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Self-signalling and self-fusion in filamentous fungi
Nick D Read, Alexander Lichius, Jun-ya Shoji and Andrew B Goryachev
The formation of interconnected hyphal networks is central to

the organisation and functioning of the filamentous fungal

colony. It is brought about by the fusion of specialised hyphae

during colony initiation and mature colony development. These

hyphae are normally genetically identical, and hence this

process is termed hyphal self-fusion. The conidial anastomosis

tube (CAT) functions in forming networks of conidial germlings

during colony initiation. This hyphal type in Neurospora crassa

is being used as a model for studies on hyphal self-signalling

and self-fusion in filamentous fungi. Extraordinary new insights

into the process of self-signalling that occurs during CAT self-

fusion have recently been revealed by live-cell imaging of

genetically engineered strains of N. crassa. A novel form of

signalling involving the oscillatory recruitment of signal proteins

to CAT tips that are communicating and growing towards each

other has been observed. This ‘ping-pong’ mechanism

operates over a very short time scale and comparisons with

non-self-signalling during yeast cell mating indicate that this

mechanism probably does not involve transcriptional

regulation. It is proposed that this mechanism has evolved to

increase the efficiency of fusion between genetically identical

cells that are non-motile.
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Introduction
Hyphal self-fusion is a defining feature of the lifestyle of

most filamentous fungi because the majority form a

colony composed of a supracellular network of genetically

identical hyphae interconnected by prolific hyphal ‘self-

fusion’ (Figures 1 and 2). This interconnected state allows

the fungal colony to operate as a coordinated individual

and to regulate its overall homeostasis by the interchange

of nutrients, water, signalling molecules, nuclei and other

organelles [1,2,3�]. The only group of ‘filamentous fungi’

that has not been reported to undergo vegetative cell
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fusion are yeasts which can undergo filamentous growth

(e.g. Candida albicans and Ashbya gossypii). Interestingly,

even the oomycetes, which are not true fungi but mem-

bers of the Kingdom Stramenopila with a filamentous

lifestyle, also undergo hyphal self-fusion. Although

hyphal fusion has been studied in a wide range of differ-

ent fungi, most recent work has focused on the fungal

model Neurospora crassa [3�].

Self-fusion is brought about by specialised
hyphae at two stages of colony development
During colony establishment specialised hyphae, which

are distinct from germ tubes, are involved in fusion. The

most studied hyphae of this type are those formed from

conidia and conidial germ tubes, and which have been

termed conidial anastomosis tubes (CATs) [3�,4,5�,6].

CAT fusion creates an interconnected germling net-

work during the initiation of colony development

(Figure 1a–c). At later stages in the mature colony a

different but related process of self-fusion occurs

behind the peripheral zone of leading hyphae involved

in colony extension. In this subperipheral region,

specialised fusion hyphae arise as branches from estab-

lished hyphae and these branches grow towards each

other and fuse (Figure 1d,e).

CAT fusion provides a model for studying
self-signalling and self-fusion
The CAT system in N. crassa provides a simple, exper-

imentally amenable and genetically tractable system to

study self-signalling and self-fusion in filamentous fungi

[3�]. The whole process of CAT fusion can be analysed

within six hours, which makes mutant screening, live-

cell imaging and physiological experiments very easy to

perform. CAT fusion can be divided into a continuum

of events: CAT induction, CAT chemoattraction,

cell–cell adhesion, cell wall remodelling/degradation,

plasma membrane merger and the achievement of

cytoplasmic continuity between CATs [3�] (Figure 2).

Each of these processes is being analysed in detail

[3�,5�,6,7,8��].

Currently the most exciting research on self-fusion is on

understanding the mechanism of self-signalling. In order

to orchestrate the whole process of CAT fusion, exquisite

spatio-temporal coordination of signalling is necessary.

