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Abstract

The mechanics and functional consequences of hyphal fusion in Neurospora
crassa; from genes to nutrient and nuclear translocation

By
Anna Ruth Simonin
Doctor of Philosophy in Plant Biology
University of California, Berkeley

N. Louise Glass, Chair

Cell-cell fusion is integral in many developmental processes in eukaryotic
organisms. In filamentous fungi, such as Neurospora crassa, hyphal
anastomoses within the mycelium allows for the development of an
interconnected network, which is thought to be important for colony
homeostasis. Hyphal anastomosis mutants have altered body plans, but it is
unclear how this affects colony functions such as nuclear and nutrient
movement. In this study we characterize two new hyphal anastomosis
muntants, ham-3 and ham-4. In addition we explore nuclear movement and
mechanisms of nuclear dispersal in wild type colonies as well as a fusion
mutant soft. Finally, we determine the influence of vegetative hyphal fusion on
the movement of amino acids within a mycelium. Chapter one is a detailed
review of the genetics and cell biology of hyphal fusion as well as the link
between hyphal architecture and functionality in flamentous fungi.

In chapter two, novel N. crassa hyphal anastamosis mutants ham-3 and
ham-4, are identified and characterized. ham-3 encodes a striatin - like
homolog and ham-4 encodes a protein that contains a forkhead-associated
(FHA) domain. Deletions of both genes cause severe fusion frequency
decreases in conidial germlings, similar to a previously identified fusion
mutant ham-2. In both yeast and humans striatin homologs, ham-2 homologs,
and proteins containing FHA domains, interact in a complex which is thought to
be involved in intracellular signalling and trafficking. We show that ham-2, ham-
3, and ham-4 all have similar fusion defects indicating they might act in the
same complex or pathway. In addition to fusion defects, homozygous crosses
of ham-2, ham-3, and ham-4 exhibit aberrant meiosis resulting in abnormally
shaped ascospores. ham-2 and ham-3 are female sterile, but ham-4 is female
fertile. All three mutants are male fertile, and can undergo trichogyne/condium
sexual fusion as a female. We suspect that the HAM-2,3,and 4 interact in a
larger complex with a phocein homolog, MOB-3, to facilitate vegetative fusion
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and sexual development in N. crassa.

In chapter three, profiles of nuclear movement in N. crassa colonies were
measured and described. Filamentous fungi have the ability to harbour
multiple, genetically distinct nuclei in a common cytoplasm. These nuclei have
free movement due to open septal pores large enough for nuclei to move
through. In other fungal systems, this leads to sectoring of the population and
single nuclear origin for homogeneous regions of expanding colonies. In N.
crassa wild type colonies, we found that genetically different nuclei are well
mixed through out the greater mycelium maintaining diversity of nuclear
lineages. The distribution and nuclear velocities in a colony are maintained by
a pressure source from growing hyphal tips driving nuclei through
interconnected hyphae with different conductivities. When an alternative
pressure, such as osmotic pressure is added to the system, nuclei can
reverse flow toward the pressure source in a profile almost the mirror image of
the forward movement profile. In addition nuclei toward the center of hyphae
move faster relative to nuclei at the edges of the hypha indicating a pressure
driven flow. We find that hyphal fusion also affects the flow profiles of N. crassa
colonies. Fusion mutant soft has a nuclear velocity profile that reflects a
hierarchical branching architecture where larger “feeder” hyphae supply nuclei
to a multitude of tips.

Finally, in chapter four, the role of hyphal fusion in resource translocation
is assessed. Nutrient translocation in fungi is necessary for biomass recycling
in forest ecosystems, mycorrhizal associations, and substrate degradation.
Maintenance of an interconnected network is thought to be necessary for
intracolony communication and homeostasis. We tested whether the frequency
of hyphal fusion influenced the translocation of “N and *“C labeled 2-amino
isobutyric acid (AIB) in N. crassa colonies. Two fusion mutants, soft, that has no
vegetative hyphal fusion and prm-1, which has about a 50% fusion frequency
as compared to wild type, were used to test amino acid translocation. Both soft
and prm-1 have similar maximum growth rates as wild type but only soft
showed a severe defect in translocation of the tracers. In addition we found that
there is little reverse translocation in all of the strains. All of the strains had a
greater level of total percent N at the tips of the colonies compared to other
parts of the colony and soft had a more negative natural abundance *C. In
addition we found that though germlings readily fuse and share resources,
colonies greater than 0.5 cm in radius, cease to share resources.
Developmental age affects resource sharing between colonies.
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Chapter One: Cell fusion in the filamentous fungus,Neurospora crassa

