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Abstract: Research on cell communication and differentiation in filamentous fungi has provided a number of novel 
insights into chemoattractive mechanisms in recent years. Still, identification of specific chemoattractant molecules, 
cognate receptors and downstream signaling pathways is strongly biased towards those involved in mating; probably due 
to the relative ease of functional genomic comparison to the budding yeast model. The multicellular nature of filamentous 
fungi, however, preserved a more complex morphology compared to unicellular fungi and revealed chemoattractive 
mechanisms lost during yeast evolution. Two hallmarks of this higher complexity are the formation of an interconnected 
colony network and the development of elaborate sexual reproductive organs. Morphogenesis of both structures depends 
on two different modes of chemoattraction: attraction to self and attraction to nonself. Nonself chemoattraction between 
genetically distinct mating partners is the basis for sexual reproduction and generally regulated through a bilateral sex-
pheromone/cognate-receptor system, widely but not exclusively equivalent to that known from yeasts. In contrast, self-
chemoattraction between genetically identical cells is regulated independently of the sex-pheromone/cognate-receptor 
systems, and does not exist in yeast. Although both chemoattractive modes do share a number of molecular components, 
we are only beginning to understand how cell morphogenesis is regulated by means of gene expression and targeted 
protein recruitment during the establishment of self-fusion. This review provides an overview on the main morphogenetic 
elements involved in fungal chemoattraction, and summarizes our current understanding of the underlying molecular 
mechanisms of self- and nonself-fusion during filamentous fungal development. 
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INTRODUCTION 

 Chemoattraction describes the directional movement or 
growth of a cellular element along a chemoattractant 
gradient towards its source. Chemoattractive stimuli 
controlling fungal development include: sex pheromones; 
vegetative chemoattractants; nutrients such as carbohydrates, 
polysaccharides and amino acids; as well as molecules that 
elicit prey- or host-recognition by pathogenic and symbiotic 
species. Depending on the cellular element executing the 
directional response, two types of chemoattraction can be 
distinguished. We use the term chemotaxis (movement 
response) to describe the directed movement of, for example, 
a single cell, such as a flagellate spore, which has detached 
from the rest of the mycelium. Whereas, when a cellular 
protrusion of an otherwise immobile cell or mycelium, such 
as a germ tube or mature hypha, shows directed growth, we 
refer to it as chemotropism (growth or turning response). 
Negative chemotaxis and chemotropism, that is the 
movement or growth away from a chemorepellent source, 
are of equal importance for filamentous fungal development, 
but are not the subjects of this review.  
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 Positive chemotaxis in fungi has been best documented 
in motile, flagellate zoospores of aquatic and soil fungi in the 
context of mating and nutrient substrate and host 
localization. Haploid gametes of the chytridiomycete 
Allomyces macrogynus, for instance, attract each other and 
fuse pairwise to produce diploid zygotes. Sirenin and parisin 
have been identified as the first diffusible male and female 
sex pheromones in fungi that induce spiral swimming 
patterns of gametes towards each other [1-3]. The cognate 
receptors of sirenin and parisin, however, have not yet been 
identified. Zoospores of anaerobic ruminal fungi utilize 
phenolic acids as chemoattractants to locate lignified tissue 
as a growth substrate within the gut of their host herbivores 
[4], whereas negatively geotactic zoospores of the 
phytopathogenic oomycete (a fungal-like organism, 
phylogenetically closer to brown algae and diatoms) 
Phytophthora sojae are specifically attracted by the 
isoflavones daidzein and genistein that are secreted from soy 
bean roots, to which cells attach, encyst and establish disease 
[5, 6]. Recent studies implicated G-protein-coupled receptor 
(GPCR) and calcium signaling in the chemotactic response 
of P. sojae [7-9]. Other Phytophthora species, however, do 
not respond to these particular molecules, suggesting host 
specificity of these chemotactic responses. Zoospores of the 
marine saprophytic chytridiomycete Rhizophydium littoreum 
initially use positive phototaxis to reach the sea surface, then 
sense a broad range of polysaccharides and carbohydrates 
within the microenvironment of decaying plant or animal 
matter to locate the nutrient source [10]. Similar 
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observations indicating only weak specificity, at best, 
towards certain nutritional cues were made with the 
pathogenic chytridiomycete Batrachochytrium 
dendrobatidis, which in recent years caused serious large-
scale declines in amphibian populations worldwide [11, 12], 
as well as with the facultative fish pathogen Saprolegnia 
parasitica [13]. Therefore, it is important to note that 
chemotaxis occurs generally, but not necessarily,in response 
to a specific molecule or class of molecule. An overview of 
the variety of specific and unspecific compounds used by 
fungal and oomycete plant- and animal-pathogens and  
-symbionts to locate suitable hosts has been summarized 
elsewhere [14]. Furthermore, in many cases chemotaxis will 
only function in combination with other stimuli. For the 
homing response of Phytophthora zoospores, for instance, 
these include at least three stimuli: chemotaxis, electrotaxis 
and induced encystment [15]; the latter describing the 
phenomenon that cyst aggregates of one species attract more 
zoospores of the same but not other Phytophthora species 
[16]. This is significant because it demonstrates that in 
addition to the response elicited towards the chemoattractant 
released by the host plant, Phytophthora cells also employ a 
second chemoattractant secretion and detection system for 
cell–cell communication and autoaggregation. Directional 
cell movement in oomycete and fungal zoospores therefore 
is a multimodal response with nonself chemotaxis, 
phototaxis, geotaxis and electrotaxis being one aspect, and 
species-specific cell–cell self-signaling being another 
facultative key component. 

