Preface

Cell fusion is a specialized cellular event that is critical for the conception,
development and physiology of a multicellular organism. Known as a phenom-
enon for over ahundred years, cell fusion took center stage in the early analysis
of gene expression, chromosomal mapping, monoclonal antibody production,
and cancer therapy. It is only recently, however, that the molecular mechanisms
of cell fusion have begun to come to light, thanks to the application of new
technologies in genetics, cell biology, molecular biology, biochemistry, and
genomics.

Exciting work in the past decade has revealed commonalities and differences
among individual cell fusion events. The aim of Cell Fusion: Overviews and
Methods is to bring together a collection of overviews that outline our current
understanding of cell fusion and methods that present classic and state-of-the-
art experimental approaches in a variety of systems. The first half of this vol-
ume consists of nine overviews that describe different cell fusion events from
yeast to mammals. The second half consists of thirteen chapters illustrating
commonly used methods to assay cell fusion in different systems.

The overal goal for this book is to serve as a comprehensive resource for
anyone who is interested in this fascinating biological problem. It is intended
for both newcomers and active researchers in the field to either acquire basic
knowledge on cell fusion or to compare and contrast different cell fusion
events. The user-friendly format of the method chapters should enable begin-
ning students and experienced researchers to conduct assays in avariety of cell
fusion systems.

The completion of Cell Fusion: Overviews and Methods would not have
been possible without the enthusiastic support and outstanding contributions
from al authors, to each of whom | owe a big and hearty thanks. My deep
gratitude also goes to Chelsea Newhouse for her excellent assistance in proof-
reading all the chapters, communicating with the authors, and organizing the
manuscripts. Finaly, | would like to thank the series editor, Dr. John Walker, for
his encouragement and guidance throughout the editing process.

Elizabeth H. Chen
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Summary

Hyphal fusion occurs at different stages in the vegetative and sexual life cycle of filamentous
fungi. Similar to cell fusion in other organisms, the process of hyphal fusion requires cell recogni-
tion, adhesion, and membrane merger. Analysis of the hyphal fusion process in the model organ-
ism Neurospora crassa using fluorescence and live cell imaging as well as cell and molecular
biological techniques has begun to revea its complex cellular regulation. Several genes required
for hyphal fusion have been identified in recent years. While some of these genes are conserved
in other eukaryotic species, other genes encode fungal-specific proteins. Anaysis of fusion
mutants in N. crassa has revealed that genes previously identified as having nonfusion-related
functions in other systems have novel hyphal fusion functions in N. crassa. Understanding the
molecular basis of cell fusion in filamentous fungi provides a paradigm for cell communication
and fusion in eukaryotic organisms. Furthermore, the physiological and developmental roles of
hyphal fusion are not understood in these organisms; identifying these mechanisms will provide
insight into environmental adaptation.
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1. Introduction

Filamentous ascomycete fungi, such as Neurospora crassa, typically form
mycelial colonies consisting of a network of interconnected, multinucleate
hyphae. Colonies grow by hyphal tip extension, branching, and fusion (1,2).
In filamentous ascomycete species, hyphal cross-walls or septa are incomplete
and contain a single central pore. Septal pores allow cytoplasm and organelles,
including nuclei, to move between hypha compartments, thus making the fun-
gal colony a syncytium. The syncytial, interconnected, organization of afungal
colony enables trandocation of cellular contents, such as organelles, metabolites,
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nutrients, or signaling compounds, throughout the colony, presumably facilitat-
ing growth and reproduction.

Cell fusion events occur during all stages of the filamentous fungal life cycle
(3). These fusion events serve different purposes during the establishment and
development of fungal colonies. During vegetative growth, germling fusion
events between germinating, and even apparently ungerminated, asexual spores
(conidia) are correlated with faster colony establishment (Fig. 1A; refs. 4,5).
Fusion between hyphal branches within a mature fungal colony results in the
formation of a network of interlinked hyphae (see Fig. 1B; refs. 1,6). Germling
or hyphal fusion between genetically different but heterokaryon-compatible
individuals leads to the formation of colonies containing genetically different
nuclei (heterokaryon). Within heterokaryons, nonmeiotic or parasexual recom-
bination can result in the formation of new genotypes (7), which possibly
contribute to the high adaptability of fungal species that lack sexua reproduc-
tion. In the sexual phase of the life cycle, cell fusion between male and female
reproductive structures is essential for mating in out-breeding species (see Fig.
1C; ref. 8). After mating, cell fusion is associated with ascus formation (see
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Fig. 1. Stages in the life cycle of Neurospora crassa in which fusion occurs. (A)
Conidiaat sufficient cell density undergo fusion between germlings. (B) Hyphae within
the interior of the colony show chemotropism and hyphal fusion. (C) The sexual cycle
isinitiated by cell fusion between afertile receptive hyphae (trichogyne [t]) emanating
from a female reproductive structure, the protoperithecia (out of view). The trichogyne
shows chemotropism toward a conidium of the opposite mating type (c). Arrow indi-
cates fusion point. (D) Following fertilization, nuclei of opposite mating type (mat A
and mat a) proliferate in ascogenous hyphae. Opposite mating-type nuclei pair off and
migrate into the crozier (cr). In N. crassa, karyogamy occurs in the penultimate cell of
the crozier. Hyphal and nuclear fusion occurs between the terminal cell and the sub-
tending cell of the crozier (fc). Karyogamy, meiosis, and an additional mitotic division
occurs in the ascus resulting in an eight-spored ascus. Asci, ascogenous hyphae and
croziers treated with DAPI, a nuclear stain. Bar = 20um.
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Fig. 1D), the cell in which karyogamy and meiosis occur (9). Whether common
cell fusion machinery isinvolved in both sexual and vegetative fusion eventsin
filamentous fungi remains a question.

Fusion processes in filamentous fungi are comparable to cell fusion events
in other eukaryotic organisms. Examples include fertilization events between egg
and sperm or somatic cell fusion that result in syncytia (e.g., between myoblasts
during muscle differentiation, between macrophages in osteoclast and giant
cell formation, and during placental development; refs. 10-14). Although cell
fusion events occur in a diversity of species and cell types, they require very
similar cellular processes, such as cell recognition, adhesion, and membrane
merger. Although in many cases cell types involved in fusion are geneticaly
or physiologically different, such as cell fusion during mating in N. crassa,
vegetative hypha fusion occurs between genetically and probably physi-
ologically identical cells. Understanding the molecular basis of hyphal fusion
provides a paradigm for self-signaling in eukaryotic cells and provides a useful
comparative model for somatic cell fusion eventsin other eukaryotes. The model
organism N. crassa is methodically tractable (15-17), thus allowing the direct
comparison of the molecular basis of hyphal and cell fusion events during its
life cycle.