This chapter was previously published in Methods in Molecular Biology under
the following reference: Fleissner, A., Simonin, A.R., and Glass, N.L. (2008) Cell
fusion in the filamentous fungus, Neurospora crassa. Methods Mol Biol 475, 21-

38. New sections were added after the acknowledgements of the published
review.



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 recognition, adhesion and membrane merger. Analysis of the
hyphal fusion process in the model organism Neurospora crassa using
fluorescence and live cell imaging as well as cell and molecular biological
techniques has begun to reveal 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. Analysis of fusion mutants in N. crassa has revealed that
genes previously identified as having non-fusion 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/or developmental role of hyphal fusion is not understood in
these organisms; identifying these mechanisms will provide insight into
environmental adaptation.



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 (Buller
1933, Glass et al 2004). In filamentous ascomycete species, hyphal crosswalls
or septa are incomplete and contain a single central pore. Septal pores allow
cytoplasm and organelles, including nuclei, to move between hyphal
compartments, thus making the fungal colony a syncytium. The syncytial,
interconnected, organization of a fungal colony enables translocation of cellular
contents, such as organelles, metabolites, nutrients or signaling compounds
throughout the colony, presumably facilitating growth and reproduction.

Cell fusion events occur during all stages of the filamentous fungal
lifecycle (Glass and Flei3ner 2006). 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. 1-1A) (Kohler 1930, Rocca et al. 2003). Fusion between
hyphal branches within a mature fungal colony results in the formation of a
network of interlinked hyphae (Buller 1933, Rayner 1996) (Fig. 1B). Germling or
hyphal fusion between genetically different, but heterokaryon-compatible
individuals leads to the formation of colonies containing genetically different
nuclei (heterokaryon). Within heterokaryons, non-meiotic or parasexual
recombination can result in the formation of new genotypes (Potecorvo 1956),
which possibly contribute to the high adaptability of fungal species that lack
sexual reproduction. In the sexual phase of the life cycle, cell fusion between
male and female reproductive structures is essential for mating in out-breeding
species (Bistis 1981) (Fig. 1-1C). After mating, cell fusion is associated with
ascus formation (Fig. 1-1D), the cell in which karyogamy and meiosis occur (Raju
1980). Whether common cell fusion machinery is involved in both sexual and
vegetative fusion events in filamentous fungi remains an unsolved 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) (Chen and
Olson 2004, Primakoff and Miles 2007, Dworak and Sink 2002, Potgens et al.
2002). 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
genetically or physiologically different, such as cell fusion during mating in N.
crassa, vegetative hyphal fusion occurs between genetically and probably
physiologically 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 events in other eukaryotes. The model
organism N. crassa is methodically tractable (Davis 2000, Perkins et al. 2001,
Colot et al. 2006), thus allowing the direct comparison of the molecular basis of
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hyphal and cell fusion events during its life cycle.

2. Vegetative Cell Fusion
2.1 Germling Fusion

The life of a fungal individual often begins with the germination of an
asexual spore, termed conidium. When multiple conidia are placed close to one
another, numerous germling fusion events are observed (Roca et al. 2003, Roca
et al. 2005). As a result, numerous individual germlings become one functional
unit, which subsequently develops into a mycelial colony. Germinating conidia
can fuse by germ tube fusion (Fig. 1-1A) or by the formation of small hyphal
bridges (“Fusionshyphen” or “conidial anastomosis tubes (CATs)), which are
significantly narrower than germ tubes (Kohler 1930, Roca et al. 2003, Pandey et
al. 2004). Fusion events among conidia show a density- and nutrient-dependent
function; fusion is suppressed on nutrient rich media. The merger of initially
individual cells into functional units in response to environmental cues is not only
found in fungi but also in other species such as the social amoeba of Dictyostelid
slime molds (Manahan et al. 2004).