 For sexual reproduction Phytophthora uses an entirely 
different signaling system involving collaborative 
pheromone production between opposite mating types 
(biosynthetic cross-talk; recently reviewed [17]). Mating 
type A2 cells use the plant hormone phytol as a putative 
precursor for the production of 2 pheromone, which upon 
perception induces the formation of sexual reproductive 
structures in its A1-type mating partner [18, 19]. A1 cells 
furthermore, convert 2 into 1 pheromone that, in turn, 
induces the formation of sexual reproductive structures in A2 
cells [20]. Because each mating type can form both male and 
female reproductive structures [21, 22], and the threshold 
level diffusion range of the pheromones is usually limited, 
this system ensures the formation of opposite-mating-type 
oogonia and antheridia (female and male gametangia) in 
close proximity, facilitating subsequent nonself-fusion for 
the production of meiotic progeny. Information on the 
cognate 1 and 2 pheromone receptors involved in this 
interaction is not yet available, but would be most 
interesting, for example, for comparison to GPCRs involved 
in the infection-associated chemotaxis of P. sojae zoospores. 
More detailed structural and molecular information on the 
actual nonself-fusion process between Phytophthora 
oogonium and antheridium also seems to be lacking from the 
literature, and would be equally valuable for comparison to 
sexual fusion processes in the true fungi (see below). 

 The literature survey shows that in addition to the above, 
exemplified interactions of oomycete and fungal zoospores 
with their biotic and abiotic environment, research on 
molecular mechanisms of chemoattraction in filamentous 
fungi has still much to uncover in comparison to what has 
already been learned in bacteria, plants or animals. 
Therefore, it is an exciting ongoing challenge to identify 

more specific chemoattractant molecules and their cognate 
plasma membrane receptors used by filamentous fungi, and 
to understand which signaling pathways process these 
external signals to control cell morphogenesis.  

 Important filamentous model ascomycetes, such as 
Aspergillus, Fusarium, Magnaporthe, Neurospora, 
Podospora, Sordaria or Trichoderma species do not produce 
flagellate sexual or asexual spores capable of self-
propulsion, and thus rely on chemotropism alone to respond 
to external stimuli. Consequently, positive chemotropism in 
these species occurs during all developmental stages, 
including conidial germination and actively growing 
vegetative hyphae of the mature colony, as well as during 
morphogenesis of sexual reproductive structures. This 
generally involves hyphal elements that chemotropically 
interact either unilaterally (only one partner shows directed 
growth to the other) or bilaterally (both partners coordinate 
directed growth towards each other) in order to come into 
physical contact and establish cytoplasmic continuity by 
cell–cell fusion. 