2. Vegetative Cell Fusion
2.1. Germling Fusion

Thelife of afungal individual often beginswith the germination of an asexual
spore, termed conidium. When multiple conidia are placed close to one another,
numerous germling fusion events are observed (5,18). As a result, numerous
individual germlings become one functional unit, which subsequently develops
into amycelia colony. Germinating conidia can fuse by germ tube fusion (see
Fig. 1A) or by the formation of small hyphal bridges (fusionshyphen or conidial
anastomosis tubes), which are significantly narrower than germ tubes (4,5,19).
Fusion events among conidia show a density- and nutrient-dependent function;
fusion is suppressed on nutrient-rich media. The merger of initially individual
cellsinto functional units in response to environmental cues is found not only
in fungi but also in other species such as the social amoeba of dictyostelid slime
molds (20).

2.2. Hyphal Fusion

After germlings create a fused hyphal network, hyphal exploration extends
outward from the conidia, thus taking on the morphological aspects of atypical
fungal colony (1,2). In N. crassa and other filamentous ascomycete species, the
frequency of hyphal fusion within a vegetative colony varies from the periph-
ery to the interior of the colony (21). At the periphery, hyphae grow straight
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out from the colony and exhibit avoidance (negative autotropism), presumably
to maximize the outward growth of the colony (22). In the inner portion of a
colony, hyphae show a different behavior. Instead of avoidance, certain hyphae
or hyphal branches show attraction, directed growth, and hyphal fusion (Fig. 2;
refs. 1,21,23). Similar to germling fusion, the frequency of hyphal fusion events
depends on the availability of nutrients. Generally speaking the following rule
applies: thefewer thenutrients, themorethefusion events(4,24,25). For example,
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Fig. 2. Stages of hyphal fusion. (A,B) The presence of a fusion-competent hypha
often results in the formation of a peg in the receptive hypha. Peg formation is asso-
ciated with the formation of a Spitzenkorper at the tip of the new peg. (C) Contact
between fusion hyphae is associated with a switch from polar to nonpolar growth,
resulting in a swelling of the fusion hyphae at the point of contact. The Spitzenkorper
is associated with the site of the future pore in both fusion hyphae (arrows). (D) Pore
formation (arrow) is associated with cytoplasmic flow. Organelles such as nuclei and
mitochondria pass through the fusion pore. Septation is also often associated with
hyphal fusion events. (E) Fusion results in cytoplasmic mixing. Fusion between one
hypha labeled with cytoplasmic GFP and one carrying dsRED-labeled nuclei result in
hyphae exhibiting red nuclei in green cytoplasm. Hyphae stained with FM4-64. Bar =
10um. (A-D, adapted from ref. 21.)
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addition of nitrogen to nutrient-poor media led to the largest decrease in hyphal
fusion frequency in Rhizoctonia solani (25).

2.3. Mechanistic Aspects of Germling and Hyphal Fusion

Mechanistically, the process of germling and hyphal fusion can be divided
into three steps: (1) precontact; (2) contact, adhesion, and cell wall breakdown;
and (3) pore formation and cytoplasmic flow (see Fig. 2; refs. 2,21,26).

2.3.1. Precontact

The observed attraction between conidial germlings or fusion hyphae sug-
gests chemotropic interactions between the fusion partners. When the relative
position of two germlings showing mutual attraction is changed by microma
nipulation using optical tweezers, both individuals readjust their growth toward
each other to make contact and undergo fusion (18,27). During hyphal fusion,
the presence of a fusion-competent hypha often results in either the alteration
of growth trajectory or the formation of fusion branches in a receptive hypha
(see Fig. 2; refs. 1,4,21).

The secretion of signaling molecules is acommon theme in chemotactic and
chemotropic cellular interactions. Instances of cell—cell communication by dif-
fusible substances leading to cell fusion include mating in the unicellular yeast
species, Saccharomyces cerevisiae, pollen tube growth to the ovary in plant
species, or egg—sperm interaction in animals. Mating in S. cerevisiae requires
two cells of opposite mating types. Haploid cells secrete mating-type specific
pheromones, which bind to their cognate plasma membrane receptorsin a part-
ner of the opposite mating type (28). Germinating pollen tubes are also thought
to be guided by diffusible chemotropic substances, such as Ca?* or small heat-
stable molecules secreted by the style (29,30). Another diffusible substance
that is released by synergid cells guides the pollen tube into the ovule (31). The
eggs of many aguatic animal species also release chemotactic substances to
attract sperm; for example, Xenopus egg jelly releases a cysteine-rich secretory
protein, alurin, to attract sperm (32). In these examples, the fusion partners are
genetically and/or physiologically distinct and either secrete different signal-
ing molecules (such as mating-type-specific pheromones) or only one partner
secretes a signal that results in the attraction of the other partner. Although the
involvement of secreted signals is not clear in other systems, such asin myo-
blast fusion during muscle development, in most cases the fusing cells are also
different, such that one partner presents an extracellular or surface attractant
and the other grows or migratestoward it. In N. crassa, there is no evidence that
cellsthat undergo germling and hyphal fusion are genetically or physiologically
different. Both cells show chemotropic interactions, indicating that both are
secreting and responding to a chemotropic signal. This scenario is somewhat
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similar to cyclic adenosine monophosphate signaling in Dictyostelium discoideum,
where a gradient of cyclic adenosine monophosphate mediates attraction of
individual cells during the initiation of asexual sporulation (20). However,
in D. discoideum, al cells responds to the chemotactic signal, whereas in
N. crassa, only cells/hyphae destined to fuse do so. Theidentity of the molecules
that mediate chemotropic interactions during germling/hyphal fusion in any
filamentous fungus, including N. crassa, remains enigmatic.