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 a typical
fungal colony (Buller 1933, Glass et al 2004). In N. crassa and other filamentous
ascomycete species, the frequency of hyphal fusion within a vegetative colony
varies from the periphery to the interior of the colony (Hickey et al. 2002). At the
periphery, hyphae grow straight out from the colony and exhibit avoidance
(negative autotropism), presumably to maximize the outward growth of the
colony (Trinci 1984). 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 (Buller 1933, Hickey et al. 2002,
Kohler 1929) (Fig. 1-2). Similar to germling fusion, the frequency of hyphal fusion
events depends on the availability of nutrients. Generally speaking the following
rule applies: the fewer nutrients, the more fusion events (Kohler 1930, Ahmad
and Miles 1970, Yokoyama and Ogoshi 1988). For example, addition of nitrogen
to nutrient-poor media led to the largest decrease in hyphal fusion frequency in
Rhizoctonia sp. (Yokoyama and Ogoshi 1988 ).

2.3 Mechanistic aspects of germling and hyphal fusion

Mechanistically, the process of germling and hyphal fusion can be divided
into three steps: 1. pre-contact; 2. contact, adhesion and cell wall breakdown; 3.
pore formation and cytoplasmic flow (Glass et al. 2004, Hickey et al. 2002, Glass
et al. 2000) (Fig.1-2).
2.3.1 Pre-contact

The observed attraction between conidial germlings or fusion hyphae
suggests chemotropic interactions between the fusion partners. When the
relative position of two germlings showing mutual attraction is changed by
micromanipulation using optical tweezers, both individuals readjust their growth
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towards each other to make contact and undergo fusion (Roca et al. 2005,
Fleissner et al. 2005). 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 (Buller 1933, Kohler 1930, Hickey et al.
2002) (Fig. 1-2).

The secretion of signaling molecules is a common theme in chemotactic
and chemotropic cellular interactions. Instances of cell-cell communication by
diffusible 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 type. Haploid cells secrete mating-type specific
pheromones, which bind to their cognate plasma membrane receptors in a
partner of the opposite mating type (Kurjan 1993). 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 (Lord 2003, Mascaretihas
1993). Another diffusible substance that is released by synergid cells, guides the
pollen tube once it reaches the ovary (Higashiyama et al. 2003). The eggs of
many aquatic animal species also release chemotactic substances to attract
sperm, for example, Xenopus egg jelly releases a cysteine-rich secretory protein,
allurin, to attract sperm (Al-Anzi and Chandler 1998). In these examples, the
fusion partners are genetically and/or physiologically distinct and either secret
different signaling molecules (such as mating-type specific pheromones) or only
one partner secretes a signal that results in the attraction of the other partner.
While the involvement of secreted signals is not clear in other systems, such as
in myoblast 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 migrates towards it. In N. crassa, there is no
evidence that cells that 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 similar to cAMP signaling in Dictyostelium discoideum, where a
gradient of CAMP mediates attraction of individual cells during the initiation of
asexual sporulation (Manahan et al. 2004). However, in D. discoideum, all cells
responds to the chemotactic signal, whereas in N. crassa, only cells/hyphae
destined to fuse do so. The identity of the molecules that mediate chemotropic
interactions during germling/hyphal fusion in any filamentous fungus, including N.
crassa, remains enigmatic.

The chemotropic re-orientation of hyphae destined to fuse is associated
with alterations in the position of the Spitzenkorper, or with the formation of a
new Spitzenkorper associated with branch formation in the receptive hypha
(Hickey et al. 2002) (Fig. 1-2A,B). The Spitzenkodrper is a vesicle rich structure
found in growing hyphal tips or at sites of branch initiation (Hickey et al. 2002,
Riquelme et al. 1998). 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 Spitzenkorper in the two partner hyphae
continually re-orient toward each other until the point of contact (Fig. 1-2B, C).
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Re-orientation of the Spitzenkdrper and polar hyphal extension towards the
fusion partner requires cellular mechanisms linking reception of the fusion signal
to re-organization of the cytoskeleton. Adjustment of hyphal growth towards the
fusion partner is comparable to cell polarization and schmoo formation during
yeast mating (Kurjan 1993), directed pollen tube growth towards the ovary
(Higashiyama et al. 2003) or the extension and/or stabilization of filopodia during
myoblast fusion (Chen and Olson 2004).