 In the following sections we will compare morphogenesis 
and function of chemotropic structures during vegetative and 
sexual ascomycete development, and summarize our current 
understanding of the underlying molecular mechanisms that 
allow fungi to distinguish self from nonself, and coordinate 
self- and nonself-fusion, respectively. We will also briefly 
summarize positive chemotropism involved in the interaction 
of fungi with the abiotic environment, and with other fungi, 
plants or animals in the context of fungal foraging, symbiosis 
and pathogenesis. 

CHEMOATTRACTION DURING VEGETATIVE 
DEVELOPMENT 

 Chemoattraction leading to cell fusion during the 
vegetative growth phase of filamentous fungi occurs most 
distinctively at two stages of development: (i) between 
conidial germlings at the onset of colony formation; and  
(ii) between mature hyphae (vegetative hyphal fusion; VHF) 
within certain areas of the functionally stratified colony. 
Most commonly, these fusion processes are investigated 
between isogenic (i.e. genetically identical) cellular 
elements, hence are defined as self-signaling and self-fusion 
events.  

 Vegetative nonself-fusion triggers programmed cell 

death. Vegetative nonself-fusion between genetically 
dissimilar individuals of the same species does occur. 
However, it leads to heterokaryon incompatibility (HI) 
responses if the fusion partners show allelic differences at so 
called heterokaryon (or vegetative) incompatibility (het) loci 
(reviewed in [23]). This nonself recognition mechanism 
triggers a localized programmed cell death (PCD) response 
around the fusion site that prevents spreading of genetically 
foreign nuclei throughout the receiving colony [24, 25]. 
Consequently, stable heterokaryons can only be formed by 
vegetative nonself-fusion when the interacting strains are 
compatible at all het loci. One well understood heterokaryon 
incompatibility system involves the het-c, pin-c and vib-1 
loci of Neurospora crassa. In the event that a vegetative 
nonself-fusion leads to the formation of a hyphal 
compartment heterozygous for het-c and pin-c alleles, a 
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nonself recognition signal is triggered by heterocomplex 
formation between HET-C and PIN-C at the plasma 
membrane [26]. This signal, in turn, is transduced by the 
putative transcription factor VIB-1, leading to growth 
inhibition, hyphal compartmentalization, PCD and the 
suppression of conidiation [27, 28]. Further details on the 
evolution, population genetics and selective mechanisms 
acting on the het-c and pin-c loci have been summarized 
elsewhere [29]. A recent study identified the kinase IME-2 
of N. crassa as negative regulator of VIB-1-mediated PCD, 
acting through a parallel pathway [30]. Notably, 
mislocalization of the mitochondrial marker gene ARG-4 in 
the ime-2 background implicated a novel role for 
mitochondria in nonself recognition and PCD. 

 Interestingly, HI responses following vegetative nonself-
fusion have recently been found to be suppressed in conidial 
germlings of Colletotrichum lindemuthianum, whereas 
nonself-fusion between mature hyphae of the same strains 
lead to rapid PCD [31]. Heterokaryotic mycelia that derived 
from nonself-fusion between C. lindemuthianum germlings 
survived for at least 30 hours with mixed phenotypic traits 
(differently colored nuclei), however, after which time they 
showed non-uniform distribution and color-associated 
clustering of nuclei in distinct sectors of the colony. This 
indicates that the heterokaryons were unstable, and the 
mycelium genetically purified itself by sorting the distinct 
nuclear populations in different sectors of the colony, and 
possibly separating these sectors through selective septal 
pore closure. The ability of C. lindemuthianum to transiently 
escape HI during germling fusion offers an opportunity for 
horizontal gene or chromosome transfer and non-meiotic 
recombination to promote non-sexual expansion of genetic 
diversity. Whether or not this phenomenon also occurs in 
other filamentous fungi awaits further experimental 
investigation. HI nonself recognition between mature 
vegetative hyphae generally occurs post-fusion. This implies 
that chemoattraction leading to nonself-fusion uses the same 
molecular machinery as used during self-signaling resulting 
in vegetative hyphal self-fusion between heterokaryon 
compatible partners, and does not include a nonself 
recognition step. Comparative studies investigating this in 
conidial germlings and mature hyphae in greater detail are to 
our knowledge not yet available, but urgently required. 