However, there is an essential requirement for this mech-

anism of self-signalling, resulting in mutual chemotrop-

ism of CATs towards each other, to work: the two

genetically identical CATs must generate physiological

and functional differences between themselves. Pre-

sently we do not know what self-signalling ligands are
www.sciencedirect.com
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Figure 1

Self-fusion in Neurospora crassa occurs during early and late stages of colony development. (a) After an initial phase of isotropic expansion conidia of

N. crassa polarise leading to the outgrowth of germ tubes (asterisk) and conidial anastomosis tubes (CATs) that can arise directly from conidia or from

germ tubes (arrowheads). In this situation, the tip of the right hand CAT seems to have induced the formation of the CAT on the germ tube. (b) CATs

chemotropically attract and become attached to each other (arrowhead indicates site of contact). Upon contact, tip growth arrests and a fusion pore is

formed. (c) Each cell can interact with several neighbouring cells, thereby creating an interconnected germling network (CAT connections are circled).

(d) In the subperipheral region of the mature colony (i.e. about 1–2 cm behind the leading edge of the mycelium) specialised fusion hyphae (marked

with asterisks) fuse with other hyphae to establish a colony network (fusion connections circled) in a process very similar to CAT fusion. (e) Detail of

hyphal fusion connections showing isotropic swelling upon contact (asterisk) and a fusion pore (arrowhead). Scale bars = 10 mm.
involved in CAT induction and chemoattraction, but it is

likely that they are the same molecule [3�]. Furthermore,

the receptor of this self-signalling molecule has not been

identified and thus at this stage it remains an open

question whether it is located in the plasma membrane,

an internal organelle membrane or the cytoplasm.
www.sciencedirect.com
CAT induction involves MAP kinase signalling,
HAM-2 and SO
CAT induction probably involves an extracellular CAT

inducer produced by ungerminated conidia [3�,5�] or from

the tips of other CATs in the vicinity (Figure 1a). CAT

induction involves the NRC-1/MEK-2/MAK-2 mitogen-
Current Opinion in Microbiology 2009, 12:608–615
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Figure 2

CAT-mediated cell–cell fusion in Neurospora crassa and proteins involved. The three major phases of CAT-mediated cell–cell fusion are CAT induction,

CAT homing and CAT fusion, and progress through a subset of consecutive stages: (a) Ungerminated conidia contain on average three to six nuclei

(shown here in green and red to indicate their origin from different but genetically identical germlings), and initially grow exclusively by isotropic

expansion. (b) Cell polarisation leads to the outgrowth of a germ tube (GT) and conidial anastomosis tubes (CATs). Germ tubes tend to avoid each

other and are unable to fuse. (c) Genetically identical cells communicate by releasing an unknown chemoattractant from their tips which is perceived

by opposing CAT tips (arrowheads). (d) Orientation along this chemoattractant gradient results in CATs growing towards each other to establish cell

wall contact. (e) Upon contact, tip growth arrests and CATs adhere to each other, and this most likely involves adhesive secretion and the buildup of

new cell wall material around the contact site in order to prevent leakage during subsequent pore formation. (f) Fusion pore formation (arrowhead)

includes localised cell wall remodelling/degradation and plasma membrane merger. (g) Upon establishment of cytoplasmic continuity, organelles,

including nuclei, become mixed between fused germlings. Signalling and structural molecules involved at different stages of the process are indicated

(see text for details).
activated protein (MAP) kinase pathway and the tran-

scription factor PP-1 [3�,6,9]. Orthologues of these

proteins are components of the pheromone response

pathway in budding yeast (Figure 3). Phosphorylation

of the MAP kinase MAK-2 was found to increase during

the period when CAT induction is most prolific [9]. CAT

induction also involves a putative transmembrane protein

called HAM-2 [10], which is an orthologue of the yeast

Far11 [11], and involves a filamentous ascomycete-

specific WW domain protein called SO. In contrast to

mak-2, nrc-1, pp-1 and ham-2 mutants which all lack CATs

[3�], mutants defective in so still form CATs but not as

efficiently as the wild type [7].

CAT chemoattraction is regulated by a novel
‘ping-pong’ signalling mechanism involving
MAK-2 and SO
CATs exhibit marked positive chemotropism towards

each other. This has been most unambiguously demon-

strated using optical (laser) tweezers to micromanipulate

CATs which, after having their relative positions chan-

ged, readjusted their growth direction to make contact

and fuse at their tips [5�,7,12]. These results provide

compelling evidence for a diffusible chemoattractant

released from CAT tips and for a chemoattractant re-

ceptor located at CAT tips.

