lfd-2
strain, was constructed. Full complementation of germling fusion
defects was observed, including abrogating cell lysis during germ-
ling fusion to wild-type levels (5.3% 	 2.06%). LFD-2-GFP local-
ized to endomembranes during germling fusion (Fig. 6A to C) and
was not observed at the plasma membrane or at the point of con-
tact between germlings. In hyphae, LFD-2-GFP localization was
detected distal to the peripheral hyphal tips and within the inner
section of the colony. LFD-2-GFP localized to the nuclear ER as
well as with the plasma membrane, suggesting both nuclear and
cortical ER localization (Fig. 6F to I). LFD-2-GFP localization to
the ER was never observed near or at hyphal tips (Fig. 6D and E),
and LFD-2-GFP was not observed at hyphal fusion points (Fig. 6
and 7).

In germlings, colocalization of LFD-2-GFP with the vacuolar
marker RFP-VAM3 also was observed (Fig. 7A). To assess colo-
calization of LFD-2-GFP with ER markers in hyphae, we con-
structed a strain expressing SEC61-mCherry. Sec61p is part of the
Sec61 complex, which is the major component of a channel-form-
ing translocon complex that mediates protein translocation across
the ER; Sec61 localizes both at nuclear and cortical ER in S. cerevi-
siae (58). In a localization pattern identical to that observed in S.
cerevisiae, in N. crassa germlings, Sec61-mCherry localized to the
nuclear membrane (nuclear ER) and to foci at the plasma mem-
brane (cortical ER) (see Fig. S1 in the supplemental material). In
addition, similar to LFD-2 (Fig. 7A), SEC61 also localized to vac-
uoles in conidia (see Fig. S1). In hyphae, LFD-2-GFP and SEC61-
mCherry showed colocalization to nuclear ER (Fig. 7B). For fur-
ther confirmation of LFD-2 localization, we used a strain
expressing ERV25-mCherry, an ortholog of the yeast ER cargo
adaptor protein Erv25p, which is an ER membrane protein in-
volved in ER-to-Golgi membrane transport (59). We observed
clear ERV25-mCherry localization to both nuclear and cortical ER
in hyphae; LFD-2-GFP colocalized with ERV25-mCherry at both
ER locations (Fig. 7C).

Foci of LFD-2-GFP were observed in hyphae which were not
labeled with Sec61-mCherry or Erv25-mCherry. To test if the lo-
calization of LFD-2-GFP corresponded to the Golgi membrane,
we performed colocalization with the Golgi membrane marker
RFP-VPS52 (36); colocalization of LFD-2-GFP and RFP-VPS52
was observed for some foci (Fig. 7D), indicating that LFD-2-GFP
also localized to Golgi membrane.

DISCUSSION

The process of membrane merger, whether between cells or be-
tween membrane compartments in the cell, is an inherently per-
ilous process. Cell lysis can be a significant side reaction of the
fusion process in membrane merger during mating in S. cerevisiae,
fusion of vegetative germlings in N. crassa, and homotypic fusion
of vacuoles in S. cerevisiae (12, 22, 60, 61). Cell lysis frequencies
can be affected by membrane composition as well as by the dis-
ruption of the protein machinery and regulatory factors required