The chemotropic reorientation of hyphae destined to fuse is associated
with alterations in the position of the Spitzenkorper or with the formation of
a new Spitzenkdrper associated with branch formation in the receptive hypha
(see Fig. 2A,B; ref. 21). The Spitzenkdrper is a vesicle-rich structure found
in growing hyphal tips or at sites of branch initiation (21,33). Localization of
the Spitzenkorper in the hyphal apex has been associated with directionality of
growth. In hyphae showing chemotropic interactions prior to hyphal fusion, the
Spitzenkdrper in the two partner hyphae continually reorient toward each other
until the point of contact (see Fig. 2B,C). Reorientation of the Spitzenkorper
and polar hyphal extension toward the fusion partner requires cellular mecha
nisms linking reception of the fusion signal to reorganization of the cytoskel-
eton. Adjustment of hyphal growth toward the fusion partner is comparable to
cell polarization and shmoo formation during yeast mating (28), directed pollen
tube growth toward the ovary (31), or the extension and/or stabilization of filopodia
during myoblast fusion (10).

2.3.2. Contact, Adhesion, and Cell Wall Breakdown

After making contact, hyphae involved in fusion switch from polar to iso-
tropic growth, resulting in swelling of hyphae at the fusion point. The two
Spitzenkdrper of the fusion hyphae are juxtaposed at the point of contact
(see Fig. 2C; ref. 21). During chemotropic interactions, vesicles targeted to
the Spitzenkorper are associated with hyphal growth. However, once contact
occurs, vesicles secreted to the hyphal tips via the Spitzenkdrper must be
involved in the cell wall degradation at the site of fusion. The localization of
the two Spitzenkdrper in the fusion hyphae resembles the prefusion complexes
found during myoblast fusion in which vesicles line up at the sites of cell con-
tact, forming pairs across the apposing plasma membranes (12). Interpretation
of Spitzenkoérper behavior during hyphal fusion as a component of the prefu-
sion complex offers an interesting working hypothesis for further analysis.

Germlings and hyphae involved in fusion eventstightly adhere to one another
(18,21), and extracellular electron-dense material associated with fusing
hyphae (34) may be involved in adhesion of participating hyphae. Interaction
between adhesive molecules during mating in S cerevisiae, termed aggluti-
nins, is required to hold mating pairs together during cell wall breakdown and
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plasma membrane fusion (35). During prefusion complex formation in myoblast
fusion, extracellular electron-dense material is also found in the area between
two aligning vesicles, but not at nonpaired vesicles, suggesting a role for this
extracellular material in aligning vesicles during fusion events (36).

2.3.3. Pore Formation and Cytoplasmic Flow

After fusion of plasma membranes, the cytoplasms of the two participating
hyphae mix. In N. crassa, the Spitzenkdrper remains associated with the fusion
pore as it enlarges (see Fig. 2D,E; ref. 21). Dramatic changes in cytoplasmic
flow are often associated with hyphal fusion. Organelles, such as mitochondria,
vacuoles, and nuclei, are transferred between hyphae as a result of fusion (see
Fig. 2E). Septum formation near the site of hyphal fusion isalso often observed.
Physiological changes associated with cytoplasmic mixing upon hyphal/germ-
ling fusion are unclear but are presumed to occur; hyphae participating in fusion
may be in different developmental states or be exposed to different nutritional
conditions.

3. Sexual Fusion

Fusion is also essentia for fertilization during mating in filamentous asco-
mycete species, such as N. crassa (see Fig. 1C,D). Mating requires the produc-
tion of a specialized female reproductive structure, termed a protoperithecium.
Reproductive hyphae, called trichogynes, protrude from the protoperithecia.
Trichogynes are attracted by mating-type-specific pheromones secreted by
male cells (microconidia or macroconidia) of the opposite mating type (8,37).
After making physical contact, the tip of the female trichogyne fuses with
the male cell (see Fig. 1C). Following fusion, the nucleus from the male cell
migrates through the trichogyne and into the protoperithecium. Following this
fertilization event, opposite mating-type nuclei proliferate in a common cyto-
plasm within the developing perithecium. Opposite mating-type nuclei pair off
and migrate into a hook-shaped structure called a crozier (see Fig. 1D; ref. 9).
In N. crassa, karyogamy occurs in the penultimate cell of the crozier, while
hyphal fusion occurs between the terminal cell and the hyphal compartment
nearest to the penultimate cell (see Fig. 1D). Although fusion events occur
during both vegetative growth and sexual reproduction in filamentous ascomy-
cete species, it is unclear whether signaling mechanisms and/or hyphal fusion
machinery are common to both processes.

4. Identification of Fusion Mutants
Chemotropic interactions observed during hyphal and germling fusion sug-

gest that receptors and signal transduction mechanism are involved. During
mating in S. cerevisiae, binding of mating-type-specific pheromones to their
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cognate receptors results in activation of the pheromone response mitogen-
activated protein (MAP) kinase (MAPK) pathway. Activation of this signaling
pathway results in G, growth arrest and transcriptional activation of genes
associated with mating, such as FUSL and PRM1 (38,39). Components of the
MAPK pathway, such as the MAPK Fus3p, interact with proteins associated
with cytoskel eton rearrangement and cell polarization, such asthe formin Bnilp
(40). In N. crassa, mutations in homologs of components of the S. cerevisiae
pheromone response pathway result in strains that cannot perform germling or
hyphal fusion (Fig. 3; ref. 19). Strains containing mutations in the MAPK gene
mak-2, the MAPK kinase (MAPKK) gene NCU04612.3, or the MAPKK kinase
(MAPKKK) gene nrc-1 show similar phenotypes. In addition to a failure to
undergo hyphal or germling fusion, these mutants show reduced growth rates,
shortened aerial hyphae, and failure to form femal e reproductive structures (pro-
toperithecia; refs. 19,41,42). Similarly, an Aspergillus nidulans mutant disrupted
in a MAPKKK STE11 homolog, steC, fails to form heterokaryons (indicating a
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Fig. 3. In Neurospora crassa, mutations in the mitogen-activated protein kinase
pathway components nrc-1, NCU04612.3, mak-2, and pp-1 result in mutants unable
to undergo germling or hyphal fusion (19). In addition, mutations in ham-2, encod-
ing a putative plasma membrane protein, ham-3, and ham-4 result in strains unable to
undergo both hyphal and germling fusion (57,68). Mutations in so result in germling/
hyphal fusion-deficient strains (27). In Fusarium graminearum, a strain containing a
mutation in the ortholog of S.T2 failsto form a heterokaryon (45); the N. crassa ortholog
of SLT2 iscaled mak-3. The natures of the receptor and ligand involved in anastomosis
are unknown. Prm1p mediates membrane fusion in Saccharomyces cerevisiae (38).
Preliminary data indicate a similar role of the N. crassa prm-1 homolog in germling/
hyphal fusion. (A. FleiRner, S. Diamond, and N. L. Glass, unpublished data.)
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defect in hyphal fusion) and is also affected in formation of sexual reproductive
structures (43). Because mutations in this MAPK pathway affect formation of
sexual reproductive structuresin filamentous fungi, itsrolein mating cell fusion
has not been addressed.