If the assumption is correct that the CAT inducer and

chemoattractant are the same molecule, then the findings

that conidia of mak-2, nrc-1, ham-2 and so mutants fail to
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attract wild type CATs suggest that the proteins encoded

by these genes are involved in either the chemoattractant

release or chemoattractant response pathways [3�].
Recent results have provided much stronger evidence

for MAK-2 and SO being involved in signalling during

CAT chemoattraction [8��]. Previous evidence had

shown that a Dmak-2 mutant lacks CATs [5�] whilst a

Dso mutant produced CATs which were unable to

undergo chemotropic growth towards other CATs [7].

It is now clear that CATs that are growing towards each

other rapidly alternate between two different physiologi-

cal states that may be associated with alternating signal

delivery and response. This mechanism (which we have

termed the ‘ping-pong mechanism’) involves the rapid,

anti-phase, oscillatory recruitment of MAK-2 and SO

to CAT tips. It results in the simultaneous localisation

of MAK-2 and SO in opposing CAT tips that are homing

towards each other. This highly coordinated, oscillatory

recruitment of signalling proteins is initiated when CATs

are <15 mm apart, the period of the oscillation is 6–
12 min, and each of these proteins can be repeatedly

recruited to a single CAT tip four to six times during

chemotropic growth. The proteins become concentrated

in particulate complexes �300 nm in diameter that

mostly concentrate in cortical regions closest to their

partner cells. Such spatio-temporal coordination of sig-

nalling allows genetically identical and developmentally

equivalent cells to avoid self-stimulation and coordinate

their behaviour to ultimately achieve cell fusion. A pre-

diction resulting from this ping-pong mechanism of
www.sciencedirect.com
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signalling, in which each CAT alternates between being

signal sender and signal receiver (Figure 4), is that the

unidentified chemoattractant will be released in a pulsa-

tile manner [8��].

Further insights into the functional role of MAK-2 in the

ping-pong mechanism have been gained by using a

variant of MAK-2 that is sensitive to inhibition by the

ATP-competitor 1NM-PP1. This powerful technique

[13] has allowed us to provide strong evidence that

MAK-2 activity is not required for the recruitment of

SO to the opposing tip but is required for its subsequent

delocalisation [8��].

The final stages of CAT fusion involve MAK-2
and PRM-1
Upon making contact with each other, CATs cease tip

growth and adhere to each other (Figure 2f). This is

followed by fusion pore formation that involves localised

cell wall remodelling and degradation, and the merging of

the plasma membranes of the two CATs (Figure 2g).

MAK-2 also seems to play a role in fusion pore formation

[8��] and the plasma membrane protein, PRM-1 is

involved in membrane merger [14]. With the develop-

ment of a fusion pore, cytoplasmic continuity is achieved

between the two CATs and organelles, including nuclei,

interchange between the two germlings.

Other components have been revealed in
studies on hyphal fusion
As indicated earlier, vegetative hyphal fusion also occurs

behind the periphery of mature fungal colonies. All CAT

fusion mutants so far investigated have also been found to

be defective in hyphal fusion in the mature colony which

supports the use of CAT fusion as a general model for

studies on vegetative hyphal fusion [3�]. However, there

are some morphological, developmental and physiological

differences between these two processes and therefore one

needs to be cautious about extrapolating from one system

to the other. Nevertheless, it is tempting to speculate that

proteins involved in hyphal fusion in the mature colony,

including two additional MAP kinase pathways (the MIK-

1/MEK-1/MAK-1 cell wall integrity pathway and the OS-4/

OS-5/OS-2 osmosensing pathway), the serine–threonine

protein kinase, COT-1 and GPI-anchored proteins

[3�,15,16] are also involved in CAT fusion.

What can studies on yeast mating tell us
about self-signalling in filamentous fungi?
Budding yeast mating is the most studied example of

cell–cell signalling in fungi and results in non-self-fusion.