2.3.2 Contact, adhesion and cell wall breakdown

After making contact, hyphae involved in fusion switch from polar to
isotropic growth, resulting in swelling of hyphae at the fusion point. The two
Spitzenkorpers of the fusion hyphae are juxtaposed at the point of contact (Fig.
1-2C) (Hickey et al. 2002). 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 the Spitzenkdrper must be
involved in the cell wall degradation at the site of fusion. The localization of the
two Spitzenkorpers in the fusion hyphae resembles the prefusion complexes
found during myoblast fusion, in which vesicles line up at the sites of cell contact,
forming pairs across the apposing plasma membranes (Dworak and Sink 2002).
Interpretation of Spitzenkorper behavior during hyphal fusion as a component of
the pre-fusion complex offers an interesting working hypothesis for further
analysis.

Germlings and hyphae involved in fusion events tightly adhere to one
another (Roca et al. 2005, Hickey et al. 2002), and extracellular electron dense
material associated with fusing hyphae (Newhouse and MacDonald 1991) may
be involved in adhesion of participating hyphae. Interaction between adhesive
molecules during mating in S. cerevisiae, termed agglutinins, is required to hold
mating pairs together during cell wall breakdown and plasma membrane fusion
(Suzuki 2003). During prefusion complex formation in myoblast fusion
extracellular electron-dense material is also found in the area between two
aligning vesicles, but not at non-paired vesicles, suggesting a role for this
extracellular material in aligning vesicles during fusion events (Doberstein et al.
1997).

2.3.3 Pore formation and cytoplasmic flow

After fusion of plasma membranes, the cytoplasm of the two participating
hyphae mix. In N. crassa, the Spitzenkorper remains associated with the fusion
pore as it enlarges (Hickey et al. 2002) (Fig. 1-2D/E). 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 (Fig.1-2E). Septum formation near the site of hyphal fusion is also often
observed. Physiological changes associated with cytoplasmic mixing upon
hyphal/germling 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 essential for fertilization during mating in filamentous
ascomycete species, such as N. crassa (Fig. 1-1C, D). Mating requires the
production of a specialized female reproductive structure, termed a
protoperithecium (Davis 2000). 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 (Bistis 1981, Kim and Borkovich 2006). After making
physical contact, the tip of the female trichogyne fuses with the male cell (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 cytoplasm within the
developing perithecium. Opposite mating-type nuclei pair off and migrate into a
hook-shaped structure called a crozier (Raju 1980) (Fig. 1-1D). 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 (Fig. 1-1D). Although fusion events occur during both vegetative
growth and sexual reproduction in filamentous ascomycete species, it is unclear
whether common 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
suggests that receptors and signal transduction mechanism are involved.
During mating in S. cerevisiae, binding of mating-type specific pheromones to
their cognate receptors results in activation of the pheromone response MAP
kinase pathway. Activation of this signaling pathway results in G1 growth arrest
and transcriptional activation of genes associated with mating, such as FUS7 and
PRM1 (Heiman and Walter 2000, McCafferey et al. 1987). Components of the
MAP kinase pathway, such as the MAP kinase Fus3p, interact with proteins
associated with cytoskeleton rearrangement and cell polarization, such as the
formin Bni1p (Matheos et al. 2004). 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 [19]. Strains containing mutations
in the MAP kinase (MAPK) gene mak-2, the MAP kinase kinase gene (MAPKK)
(NCU04612.3) or the MAP kinase kinase kinase gene (MAPKKK), 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 female reproductive structures (protoperithecia) (Pandey et al. 2004,
Kothe and Free 1998, Li et al. 2005). Similarly, an Aspergillus nidulans mutant
disrupted in a MAPKKK STE711 homolog, steC, fails to form heterokaryons
(indicating a defect in hyphal fusion) and is also affected in formation of sexual
reproductive structures (Wei et al. 2003). Because mutations in this MAP kinase
pathway affect formation of sexual reproductive structures in filamentous fungi,
its role in 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 (Pandey et al. 2004). In S.
cerevisiae, activation of the pheromone response pathway leads to activation of
the transcription factor Ste12p. In N. crassa, a strain containing a mutation in the
Ste12 ortholog, pp-1, is very similar in phenotype to a mak-2 mutant and is
defective in hyphal and germling fusion (Li et al. 2005, D. J. Jacobson, A.
FleiBner and N. L. Glass, unpublished results). 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 CATs (Roca et al. 2005). These data
suggest that this MAP kinase pathway is either 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 a MAP kinase that is involved in
cell wall integrity. The SLT2 MAP kinase pathway is downstream of the FUS3
MAP kinase pathway and is required for remodeling the cell wall during schmoo
formation during mating (Buchier and Errede 1997). Initial data show that a
mutant of the SLT2 homolog in N. crassa, mak-3, is also hyphal fusion defective
(A. Fleiner and N. L. Glass, unpublished results). Mutations in the SLT2
ortholog in Fusarium graminearum, MGV1, resulted in a mutant that is female
sterile, fails to form heterokaryons by hyphal fusion and is substantially reduced
in virulence (Hou et al. 2002).