Phosphorylation of MAK-2 is temporally associated with germling fusion
events and is dependent on functional NRC-1 (19). In S. cerevisiae, activation
of the pheromone response pathway |eads to activation of the transcription fac-
tor Stel2p. In N. crassa, a strain containing a mutation in the Stel2 ortholog,
pp-1, isvery similar in phenotype to a mak-2 mutant and is defective in hyphal
and germling fusion (D. J. Jacobson, A. FleiRner, and N. L. Glass, unpublished
results; ref. 42). Live cell imaging and microscopic observations of the
N. crassa nrc-1/mak-2/pp-1 mutants indicate that they are blind to self (mutants
neither attract nor are attracted to hyphae/conidia in cases where germling
fusion is common in wild-type strains). Furthermore, the nrc-1 and mak-2
mutants do not form conidial anastomosis tubes (18). These data suggest that
this MAPK pathway either is involved in early communication between the
fusion partners or is required for rendering conidia and hyphae competent to
undergo fusion.

In S cerevisiae, the SLT2 locus encodes an MAPK that is involved in cell
wall integrity. The SLT2 MAPK pathway is downstream of the FUS3 MAPK
pathway and is required for remodeling the cell wall during shmoo formation
during mating (44). Initial data show that a mutant of the SLT2 homolog in
N. crassa, mak-3, is aso hyphal fusion defective (A. Fleilner and N. L. Glass,
unpublished results). Mutationsinthe SLT2 ortholog in Fusariumgraminearum,
MGV, resulted in amutant that isfemale sterile, failsto form heterokaryons by
hyphal fusion, and is substantially reduced in virulence (45).

In numerous plant pathogenic filamentous fungi, homologs of components
of the mating or cell wall integrity MAPK pathways are essential for patho-
genic development despite their distinct infection strategies. For example, in
Magnaporthe grisea, Colletotrichum lagenarium, and Cochliobolus heterostro-
phus, strains containing mutations in FUS3 homol ogs are defective in appres-
soriaformation and fail to colonize host plants (46-48). Mutations in the FUS3
homol og of the biotrophic, nonappressorium-forming grass pathogen Claviceps
purpurea result in the inability of the fungusto colonize rye ovaries (49). Possible
defects in hyphal fusion have not been addressed in most of these cases. Thus,
arole for germling and hyphal fusion for colony development during invasion
and growth within host tissue remains unanswered.

Cellsrecognize extracellular signaling molecules by different types of recep-
tors. All eukaryotes use G-protein-coupled receptors (GPCR) for cell—cell
communication and sensing of environmental stimuli. Examples are the mating
pheromone receptorsin S. cerevisiae (28,50), cyclic adenosine monophosphate
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receptors involved in cell-cell communication in D. discoideum (20), or
GPCRs involved in neuron guidance by extracellular chemical cues (reviewed
inref. 51). Genome sequence analysis of the N. crassa genome has revealed at
least 10 seven-transmembrane receptors within the GPCR family (52). The two
mating-type-specific pheromone receptors share homology with the S, cerevi-
siae pheromone receptors Ste2p and Ste3p (53). In N. crassa, mutations in the
putative pheromone receptor gene pre-1 result in female sterility. Female pre-1
trichogynes are unable to detect and contact male cells of the opposite mating
type, indicating a role of the PRE-1 receptor in pheromone signaling between
mating partners. However, heterokaryon formation between two pre-1 strains
was comparable to wild-type strains, indicating that hyphal fusion in the pre-1
mutant is normal (53).

Binding of ligands to GPCRs results in the disassociation of an intracellular
heterotrimeric G protein (Go, GB, and Gy) and subsequent activation of down-
stream processes (50). In the N. crassa genome, three Go, one Gj3, and one Gy
genes are present (52,54). gna-1 and gnb-1 mutants do not show chemotropic
interactions between a trichogyne and conidium, which is required for the ini-
tiation of the sexual cycle (see Fig. 1C; ref. 53). However, G-protein mutants
show no defects in vegetative germling or hyphal fusion (A. Flei3ner and N. L.
Glass, unpublished results), suggesting that GPCRs are not involved in signal-
ing vegetative fusion events. However, there is growing evidence to suggest
that GPCRs could function in a G-protein-independent manner (55). Together,
these data indicate that signaling molecules and their receptors involved in
mating cell fusion in N. crassa are different from those involved in vegetative
germling/hyphal fusion.

4.1. Proteins Mediating Membrane Fusion

Although cell fusion events are essentia for the development of most
eukaryotic organisms, the molecular basis of the final step of this process, the
fusion of plasma membranes, is only poorly understood. In S cerevisiae, one
of the few proteins predicted to be involved in this process is Prmlp. PRM1
encodes a plasma membrane protein and is found only in fungal species.
prml mutants show a significant fusion defect during mating, resulting in the
accumulation of prezygotes. Preliminary data indicate that mutations in the
N. crassa prm-1 ortholog also results a fusion defect during germling and
hyphal fusion (A. Fleil3ner, S. Diamond, and N. L. Glass, unpublished results).
Further studieswill evaluate if prm+1 isrequired for fusion of the female tricho-
gyne with the male cell during sexual development. These experiments will
reveal whether the different cell fusion events during the N. crassa life cycle,
which areinitiated by different cell—cell communication mechanisms, share the
same membrane fusion machinery.
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4.2. Genes of Unknown Function: so and ham-2, ham-3, and ham-4

The N. crassa so mutant (allelic to ham-1) is deficient in both germling and
hyphal fusion (27) and exhibits an altered conidiation pattern and shortened
aerial hyphae. The so locus encodes a protein of unknown function, which
contains aWW domain predicted to beinvolved in protein—protein interactions.
Homologs of so are present in the genomes of filamentous ascomycete fungi
but are absent in other eukaryotic species. These dataindicate that some aspects
of tip growth, polarization, and germling/hyphal fusion require functions that
are specific to filamentous fungi. Interestingly, the SO protein accumulates at
septal plugs of injured hyphae (56); SO is not essential for wound sealing but
contributes to the speed of septal plugging. A possible connection between its
function in germling/hyphal fusion and wound sealing is unclear.