During this process, pheromone binding to cognate G-

protein-coupled receptors (GPCRs) leads to phosphoryl-

ation of Fus3 MAP kinase [17,18,19��] (Figure 3). Phos-

phorylated Fus3 arrests cells in G1 phase, promotes actin

nucleation and polymerisation leading to polarised out-

growth of mating projections, and also induces expression
www.sciencedirect.com
of mating-related proteins that are involved in the for-

mation of mating projections and cell–cell fusion. Once

mating projections from two cells of opposite mating

types have physically made contact, their cell walls

become attached via GPI-anchored agglutinin proteins.

Build up of new cell wall material around the contact site

stabilises attachment and prevents leakage during sub-

sequent fusion steps. Cell wall remodelling and local

degradation of their intervening cell walls form a pore

that allows the merging of plasma membranes, a process

mediated by the plasma membrane protein Prm1 [19��].
As described in the previous sections, hyphal fusion in N.
crassa also involves MAP kinase signalling and a PRM-1

protein. This indicates that in spite of their different

physiological roles, molecular mechanisms underlying

mating cell fusion in yeast and vegetative cell fusion

in Neurospora are highly conserved. However, the

unknown upstream signal transduction components

involved in Neurospora self-signalling seem to be signifi-

cantly different from those in budding yeast because they

do not involve sex pheromone–GPCR signalling [3�]
(Figure 3).

Somewhat analogous to the oscillatory recruitment of

MAK-2 during CAT fusion, Fus3 exhibits oscillatory

phosphorylation, and thus activation, during yeast mating

[20]. Active Fus3 also preferentially localises to mating

projection tips [21,22] but oscillatory recruitment of Fus3

to these tips has not been reported. However, a key

difference in the oscillatory MAP kinase behaviour of

yeast compared with that in Neurospora is the period of

MAP kinase oscillation/activity. Whereas the oscillatory

recruitment of MAK-2 in Neurospora has a period of 6–
12 min [8��], the oscillatory phosphorylation of Fus3 in

yeast has a period of �150 min. This much longer period

of oscillation in yeast is achieved by transcriptional nega-

tive feedback of Fus3 mediated by Sst2 (which regulates

G-protein signalling) and the Fus3 phosphatase Msg5

whose expression is upregulated by active Fus3 [20].

In addition, non-transcriptional negative feedback

regulates the active Fus3 level to fine-tune the phero-

mone signalling during yeast mating. This feedback

regulation is mediated by the inhibition of MAP kinase

scaffold recruitment by active Fus3, and achieves an

initial increase and a subsequent decrease to a plateau

in the active Fus3 level within 5–7 min [23], a timescale

similar to that of the MAK-2 oscillation period.

Other examples of biochemical oscillations mediated by

transcriptional negative feedback have been reported to

have periods greater than 90 min [24,25], whereas oscil-

lations involving non-transcriptional negative feedback

tend to have much shorter periods of �10 min [26,23].

Thus, the oscillatory recruitment of MAK-2 is most

likely achieved by negative feedback regulation that

involves protein–protein interaction but not transcription

(Figure 3).
Current Opinion in Microbiology 2009, 12:608–615



612 Growth and development: eukaryotes

Figure 3

Comparison of non-self-signalling during mating in Saccharomyces cerevisiae and self-signalling during CAT fusion in Neurospora. (a) Pheromone

signalling in budding yeast. Pheromone binding to cognate G-protein-coupled receptors (GPCRs; Ste2 and Ste3) leads to activation of the MAP kinase

Current Opinion in Microbiology 2009, 12:608–615 www.sciencedirect.com
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Figure 4

Ping-pong mechanism of self-signalling during CAT chemoattraction. (a)

In the first half-period of the periodic signalling, the CAT tip on the left

releases the chemoattractant signal while the one on the right responds

to the signal by adjusting its growth direction along the gradient of the

signalling molecule. (b) In the second half-period the roles reverse. (c)

Proposed mechanism of intracellular signalling: (1) a chemoattractant–

receptor complex induces local recruitment and activation of MAK-2; (2)

a hypothetical positive feedback inherent in MAP kinase modules [38,39]

amplifies the received signal; (3) as its local concentration increases,

MAK-2-p2 (MAK-2 activated by double phosphorylation) downregulates

itself by inducing disassembly of the MAP kinase protein complex

through phosphorylation of its upstream components [40,39]; (4) the

resulting decrease in MAK-2-p2 derepresses the accumulation of SO

and leads to the formation of SO-containing protein complexes at the

CAT tip; and (5) SO-stimulated chemoattractant release occurs. As the

other CAT tip responds to the released chemoattractant, the sequence

(1)–(5) will be repeated until the two tips physically meet [8��].