FIG 5 Structure, phylogenetic, and phenotypic analyses of LFD-2. (A) Cartoon of
domain structure of LFD-2. The red box shows the transmembrane domain, and
the blue box shows the Fringe domain. The blue asterisks indicate predicted N-
linked glycosylation sites, and black asterisks indicate predicted O-glycosylation
sites (see Materials and Methods). The cartoon was made by DOG (68). (B) Phy-
logenetic tree for LFD-2 (NCU02191) in the genomes of species from Sordario-
mycetes: Acremonium alcalophilum (Acral1_c3a.estExt_fgenesh2_
pg.C_50864), Apiospora montagnei (e_gw1.92.82.1), Beauveria bassiana
(BBA_03605m.01), Chaetomium globosum (CHGT_02214), Colletotrichum
graminicola (GLRG_06237T0), Cordyceps militaris (CCM_08528m.01), Cry-
phonectria parasitica (Crypa1.estExt_Genewise1Plus.C_20699), Daldinia
eschscholzii (MIX4991_8_43), Eutypa lata (UCREL1_7331m.01), Glomerella
cingulata (e_gw1.9.114.1), Hypoxylon sp. strain CI-4A (gm1.9432_g), Metar-
hizium acridum (MAC_03592m.01), Neurospora discreta (estExt_Genewise1
Plus.C_90445), Neurospora tetrasperma (e_gw1.5.373.1), Phaeoacremonium
aleophilum (UCRPA7_6658m.01), Podospora anserina (Pa_5_2960), Thielavia
antarctica (e_gw1.19.390.1), Trichoderma atroviride (Triat1.e_gw1.1.1843.1),
Verticillium dahliae (VDAG_07638T0), and Sordaria macrospora (SMAC_
03630). The LFD-2 homologous sequence in Batrachochytrium dendrobatidis
(GP3.005680) and the putative paralog of LFD-2 in N. crassa (NCU07762)
were used as outgroups. Arrow points at LFD-2 (NCU02191) from N. crassa.
The scale bar indicates the number of substitutions per amino acid. (C) Wild-
type culture (bottom) and �lfd-2 culture (upper) growing on VMM agar.
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for the fusion process (for example, an excess of SNARE proteins
[62]). Previously, only two proteins were known to be involved in
membrane merger during cell fusion in N. crassa: Prm1 and lfd-1
(21, 22). The absence of either of these proteins results in both
membrane fusion defects and calcium-dependent cell lysis during
germling fusion. With this work, we expanded the list of genes
involved in cell lysis during germling fusion and describe a new
gene, lfd-2, whose deletion results in a strain that also shows cal-
cium-dependent lysis during germling fusion. LFD-2 localized to
endomembranes in N. crassa germlings, while in a colony, LFD-2
localized mainly to the ER and Golgi membrane. LFD-2 was not
observed at the fusion point between germlings or between fusion
hyphae. The localization of LFD-2 to ER and to Golgi membrane
suggests that it plays a role in secretion or in the modification of a
component needed for proper membrane fusion.

LFD-2 is predicted to contain a Fringe domain. In metazoans,
Fringe is a Golgi membrane-localized glycosyltransferase involved
in the transfer of N-acetylglucosamine to fucose on extracellular
domains of epidermal growth factors, such as NOTCH receptors
(55, 56, 63). Other glycosyltransferases involved in glycolipid syn-
thesis also are necessary for Notch signaling and may play a role in
the appropriate organization of Notch receptors in the plasma
membrane. The paralog of lfd-2 in N. crassa (NCU07762; gt31-2)
is annotated as a member of glycosyltransferase family 31. In
metazoans, Notch receptors are cell surface glycoproteins that are
activated by specific ligands to regulate cell fate decisions (25, 57).

Activation of Notch by ligand binding results in proteolysis and
translocation of the cytoplasmic portion of Notch to the nucleus
and, via interaction with other proteins, mediates transcriptional
activation of target genes involved in cell fate determination. Dis-
ruption of O-fucose glycan synthesis, such as in Fringe mutants,
leads to Notch signaling defects. Notch is also a calcium binding
protein which is thought to play a role in the stability of EFG
repeats (64). It is tempting to speculate that LFD-2 plays a role in
the modification of a protein involved in proper regulation of
membrane merger during germling fusion in N. crassa and that its
dysfunction results in calcium-dependent cell lysis. However, the
identity of such a receptor/protein in N. crassa remains elusive, as
components of Notch signaling are highly conserved only among
metazoan species (65).

The cell lysis phenotype observed in adhered mating cells in S.
cerevisiae in the absence of proteins such as Prm1p and Fig1p has
been proposed to be the consequence of the engagement of defec-
tive membrane fusion machinery (12). Cell lysis of N. crassa
�Prm1 or �lfd-1 strains bearing a deletion of a synaptotagmin
ortholog, syt-1, which is involved in membrane repair in other
species, show increased frequencies of lysis of adhered germlings
and is not affected by the concentration of external calcium. These
observations suggest that engagement of the membrane merger
machinery can have two outcomes: membrane fusion or cell lysis.
Here, we show that strains bearing deletions of either lfd-2 or fig1
showed calcium concentration-dependent cell lysis during germ-