The so mutant forms female reproductive structures (protoperithecia), and
mating cell fusion between the so trichogynes and male cells is unimpaired.
However, fertilization by a male cell does not result in entry into sexual repro-
duction (27). Thus, the block in sexual reproduction in the so mutant occurs
postfertilization. It is possible that so may be required for development of the
ascogenous hyphae and for the second sexual fusion event during ascus forma:
tion (see Fig. 1D).

In N. crassa, the ham-2 (hyphal anastomosis) locus encodes a putative trans-
membrane protein (57). ham-2 mutants show a pleiotropic phenotype, includ-
ing slow growth, female sterility, and homozygous lethality in sexual crosses.
In addition, ham-2 mutants fail to undergo both hyphal and germling fusion.
Laser tweezer experiments showed that ham-2 mutants are blind to self (fail
to attract or be attracted to a wild type during germling fusion events; ref. 18),
similar to the mak-2 mutants described earlier. Subsequently, a function for a
homolog of ham-2 in S cerevisiae, termed FARL1, was reported. Mutations
in FARLL result in a mutant that prematurely recovers from G, growth arrest
following exposure to pheromone (58). Far1lp was shown to interact with five
other proteins (Far3p, Far7p, Far8p, Far9p, and Far10p). Mutations in any of
these other genes give an identical phenotype asfar1l mutants. It was proposed
that the Far11 complex is part of a checkpoint that monitors mating cell fusion
in coordination with G, cell-cycle arrest. Apparent homologs of genes encod-
ing severa of the proteins that form a complex with Farllp in S cerevisiae are
lacking in N. crassa, including FAR3 and FARY (2). Preliminary data show that
mutations in the homologs that are present in N. crassa, FAR8 and FAR9/10
(ham-3 and ham-4, respectively), result in phenotypes similar to the ham-2
mutant, including defects during germling/hypha fusion (C. Rasmussen,
A. FleiRner, A. Simonin, M. Yang, and N. L. Glass, unpublished results). These
data indicate that homologs of proteins of the S cerevisiae Farll complex
might also physically interact in N. crassa and that this interaction is essential
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for vegetative germling/hyphal fusion. Interestingly, HAM-3 shows significant
similarity to proteins of the striatin family. In mammals, genes belonging to
the striatin family are principally expressed in neurons (59). Striatin proteins
accumulate in dendritic spines in neurons at the point of cell-cell contact or
synapses. Striatin family proteins act as scaffolding proteins that organize sig-
naling complexes; for example, formation of a complex between striatin and
the estrogen receptor is required for estrogen-induced activation of a MAPK
signal transduction pathway (60). In Sordaria macrospora, a species related to
N. crassa, mutations in the ham-3 homolog (proll) result in a mutant unable
to complete sexual development, but full fertility was restored by expression
of a striatin cDNA from mouse (61). These data indicate that the homologous
proteins carry out similar cellular functionsin fungi and animals. Further char-
acterization of the function of HAM-3 in N. crassa will allow interesting com-
parisons between neuronal and hyphal signaling and might reveal conserved
cellular mechanisms.

5. Physiological and Morphogenetic Consequences of Fusion

There are many advantages associated with hyphal fusion within a colony
and between colonies, including increased resource sharing and translocation,
increased colony cooperation, hyphal healing, and exchange of genetic mate-
rial. For example, in Colletotrichum lindemuthianum, conidia that undergo
fusion exhibit a higher rate of germination compared with single unfused
conidia (5). Also, conidia grown in low-nutrient environments show an
increased rate of fusion (4). These observations suggest that fusion between
conidia germlings may serve to increase or pool resources that are important
for colony establishment.

It iswidely assumed that vegetative hyphal fusion within an established colony
is important for intrahyphal communication, cooperation, translocation of water
and nutrients, and general homeostasis within a colony. Fusing to create a hyphal
network could be important in influencing hyphal patterns of growth and mor-
phogenesis in filamentous fungi. Formation of a connected network may also
facilitate signaling within a colony (by molecules, proteins, or perhaps electric
fields; reviewed in ref. 62), which may also affect behavior and development of
a filamentous fungal colony. In nature, fungal colonies exploit diverse environ-
ments with unequal distributions and types of nutrient sources. The ability to
form a hypha network may be needed for coordinated behavior between the dif-
ferent parts of afungal colony and nutrient transport from sources to sinks (6).

As well as facilitation of long-distance nutrient transport, vegetative hyphal
fusion can function as a healing mechanism to repair hyphal connections when
the fungal network has been damaged. Hyphal tips growing out from either side
of damaged compartments will eventually find each other, fuse, and reestablish
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the hyphal network (1). In fungi that are asexual, fusion between different indi-
viduals can be a means of exchanging genetic material through the formation
of a heterokaryon (7,63).

Fusion between different colonies has potential disadvantages. Hyphal
fusion between individuals increases the risk of transfer of deleterious
infectious elements, parasitism, or resource plundering, such as the com-
petitive acquisition of resources by one colony from another (reviewed
in ref. 64). Many fungi have developed mechanisms for nonself-recognition
that result in programmed cell death, which is assumed to minimize
the amount of exchange between individual colonies (64—66). Many of the
nonself-recognition mechanisms occur following hyphal fusion between
genetically different colonies, raising the intriguing possibility that a link
is present between the hyphal fusion and programmed cell death machinery
in filamentous fungi.