(Figure 3 Legend Continued) cascade (MAPKKK; Ste11, MAPKK; Ste7, M

actin nucleation and polymerisation to form mating projections. Through act

mating-related proteins which are required for mating projection formation,

cell–cell fusion. The signalling pathway also involves negative feedback loops

regulation, which are crucial for cells to optimally respond to the pheromone

phosphorylation of Fus3 with a period of �150 min. (b) Signalling during CAT

an unknown receptor(s), and activates the MAP kinase cascade (MAPKKK =

fusion, which are probably regulated by MAK-2, seem to be similar to those

wall attachment and cell fusion. Somewhat analogous to the oscillatory phos

key difference to signalling during yeast mating is the period of the MAK-2 osc

a distinct regulatory mechanism for the signalling pathway which does not i

www.sciencedirect.com
During yeast mating, negative feedback regulation of the

Fus3 MAP kinase pathway is essential for the formation

of multiple mating projections if the first projection fails

to fuse with a mating projection from another cell

[20,27��]. This suggests that downregulation of Fus3

activity is crucial for cells to respond to new pheromone

stimulation. In a similar manner, downregulation of the

signalling cascade involved in CAT chemoattraction may

be important for MAK-2 to be dispersed from CAT tips

allowing CATs to respond to the chemoattractant

secreted by the opposing cell again, and thus undergo

repeated ping-pong self-signalling (Figure 4).

Relationship between self-signalling and
self-fusion in fungi and other organisms
Chemoattraction between genetically identical cells,

often followed by cell–cell fusion, is widely present in

eukaryotes from amoebae to humans [19��,28�]. Three

contrasting examples in other organisms that provide

interesting comparisons with fungal self-signalling and

self-fusion are, where there is, first, chemoattraction with-

out cell fusion (e.g. Dictyostelium); second, chemoattrac-

tion with fusion between developmentally different

cells (e.g. myoblasts); and third, chemoattraction with

fusion between developmentally similar cells (e.g. macro-

phages).

A dramatic example of self-signalling at the cell popu-

lation level, which does not lead to cell fusion, is dis-

played by the slime mould Dictyostelium discoideum. In

response to starvation, Dictyostelium unicellular amoebae

initiate the pulsatile release of cAMP and follow its

gradient to form large cell aggregates that eventually

differentiate into multicellular fruiting bodies [29]. In

contrast to chemoattraction between two CATs in Neu-
rospora, self-signalling in Dictyostelium amoebae is a long-

range phenomenon that involves thousands of cells.

Thus periodic signalling in Dictyostelium during chemoat-

traction is cell-autonomous unlike in Neurospora where

the periodic response is induced by the presence of

another CAT [8��]. Moreover, cAMP signalling in Dic-
tyostelium results in an in-phase synchronisation of nearby

cells while the oscillatory recruitment of MAK-2 (or SO)

to homing CAT tips of Neurospora are always out-of-

phase in the opposing CAT tips by half a period as

necessitated by the ping-pong mechanism of self-signal-

ling (see Figure 4).
APK; Fus3). Activated Fus3 causes G1 cell-cycle arrest, and promotes

ivation of the Ste12 transcription factor, Fus3 also induces expression of

attachment between two cells of opposite mating types and ultimately

(red lines) consisting of transcriptional and non-transcriptional feedback

stimulus. The transcriptional negative feedback loop leads to oscillatory

fusion in Neurospora. An unidentified chemoattractant is recognised by

NRC-1; MAPKK = MEK-2; MAPK = MAK-2). Downstream events in CAT

of yeast mating, and involve G1 cell-cycle arrest, actin organisation, cell

phorylation of Fus3, MAK-2 shows oscillatory recruitment to CAT tips. A

illation which is markedly shorter (�10 min) than that of Fus3, suggesting

nvolve transcriptional feedback loops (see text for details).