FIG 6 Localization of LDF-2-GFP in germlings and in hyphae. (A to C) LFD-2-GFP localization in germlings undergoing chemotropic interactions and cell
fusion. Arrows indicate the point at which germlings are adhered. (D to F) Cellular localization of LFD-2-GFP in apical hyphae and in hyphae more distant from
the colony periphery. Note localization to punctae in apical hyphae and hyphae near the tips (D and E) but localization to nuclear ER and membrane structures
in hyphae further from the periphery of a colony (F). (G to I) Localization of LFD-2-GFP to fusion hyphae, as well as hyphae within the interior of a colony.
Arrows indicate the point of contact between fusion hyphae. Note the localization of LFD-2-GFP to nuclear ER, puncta, and cortical ER or plasma membrane in
these hyphae. Scale bars, 5 �m.
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ling fusion. These data suggest that the true extent of cell lysis
phenotypes of the �Prm1, �lfd-1, �lfd-2, or �fig1 mutants are
suppressed by calcium-dependent membrane repair mechanisms.

FIG1 in N. crassa is a component of the low-affinity calcium
uptake system (33), with a predicted role similar to that of Fig1p in
S. cerevisiae, which is involved in calcium uptake in response to
pheromone during mating (53). In S. cerevisiae, fig1 mutants show
a 25% reduction in cell fusion with a concomitant increase in
failure to undergo membrane merger (12). Here, we show that the
N. crassa �fig1 mutant did not show an increase of adhered germ-
lings pairs blocked at membrane merger (nonfused) but showed a
calcium-dependent cell lysis phenotype. This cell fusion pheno-
type was very similar to that observed for the �lfd-2 strain. How-
ever, our epistasis experiments indicate that FIG1 and LFD2 func-

tion in different pathways. For example, in both �Prm1; �lfd-2
and �lfd-1; �lfd-2 germlings, the increase in cell lysis occurred
exclusively within the class of germlings that were adhered (Fig. 4).
In contrast, �Prm1; �fig1 germlings showed a similar frequency of
adhered germlings but a significant reduction in the frequency of
fused germlings, with a concomitant increase in the frequency
of lysed germlings. These observations suggest that PRM1 and
FIG1 function early in membrane merger, perhaps in conjunction
with initial steps in the assembly of the fusion machinery, while
LFD-1 and LFD-2 play an important function later, perhaps en-
suring the fidelity of membrane pore formation.

In addition to lfd-2, we identified another mutant (NCU01697)
that showed significant lysis of adhered germlings but for which
alterations in calcium concentration had no effect on the fre-

FIG 7 Colocalization of LDF-2-GFP and different cellular markers in germlings and hyphae undergoing cell fusion. (A) Colocalization of LFD-2-GFP with the
vacuolar marker VAM3-RFP in adhered germlings undergoing cell fusion. (B) Colocalization of LFD-2-GFP with the endoplasmic reticulum (ER) protein
SEC61-mCherry in adhered hyphae undergoing cell fusion. (C) Colocalization of LFD-2-GFP with the ER protein ERV25-mCherry in adhered hyphae under-
going cell fusion. (D) Colocalization of LFD-2-GFP with the Golgi protein VPS52-RFP in adhered hyphae undergoing cell fusion. White arrows indicate fusion
points. Orange arrows indicate colocalization of GFP- and mCherry (or RFP)-tagged proteins. Scale bars, 5 �m.
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quency of cell lysis during germling fusion. One possible explana-
tion for cell lysis during germling fusion observed in this mutant is
that the protein encoded by this gene plays a role in membrane
organization and/or lipid composition. This hypothesis is sup-
ported by the fact that NCU01697 contains a predicted acyltrans-
ferase domain (5.1e�04); proteins containing acyltransferase do-
mains are involved in phospholipid biosynthesis (66). The
identification of this additional mutant that showed lysis of ad-
hered germlings but which was calcium concentration insensitive
shows the complexity of the membrane merger/cell fusion pro-
cess. Since membrane merger is a ubiquitous phenomenon that
occurs between cells during mating; during syncytial development
of muscle cells, osteoclasts, and the placenta (1, 3); and during
intracellular vesicle trafficking, elucidation of this process using
the genetic and molecular resources of N. crassa may provide in-
formation on mechanisms of membrane merger and repair that
are extendable to other systems. Further characterization of
PRM1, FIG1, LFD-1, LFD-2, and NCU01697 provides a rich re-
source to dissect the cell membrane merger pathway and to inves-
tigate biochemical functions of these proteins during the cell fu-
sion process.
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