In numerous plant pathogenic filamentous fungi, homologs of components
of the mating or cell wall integrity MAP kinase pathways are essential for
pathogenic development despite their distinct infection strategies. For example,
in  Magnaporthe grisea, Colletotrichum lagenarium or  Cochliobolus
heterostrophus, strains containing mutations in FUS3 homologs are defective in
appressoria formation and fail to colonize host plants (Xu and Hamer 1996, Lev
et al. 1999, Takano et al 2000). Mutations in the FUS3 homolog of the biotrophic,
non-appressorium-forming grass pathogen, Claviceps purpurea, results in the
inability of the fungus to colonize rye-ovaries (Mey et al. 2002). Possible defects
in hyphal fusion have not been addressed in most of these cases. Thus, a role
for germling and hyphal fusion for colony development during invasion and
growth within host tissue remains unanswered.

Cells recognize extracellular signaling molecules by different types of
receptors. All eukaryotes use G-protein-coupled receptors (GPCR) for cell-cell
communication and sensing of environmental stimuli. Examples are the mating
pheromone receptors in S. cerevisiae (Kurjan 1993, Dohlman and Thorner 2001),
cAMP receptors involved in cell-cell communication in D. discoideum (Manahan
et al. 2004), or GPCRs involved in neuron guidance by extra cellular chemical
cues (reviewed in (Xian et al. 2002)). Genome sequence analysis of the N.
crassa genome has revealed at least ten, seven-transmembrane receptors within
the GPCR family (Borkovich et al. 2004). The two mating-type specific
pheromone receptors share homology with the S. cerevisiae pheromone
receptors Ste2p and Ste3p (Kim and Borkovich 2004). In N. crassa, mutations in
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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 (Kim and Borkovich 2004).

Binding of ligands to GPCRs results in the disassociation of an
intracellular heterotrimeric G-protein (Ga, GB and Gy) and subsequent activation
of downstream processes (Dohlman and Thorner 2001). In the N. crassa
genome, three Ga, one G and one Gy genes are present (Borkovich et al. 2004,
Galagan et al. 2003). gna-1 and gnb-1 mutants do not show chemotropic
interactions between a trichogyne and conidium, which is required for the
initiation of the sexual cycle (Fig. 1C) (Kim and Borkovich 2004). However, G-
protein mutants show no defects in vegetative germling or hyphal fusion (A.
Fleilner and N. L. Glass, unpublished results), suggesting that G-protein coupled
receptors are not involved in signaling vegetative fusion events. However, there
is growing evidence to suggest that GPCRs could function in a G-protein
independent manner (Brzkowski 2001). 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 essential 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 Prm1p (Heiman and
Walter 2000). PRM1 encodes a plasma membrane protein and is found only in
fungal species. prm1 mutants show a significant fusion defect during mating,
resulting in the accumulation of pre-zygotes. Preliminary data indicate that
mutations in the N. crassa prm-1 ortholog also results a fusion defect during
germling and hyphal fusion (A. FleiBner, S. Diamond and N. L. Glass,
unpublished results). Further studies will evaluate if prm-1 is required for fusion
of the female trichogyne with the male cell during sexual development. These
experiments will reveal whether the different cell fusion events during the N.
crassa life cycle, which are initiated by different cell-cell communication
mechanisms, share the same membrane fusion machinery.