6. Conclusion

Cell fusion events are essential for the vegetative and sexual development of
filamentous ascomycete fungi. Live cell imaging has revealed that the processes
of cell—cell communication and cell fusion are complex and highly regulated.
Characterization of the components required for sexual fertilization versus
vegetative fusion indicates that upstream components of the signaling path-
ways differ. Future analyses will reveal if the machinery associated with fusion
processes are similar between sexual and vegetative fusion events. Neurospora
crassa is an attractive model system with which to study the molecular basis of
cell—cell communication and cell fusion in eukaryotes and to dissect similarities
and differencesin the processes of sexual and vegetative fusion: the genome has
been sequenced and annotated (54), well-established molecular and cell biology
techniques are available (ref. 52; see also http://www.nih.gov/science/model s/
neurospora/); and whole-genome microarrays (67) and knockout mutants for
every single gene are in progress (17). It is currently unclear what the adaptive
role of germling and hyphal fusion isin filamentous fungi and what selective
advantages it provides. Further analysis of these issues will provide significant
insight into environmental adaptation and the evolution of form and function in
multicellular microorganisms.

Acknowledgment

The work on germling/hyphal fusion in the N.L.G. Laboratory is funded
by a grant from the National Science Foundation (MCB-0131355/0517660).
We thank Drs. Denise Schichnes and Steve Ruzin (CNR Biological Imaging
Facility) for help with microscopy and Dr. Carolyn Rasmussen for helpful
suggestions on the manuscript.



34 Fleillner et al.

References

1. Buller, A. H. R. (1933) Researches on Fungi, vol. 5. Longman, London.

2. Glass, N. L., Rasmussen, C., Roca, M. G., and Read, N. D. (2004) Hyphal homing,
fusion and mycelial interconnectedness. Trends Microbiol. 12, 135-141.

3. Glass, N. L. and Fleil3ner, A. (2006) Re-wiring the network: understanding the
mechanism and function of anastomosis in filamentous ascomycete fungi, in The
Mycota (Kues, Fischer, eds.). Springer-Verlag, Berlin, pp. 123-139.

4. Kohler, E. (1930) Zur Kenntnis der vegetativen Anastomosen der Pilze
(I1. Mitteilung). Planta 10, 495-522.

5. Roca, M. G., Davide, L. C., Mendes-Costa, M. C., and Wheals, A. (2003) Conidial
anastomosis tubes in Colletotrichum. Fungal Genet. Biol. 40, 138-145.

6. Rayner, A. D. M. (1996) Interconnectedness and individualism in funga myce-
lig, in A Century of Mycology (B.C. Sutton, ed.). University of Cambridge Press,
Cambridge, England, pp. 193-232.

7. Pontecorvo, G.(1956) The parasexual cycle in fungi. Annu. Rev. Microbiol. 10,
393-400.

8. Bistis, G. N. (1981) Chemotropic interactions between trichogynes and conidia of
opposite mating-type in Neurospora crassa. Mycologia 73, 959-975.

9. Raju, N. B. (1980) Meiosis and ascospore genesis in Neurospora. Eur. J. Cell Biol.
23, 208-223.

10. Chen, E. H. and Olson, E. N. (2004) Towards a molecular pathway for myoblast
fusion in Drosophila. Trends Cell Biol. 14, 452—-460.

11. Primakoff, P. and Myles, D. G. (2007) Cell-cell membrane fusion during mam-
malian fertilization. FEBS Lett. (in press, corrected proof).

12. Dworak, H. A. and Sink, H. (2002) Myablast fusion in Drosophila. Bioessays 24,
591-601.

13. Vignery, A. (2005) Macrophage fusion: the making of osteoclasts and giant cells.
J. Exp. Med. 202, 337-340.

14. Potgens, A. J. G., Schmitz, U., Bose, P, Versmold, A., Kaufmann, P, and Frank,
H. G. (2002) Mechanisms of syncytia fusion: a review. Placenta 23 (Suppl A,
Trophoblast Res. 16), 107-113.

15. Davis, R. H. (2000) Neurospora: Contributions of a Model Organism. Oxford
University Press, New York.

16. Perkins, D. D., Radford, A., and Sachs, M. S. (2001) The Neurospora Compendium:
Chromosomal Loci. Academic Press, San Diego.

17. Colot, H. V., Park, G., Turner, G. E., Ringelberg, C., Crew, C. M., Litvinkova, L.,
Weiss, R. L., Borkovich, K. A., and Dunlap J. C. (2006) A high-throughput gene
knockout procedure for Neurospora reveas functions for multiple transcription
factors. Proc. Natl. Acad. Sci. U.SA. 103, 10352-10357.

18. Roca, M. G., Arlt, J., Jeffree, C. E., and Read, N. D. (2005) Cell biology of conidial
anastomosis tubes in Neurospora crassa. Eukaryot. Cell 4, 911-919.

19. Pandey, A., Roca, M. G., Read, N. D., and Glass, N. L. (2004) Role of a MAP
kinase during conidial germination and hypha fusion in Neurospora crassa.
Eukaryot. Cell 3, 348-358.



Cell Fusion in N. crassa 35

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

35.

36.

37.

38.

Manahan, C.L.,Iglesias,P.A.,Long, Y., and Devreotes, P.N. (2004) Chemoattractant
signaling in Dictyostelium discoideum. Annu. Rev. Cell Dev. Biol. 20, 223-253.
Hickey, P. C., Jacobson, D. J,, Read, N. D., and Glass, N. L. (2002) Live-cdl imaging
of vegetative hypha fusion in Neurospora crassa. Fungal Genet. Biol. 37, 109-119.
Trinci, A.RPJ. (1984) Regulation of hyphal branching and hyphal orientation, in
The Ecology and Physiology of the Fungal Mycelium (D.H. Jennings and A.D.M.
Rayner, eds.). Cambridge University Press. Cambridge, England, pp. 23-52.
Kohler, E. (1929) Beitrage zur Kenntnis der vegetativen Anastomosen der Pilze |.
Planta 8, 140-153.

Ahmad, S. S. and Miles, P. G. (1970) Hyphal fusions in Schizophyllum commune. 2.
Effects on environmental and chemical factors. Mycologia 62, 1008-1017.
Yokoyama, K. and Ogoshi, A. (1988) Studies on hypha anastomosis of Rhizoctonia
solani V. Nutritional conditions for anastomosis. Trans. Mycol. Soc. Jpn. 29, 125-132.
Glass, N. L., Jacobson, D. J., and Shiu, P. K. (2000) The genetics of hyphal fusion
and vegetative incompatibility in filamentous ascomycete fungi. Annu. Rev. Genet.
34, 165-186.