Current Opinion in Microbiology 2009, 12:608–615
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One of the most intriguing phenomena involving chemoat-

traction between developmentally different cells is the

fusion of stem cells with differentiated tissue cells which

may potentially result in the reversal of cellular senescence

and tissue regeneration [30]. Fusion of muscle progenitor

cells (myoblasts) during muscle development and regen-

eration is perhaps the best-characterised example in this

class. In Drosophila, fusion is initiated by founder cells that

do not fuse with each other but instead attract and fuse with

undifferentiated fusion-competent myoblasts [31]. This

initial fusion event results in a nascent myotube that

subsequently grows by 2–25 successive fusion events,

the number of which is strictly developmentally regulated.

Nascent mammalian myotubes, formed by the initial

fusion of several differentiated myoblasts, subsequently

grow by releasing cytokine interleukin-4 (IL-4) which

chemoattracts more undifferentiated myoblasts with

which they fuse [32]. Thus, in contrast to Neurospora, both

signalling and fusion during muscle development are

asymmetric and unilateral. However, all fusion events

during myotube elongation are strictly pair-wise and

require polarised ‘tip-to-tip’ attachment of fusing cells,

which is a feature in common with hyphal self-fusion.

Perhaps the best-characterised example of self-fusion

among developmentally similar cells is the fusion of mam-

malian macrophages. Uninucleate, macrophages fuse

occasionally to form osteoclasts and giant cells. Interest-

ingly, prostaglandins and IL-4, which mediate activation

and chemoattraction of myoblasts, are also involved in

macrophage fusion that results in the differentiation of

osteoclasts and giant cells. Other cytokines and growth

factors, such as RANKL and M-CSF, have also been

reported to regulate the complex process of macrophage

fusion and differentiation [33]. RANKL induces the

expression of the dendritic cell-specific transmembrane

protein DC-STAMP [34] that is crucial for macrophage

fusion during multinucleate osteoclast formation [35].

Interestingly, expression of DC-STAMP in one of the

interacting macrophages is sufficient for fusion to occur

[35], suggesting that two fusing macrophages are in differ-

ent physiological states. One cell may take the role of

fusion-competent ‘founder’ cell and expresses DC-

STAMP, whilst the other may act as a ‘follower’ cell that

expresses a so far unknown DC-STAMP ligand [36,37].

Thus it seems that macrophages ‘differentiate’ into foun-

der and follower cells (equivalent to signal sender and

receiver cells) to avoid self-stimulation, whereas in CAT

chemoattraction two interacting cells rapidly alternate

between two physiological states to achieve this. These

different strategies to achieve different physiological states

in a population of genetically identical cells may be attrib-

uted to macrophages being motile and Neurospora conidia

being non-motile. Thus macrophages are capable of exhi-

biting migratory movement to a fusion partner [37] whilst

sessile conidia depend on being close enough to a potential

fusion partner in order to bridge the distance by CAT
Current Opinion in Microbiology 2009, 12:608–615
growth and fusion. The ability to alternate between being a

signal sender and receiver allows any fusion-competent

cell to fuse with any other fusion-competent cell of similar

genetic background in its vicinity. Therefore, the ping-

pong mechanism of signalling might function to increase

the efficiency of fusion between immobile cells.

Conclusions
Much of the molecular machinery involved in chemo-

tropic growth, cell adhesion and cell fusion during hyphal

self-fusion seems to be shared with that involved in non-

self-fusion between mating yeast cells. Key differences

between these processes appear to lie in the mechanisms

of signal perception and regulation in order to ensure cell–
cell recognition ultimately leading to cell–cell fusion. It

may also have evolved to increase the efficacy of fusion

between genetically identical, non-motile cells. The intri-

guing ping-pong signalling so far seems to be a unique

and sophisticated mechanism of self-signalling which

allows two genetically identical cells to be in different

physiological states. Important challenges for achieving a

better understanding of fungal self-signalling in the

future will be to identify: firstly, the CAT inducer/che-

moattractant and its receptor, secondly, components

which act upstream of MAP kinase signalling, thirdly,

additional components of the ping-pong mechanism and

lastly, the regulatory networks involved in the different

stages of cell fusion.
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