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 (Fleissner et al 2005) and exhibits an altered conidiation pattern
and shortened aerial hyphae. The so locus encodes a protein of unknown
function, which contains a WW domain predicted to be involved in protein-protein
interactions. Homologs of so are present in the genomes of filamentous
ascomycete fungi, but are absent in other eukaryotic species. These data
indicate that some aspects of tip growth, polarization and germling/hyphal fusion
require functions that are specific to filamentous fungi. Interestingly, the SO
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protein accumulates at septal plugs of injured hyphae (Fleissner and Glass
2007); 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
reproduction (Fleissner et al 2005). Thus, the block in sexual reproduction in the
so mutant occurs post-fertilization. It is possible that so may be required for
development of the ascogenous hyphae and for the second sexual fusion event
during ascus formation (Fig. 1-1D).

In N. crassa, the ham-2 (hyphal anastomosis) locus encodes a putative
transmembrane protein (Xiang et al. 2002). ham-2 mutants show a pleiotropic
phenotype, including 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) (Roca et al. 2005), similar to the mak-2 mutants described above.
Subsequently, a function for a homolog of ham-2 in S. cerevisiae, termed FAR11,
was reported. Mutations in FAR11 result in a mutant that prematurely recovers
from G1 growth arrest following exposure to pheromone (Kemp and Sprague
2003). Far11p 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 as far11 mutants. It was proposed that the Far11 complex is
part of a checkpoint that monitors mating cell fusion in coordination with G1 cell
cycle arrest. Apparent homologs of genes encoding several of the proteins
which form a complex with Far11p in S. cerevisiae are lacking in N. crassa,
including FAR3 and FAR7 (Glass et al. 2004). Preliminary data show that
mutations in the homologs that are present 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/hyphal fusion (C. Rasmussen, A. Fleiiner, A.
Simonin, M. Yang and N. L. Glass, unpublished results). These data indicate that
homologs of proteins of the S. cerevisiae Far11 complex might also physically
interact in N. crassa and that this interaction is essential 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 (Benoist et al. 2006). 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
signaling complexes, e.g. formation of a complex between striatin and the
estrogen receptor is required for estrogen-induced activation of a MAP kinase
signal transduction pathway (Lu et al. 2006). In Sordaria macrospora, a species
related to N. crassa, mutations in the ham-3 homolog (pro117) result in a mutant
unable to complete sexual development but full fertility was restored by
expression of a striatin cDNA from mouse (Poggler and Kuck 2004). These data
indicate that the homologous proteins carry out similar cellular functions in fungi
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and animals. Further characterization of the function of HAM-3 in N. crassa will
allow interesting comparisons 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 material.
For example, in Colletotrichum lindemuthianum, conidia that undergo fusion
exhibit a higher rate of germination as compared to single unfused conidia (Roca
et al. 2003). Also, conidia grown in low nutrient environments show an increased
rate of fusion (Kohler 1930). These observations suggest that fusion between
conidial germlings may serve to increase or pool resources that are important for
colony establishment.

It is widely assumed that vegetative hyphal fusion within an established
colony is important for intra-hyphal 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
morphogenesis in filamentous fungi. Formation of a connected network may also
facilitate signaling within a colony (either by molecules, proteins or perhaps
electric fields) (reviewed in (Gow and Morris 1995)), which may also affect
behavior and development of a filamentous fungal colony. In nature, fungal
colonies exploit diverse environments with unequal distributions and types of
nutrient sources. The ability to form a hyphal network may be needed for
coordinated behavior between the different parts of a fungal colony and nutrient
transport from sources to sinks (Rayner 1996).

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 re-establish
the hyphal network (Buller 1933). In fungi that are asexual, fusion between
different individuals can be a means of exchanging genetic material through the
formation of a heterokaryon (Potecorvo 1956, Giovannetti et al. 2001).