FleiBner, A., Sarkar, S., Jacobson, D. J., Roca, M. G., Read, N. D., and Glass N. L.
(2005) The so locus is required for vegetative cell fusion and post-fertilization
events in Neurospora crassa. Eukaryot. Cell 4, 920-930.

Kurjan, J. (1993) The pheromone response pathway in Saccharomyces cerevisiae.
Annu. Rev. Genet. 27(4), 147-179.

Lord, E. M. (2003) Adhesion and guidance in compatible pollination. J. Exp. Bot.
54, 47-54.

Mascarenhas, J. P. (1993) Molecular mechanisms of pollen tube growth and dif-
ferentiation. Plant Cell 5, 1303-1314.

Higashiyama, T., Kuroiwa, H., and Kuroiwa, T. (2003) Pollen-tube guidance: bea-
cons from the female gametophyte. Curr. Opin. Plant Biol. 6, 36-41.

Al-Anzi, B. and Chandler, D. E. (1998) A sperm chemoattractant is released from
Xenopus egg jelly during spawning. Dev. Biol. 198, 366—375.

. Riquelme, M., Reynaga-Pefia, C. G., Gierz, G., and Bartnicki-Garcia, S. (1998) What

determines growth direction in funga hyphae? Fungal Genet. Biol. 24, 101-1009.

. Newhouse, J. R. and MacDonald, W. L. (1991) The ultrastructure of hyphal anas-

tomoses between vegetatively compatible and incompatible virulent and hypoviru-
lent strains of Cryphonectria parasitica. Can. J. Bot. 69, 602-614.

Suzuki, K. (2003) Roles of sexua cell agglutination in yeast mass mating. Genes
Genet. Syst. 78, 211-219.

Doberstein, S. K., Fetter, R. D., Mehta, A. Y., and Goodman, C. S. (1997). Genetic
analysis of myoblast fusion: blown fuse is required for progression beyond the
prefusion complex. J. Cell Biol. 136, 1249-1261.

Kim, H. and Borkovich, K. A. (2006) Pheromones are essential for male fertility
and sufficient to direct chemotropic polarized growth of trichogynes during mating
in Neurospora crassa. Eukaryot. Cell 5, 544-554.

Heiman, M. G. and Walter, P. (2000) Prm1p, a pheromone-regulated multispanning
membrane protein, facilitates plasma membrane fusion during yeast mating. J. Cell
Biol. 151, 719-730.



36

39.

40.

41.

42.

46.

47.

49.

51.

52.

Fleillner et al.

McCaffrey, G., Clay, F. J., Kelsay, K. and Sprague, G. F. (1987) Identification
and regulation of a gene required for cell fusion during mating of the yeast
Saccharomyces cerevisiae. Mol. Cell. Biol. 7, 2680-2690.

Matheos, D., Metodiev, M., Muller, E., Stone, D., and Rose, M. D. (2004)
Pheromone-induced polarization is dependent on the Fus3p MAPK acting through
the formin Bnilp. J. Cell Biol. 165, 99-109.

Kothe, G. O. and Free, S. J. (1998) The isolation and characterization of nrc-1 and
nrc-2, two genes encoding protein kinases that control growth and development in
Neurospora crassa. Genetics 149, 117-130.

Li, D., Bobrowicz, P, Wilkinson, H. H., and Ebbole, D. J. (2005) A mitogen-
activated protein kinase pathway essential for mating and contributing to vegetative
growth in Neurospora crassa. Genetics 170, 1091-1104.

. Wel, H. J.,, Requena, N., and Fischer, R. (2003) The MAPKK kinase SteC regulates

conidiophore morphology and is essential for heterokaryon formation and sexual
development in the homothallic fungus Aspergillus nidulans. Mol. Microbiol. 47,
1577-1588.

. Buehrer, B. M. and Errede, B. (1997) Coordination of the mating and cell integrity

mitogen-activated protein kinase pathwaysin Saccharomyces cerevisiae. Mal. Cell.
Biol. 17, 6517—6525.

. Hou, Z., Xue, C.,, Peng, Y., Katan, T., Kistler, H. C., and Xu, J. R. (2002)

A mitogen-activated protein kinase gene (MGV1) in Fusarium graminearum is
required for female fertility, heterokaryon formation, and plant infection. Mol.
Plant—Microbe Interact. 15, 1119-1127.

Xu, J. R. and Hamer, J. E. (1996) MAP kinase and cAMP signaling regulate
infection structure formation and pathogenic growth in the rice blast fungus
Magnaporthe grisea. Genes Dev. 10, 2696-2706.

Lev, S, Sharon, A., Hadar, R., Ma, H., and Horwitz, B. A. (1999) A mitogen-
activated protein kinase of the corn leaf pathogen Cochliobolus heterostrophus is
involved in conidiation, appressorium formation, and pathogenicity: diverse roles
for mitogen-activated protein kinase homologs in foliar pathogens. Proc. Natl.
Acad. Sci. U.SA. 96, 13542-13547.

. Takano, Y., Kikuchi, T., Kubo, Y., Hamer, J. E., Mise, K., and Furusawa, |. (2000)

The Colletotrichum lagenarium M AP kinase gene CMK 1 regul ates diverse aspects
of fungal pathogenesis. Mal. Plant-Microbe Interact. 13, 374-383.

Mey, G., Oeser, B., Lebrun, M. H,. and Tudzynski, P. (2002) The biotrophic, non-
appressorium—forming grass pathogen Claviceps purpurea needs a Fus3/Pmk1
homologous mitogen-activated protein kinase for colonization of rye ovarian tis-
sue. Mol. Plant-Microbe Interact. 15, 303-312.

. Dohlman, H. G., and Thorner, J. (2001) Regulation of G protein-initiated signa

transduction in yeast: paradigms and principles. Annu. Rev. Biochem. 70, 703-754.
Xiang, Y., Li, Y., Zhang, Z., Cui, K., Wang, S., Yuan, X. B., Wu, C. P, Poo, M. M.,
and Duan, S. (2002) Nerve growth cone guidance mediated by G protein—coupled
receptors. Nat. Neurosci. 5, 843-848.