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 competitive acquisition
of resources by one colony from another (reviewed in (Glass and Dementhon
2006)). Many fungi have developed mechanisms for non-self recognition that
result in programmed cell death (PCD), which is assumed to minimize the
amount of exchange between individual colonies (Glass and Dementhon 2006,
Glass and Kaneko 2003, Saupe 2000). Many of the non-self recognition
mechanisms occur following hyphal fusion between genetically different colonies,
raising the intriguing possibility that a link is present between the hyphal fusion
and PCD machinery in filamentous fungi.

6. Conclusion
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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
pathways differ. Future analyses will reveal if the machinery associated with
fusion processes are similar between sexual and vegetative fusion events. N.
crassa is an attractive model system to study the molecular basis of cell-cell
communication and cell fusion in eukaryotes and to dissect similarities and
differences in the processes of sexual and vegetative fusion: the genome has
been sequenced and annotated (Glalagan et al. 2003), well-established
molecular and cell biology techniques are available (Davis 2000)(see also:
http://www.nih.gov/science/models/neurospora/), and whole genome microarrays
(Kasuga et al. 2005) and knock-out mutants for every single gene are in progress
(Colot et al. 2006). It is currently unclear what the adaptive role of germling and
hyphal fusion is in 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.
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8. Additional research on cell-cell fusion:

After the above review was written, further roles of SO and MAK-2 in cell-
cell communication were discovered. Fleissner et al. (2009) found that
genetically identical N. crassa germlings rapidly switch between physiologically
different states to send and receive communication between germlings. During
this switch, fluorescently labeled SO and MAK-2 oscillate in opposition of each
other in germling tips undergoing chemotropic interactions. The inhibition of
MAK-2 kinase activity arrests the oscillation of both MAK-2 and SO indicating
that phosphorylation is necessary for germling communication. These data show
that SO is involved in cell response to chemotropic signal in the cell fusion
pathway, and is dependent on a MAP kinase, MAK-2 to phosphorylate proteins
(Fleissner et al. 2009). Another study has shown that human striatin is necessary
for the localization of estrogen receptors to the plasma membrane and rapid
induction of a MAP kinase (Qing et al 2004), suggesting a possible connection
between HAM-3 (striatin homolog) and MAK-2 (MAP kinase) in N. crassa. Pieces
of the signaling and fusion pathway of N. crassa are being revealed but future
studies are needed to complete the puzzle.

9. Nuclear and nutrient movement in fungi
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Filamentous fungi are essentially tubular systems connected through
branches and fusions. The movement of the contents of these tubes is limited by
the structure of the network, such as hyphal diameter, density, branching,
fusions, and mesh size. In addition to structural boundaries there is an
abundance of internal complexity that can limit both nutrient and organelle
movement through this hyphal network. For example, septum size and type,
vacuolar morphology, molecular motors and the cytoskeleton all contribute to the
conductivity of hyphae. Often it is heterogeneous environmental conditions that
drive the need to shift hyphal contents around within the mycelium. Movement
can be induced by osmotic pressure and growth induced bulk flow, with any
number of internal and external sources and sinks drawing hyphal contents in
different directions.

9.1 Nuclear positioning and flow

Nuclear movement and positioning is controlled by microtubules and
molecular motors in filamentous fungi, but there are other mechanisms driving
nuclear movement as well. Microtubules perform functions such as anchoring
and separating chromosomes during cell division, positioning nuclei at the tips of
hyphae, and moving nuclei during migration (Gladfelter and Berman 2009,
Plamann 1996, Uchida et al. 2008). Both dynein and kinesins are microtubular
associated motor proteins that are involved in moving cargos both to the minus
and plus ends respectively of microtubule filaments.

Dynein mutants, such as ro-1, in N. crassa, have a disrupted microtubule
cytoskeleton, curvy/wavy hyphal morphology and aberrant nuclear positioning.
Despite the clumpy and abnormal nuclear distribution, nuclei move through
hyphae toward the tips (Plamann et al. 1994, Requilme et al. 2002). Nuclei in N.
crassa ropy and kinesin mutants move at the speed of growth of hyphal tips.
After the addition of benomyl, a microtubule disrupting agent, wild type nuclei
moved forward with the rate of growth of hyphal tips indicating passive nuclear
movement by bulk flow (Ramos-Garcia et al. 2009). The addition of benomyl led
to less retrograde movement of nuclei and a tighter correlation between nuclear
movement and growth, suggesting that mictrotubules are necessary for
retrograde and fast anterograde nuclear movement. Though microtubules are
necessary for correct nuclear positioning, these studies indicate that they are not
required for the bulk flow of nuclear movement through hyphae.

At least two pressure gradients appear to drive mass flow in N. crassa
hyphae. Internal turgor pressure is maintained by an osmotic gradient within the
hypha leading to 0.4 to 0.6MPA in pressure (Lew et al. 2004). This turgor
pressure can be abolished briefly by the addition of a hyperosmotic solution (Lew
and Nasserifar 2009). The other pressure gradient comes from growing hyphal
tips, and pressure is indicated by particle and injected oil droplet velocities that
match tip growth velocities (Lew 2005). Both of these pressure gradients
preclude the necessity of a cytoskeleton or cytoskeletal motors for particle
movement within hyphae. Other pressure gradients such as heterogeneous
nutrient sources, transpiration, and specialized hyphal structures like
protoperithecia could lead to a dynamic flow of hyphal contents. Although the
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cytoskeleton is involved in nuclear positioning and migration, exactly what
parameters and processes limit flow in hyphae within the colony is unclear.

9.2 Functional consequence of nuclear movement

Fungi are different than most other Eukaryotes in that they contain
multiple nuclei within a common cytoplasm and these nuclei can be genetically
different. The ability to harbor multiple genomes in a shared environment can
have potential disadvantages such as nuclear competition, and advantages such
as nuclear cooperation and adaptability to heterogeneous environments.
Basidiomycete and ascomycete species have different methods of maintaining
nuclear ratios in the mycelium. Generally, basidiomycete fungi spend most of
their life in a dikaryotic state. When two monokaryotic hyphae meet, there is a
carefully orchestrated event where septal plugs are dissolved and nuclei of the
opposite mating-type are spread through out the mycelium. To maintain this
dikaryotic state many basidiomycete species use clamp connections to ensure
there are two nuclei of compatible mating type per hyphal section. These fungi
have very controlled numbers of nuclei of different genotypes residing in each
section of their mycelium (Reviewed most recently in (Gladfelter and Berman
2009)).

However, ascomycete species and some basidiomycete species do not
have a rigid 1:1 nuclear ratio and can harbor unbalanced ratios of genetically
different nuclei in the same compartment. Recent research has shown that
nuclear ratios can be much more dynamic than previously thought in
basidiomycetes with the ability to maintain multinucleate cells (James et al.
2008). Some filamentous ascomycete species show rapid and dynamic nuclear
movement due to septal pores large enough for nuclei to flow through, allowing
for free movement of nuclei within the mycelium.

Some filamentous ascomycete species can rapidly change nuclear ratios
in response to environmental conditions (Jinks 1952, Davis 1960) effectively
changing allele frequencies in certain areas of the mycelium by changing nuclear
abundance. These fungi must have a mechanism by which nuclear movement
and/or division is controlled in response to external cues. Maintaining a plastic
heterokaryon can lead to genomic conflict between genetically different nuclei
due to selection acting on individual genotypes even to the possible detriment of
colony fitness (James et al. 2008, Rayner 1991). On the other hand, there can be
an advantage of quick adaptability to new environments resulting in greater
fitness if an individual harbors multiple genomes mixed throughout the mycelium
(Jinks 1952, Davis 1960). Eventually, if a colony can no longer maintain a
heterokaryon, one nuclear lineage could become fixed in the population, leading
to either genomic takeover (Rayner 1991) or sectoring (Hallatschek et al. 2007).

Though there is large body of research on cytoskeleton and molecular
motor involvement in nuclear movement and some research on the functional
consequence of nuclear ratios in a mycelium, there is little known about the
dynamic nature of nuclear movement through out a colony and the mechanisms
behind maintaining or lo