Borkovich, K. A., Alex, L. A., Yarden, O., Freitag, M., Turner, G. E., Read, N. D.,
Seiler, S., Bell-Pedersen, D., Paietta, J., Plesofsky, N., Plamann, M., Goodrich-



Cell Fusion in N. crassa 37

53.

55.

56.

57.

58.

59.

61.

62.

Tanrikulu, M., Schulte, U., Mannhaupt, G., Nargang, F. E., Radford, A.,
Selitrennikoff, C., Galagan, J. E., Dunlap, J. C., Loros, J. J.,, Catcheside, D.,
Inoue, H., Aramayo, R., Polymenis, M., Seker, E. U., Sachs, M. S,, Mazluf, G. A.,
Paulsen, I., Davis, R., Ebbole, D. J., Zelter, A., Kakman, E. R., O'Rourke, R.,
Bowring, F., Yeadon, J., Ishii, C., Suzuki, K., Sakai, W., and Pratt, R. (2004) Lessons
from the genome sequence of Neurospora crassa: tracing the path from genomic
blueprint to multicellular organism. Microbiol. Mol. Biol. Rev. 68, 1-108.

Kim, H. and Borkovich, K. A. (2004) A pheromone receptor gene, pre-1, is essen-
tial for mating type-specific directional growth and fusion of trichogynes and
female fertility in Neurospora crassa. Mol. Microbiol. 52, 1781-1798.

. Galagan, J. E., Cdvo, S. E., Borkovich, K. A., Sdker, E. U., Read, N. D., Jaffe. D.,

FitzHugh, W,, Ma, L. J, Smimov, S, Purcdl, S, Rehman, B., Elkins, T., Engds, R.,
Wang, S., Nidsen, C. B., Butler, J, Endrizzi, M., Qui, D., lanakiev, P, Bell-
Pedersen, D., Nelson, M. A., Werner-Washburne, M., Sdlitrennikoff, C. P, Kinsay, J. A.,
Braun, E. L., Zdlter, A., Schulte, U., Kothe, G.O., Jedd, G., Mewes, W., Staben, C.,
Marcotte, E., Greenberg, D., Roy, A., Foley, K., Naylor, J., Stange-Thomann, N.,
Barett, R., Gnerre, S, Kamd, M., Kamvysslis, M., Maucdli, E., Bieke, C., Rudd, S.,
Frishman, D., Krystofova, S., Rasmussen, C., Metzenberg, R. L., Perkins, D. D.,
Kroken, S, Cogoni, C., Macino, G., Catcheside, D., Li, W, Prat, R. J, Osmani, S. A.,
DeSouza, C. P, Glass, L., Orbach, M. J,, Berglund, J. A., Voelker, R., Yarden, O.,
Plamann, M., Sdle, S, Dunlgp, J, Radford, A., Aramayo, R, Navig, D. O, Alex, L. A.,
Mannhaupt, G., Ebbole, D. J,, Freitag, M., Paulsen, I., Sachs, M. S, Lander, E. S,
Nusbaum, C., and Birren, B. (2003) The genome sequence of the filamentous fungus
Neurospora crassa. Nature 422, 859-868.

Brzostowski, J. A. and Kimmel, A. R. (2001) Signaling at zero G: G-protein-inde-
pendent functions for 7-TM receptors. Trends Biochem. Sci. 26, 291-297.
FleiBner, A. and Glass, N. L. (2007) SO, a protein involved in hypha fusion in
Neurospora crassa, localizes to septal plugs. Eukaryot. Cell 6, 84-94.

Xiang, Q., Rasmussen, C., and Glass, N. L. (2002) The ham-2 locus, encoding
a putative transmembrane protein, is required for hypha fusion in Neurospora
crassa. Genetics 160, 169-180.

Kemp, H. A. and Sprague, G. F. (2003) Far3 and five interacting proteins prevent
premature recovery from pheromone arrest in the budding yeast Saccharomyces
cerevisiae. Mol. Cell. Biol. 23, 1750-1763.

Benoist, M., Gaillard, S. and Castets, F. (2006) The striatin family: anew signaling
platform in dendritic spines. J. Physiol. Paris 99, 146-153.

. Lu, Q., Pdlas, D. C,, Surks, H. K., Baur, W. E. Mendelsohn, M. E., and Karas R. H.

(2004) Striatin assembles a membrane signaling complex necessary for rapid, non-
genomic activation of endothelial NO synthase by estrogen receptor alpha. Proc.
Natl. Acad. Sci. U.SA. 101, 17126-17131.

Poggeler, S. and Kick, U. (2004) A WD40 repeat protein regulates fungal cell
differentiation and can be replaced functionally by the mammalian homologue
striatin. Eukaryot. Cell 3, 232-240.

Gow, N. A. R. and Morris, B. M. (1995) The électric fungus. Bot. J. Scotl. 47,
263-2717.



38

63.

65.

66.

67.

68.

Fleillner et al.

Giovannetti, M., Fortuna, P, Citernesia, A. S., Morini, S., and Nuti, M. P. (2001)
The occurrence of anastomosis formation and nuclear exchange in intact arbuscular
mycorrhizal networks. New Phytol. 151, 717—-724.

. Glass, N. L. and Dementhon, K. (2006) Nonself recognition and programmed cell

death in filamentous fungi. Curr. Opin. Microbiol. 9, 553-558.

Glass, N. L. and Kaneko, I. (2003) Fatal attraction: nonself recognition and hetero-
karyon incompatibility in filamentous fungi. Eukaryot. Cell 2, 1-8.

Saupe, S. J. (2000) Molecular genetics of heterokaryon incompatibility in filamen-
tous ascomycetes. Microbiol. Mol. Biol. Rev. 64, 489-502.

Kasuga, T., Townsend, J. P, Tian, C., Gilbert, L. B., Mannhaupt, G., Taylor, J. W.,
and Glass, N. L. (2005) Long-oligomer microarray profiling in Neurospora crassa
reveals the transcriptional program underlying biochemical and physiological
events of conidial germination. Nucleic Acids Res. 33, 6469-6485.

Wilson, J. F. and Dempsey, J. A. (1999) A hypha fusion mutant in Neurospora
crassa. Fungal Genet. Newslett. 46, 31.