 Vegetative self-fusion employs dedicated cell 

protrusions and specialized signaling pathways. 
Neurospora crassa is currently the best-established model 
system to study morphogenetic and molecular details of self-
fusion between conidial germlings and vegetative hyphae in 
filamentous fungi. The first hyphal fusion mutant of N. 
crassa, ham-1 (hyphal anastomosis mutant 1), was 
discovered in 1999 by Wilson and Dempsey [32], and the 
HAM-1 protein was later on found to be allelic with SOFT 
(SO), and further characterized [33-35]. Shortly after, HAM-
2 was identified and also characterized in more detail in the 
following years [36-38]. The precise molecular function of 
SOFT is still enigmatic, whereas HAM-2 has very recently 
been identified as a central part of the striatin-interacting 
protein phosphatase and kinase (STRIPAK) complex, critical 
for nuclear envelope localization of this complex [39].  

 

 

 Functional genomic comparison to nonself mating-cell 
fusion of the budding yeast Saccharomyces cerevisiae had a 
significant impact for these discoveries in N. crassa. The 
first components identified as essential for cell fusion in N. 
crassa by this approach were orthologues of the pheromone-
response (PR) mitogen-activated protein kinase (MAPK) 
pathway, the MAP kinases NRC-1 and MAK-2, and the 
associated downstream transcription factor PP-1 [40-42]. 
The completion of the annotation of the N. crassa genome 
[43], and the availability of novel molecular tools allowing 
the rapid production of targeted gene deletion mutants [44, 
45], were furthermore instrumental for the rapid progress in 
the field. Importantly, this approach revealed that the sex 
pheromone and cognate GPCR-based chemoattraction 
system of N. crassa, essential for sexual reproduction and 
orthologous to the nonself recognition system of mating 
budding yeast shmoos, was dispensable for vegetative self-
signaling and self-fusion of N. crassa [46-48]. Gene deletion 
mutants of sex pheromones or sex-pheromone receptors 
showed no defects during vegetative growth in a variety of 
other ascomycete fungi, including Sordaria macrospora, 
Podospora anserina and Aspergillus nidulans, confirming 
that the sex-pheromone chemoattraction system has an 
exclusive function for nonself recognition during sexual 
development in filamentous fungi and is generally not 
required for self-fusion [47, 49-51].  

 A milestone discovery for the investigation of self-
signaling and self-fusion in N. crassa was the existence of 
conidial anastomosis tubes (CATs). CATs are specialized 
cell protrusions that grow chemotropically towards each 
other, and are instrumental in establishing cell–cell contact 
prior to fusion between conidial germlings [37, 52]. In the 
mature mycelium, these functions are realized by fusion 
hyphae that develop prolifically as secondary branches of 
leading hyphae in the sub-periphery of the colony [38]. The 
vast majority of fusion-impaired mutants (hereafter referred 
to as “fusion mutant(s)”) are equally affected at early and 
late developmental stages, indicating that the majority of 
molecular components involved in the regulation of 
germling and hyphal fusion, respectively, are shared. This 
suggests that the molecular mechanisms that control self-
fusion between conidial germlings are very similar, if not 
identical, to those controlling self-fusion between vegetative 
hyphae in the mature colony. The spatiotemporal recruitment 
dynamics of key proteins during both fusion processes, 
however, have been found to be significantly different. For 
example, for those proteins that constitute the polarized 
growth apparatus. Most strikingly, is the absence of a 
Spitzenkörper in conidial germlings, but its presence in 
mature hyphae. The Spitzenkörper (apical body) is a vesicle 
organization unit that has been shown to control directional 
tip growth in mature hyphae [53-56], and that was also 
suspected to be a key determinant for chemoattractant 
signaling between mature fusion hyphae and between 
conidial germlings [57, 58]. We recently provided the first 
evidence that functional diversification of the small Rho-
type GTPases CDC-42 and RAC-1 regulates opposite 
chemotropisms of CATs and germ tubes of N. crassa [59]. 
Time course analyses showed that repositioning of activated  
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GTPase clusters within germ tube and CAT tip apices 
controls directional growth in the absence of a 
Spitzenkörper. These data suggest that a crescent-shaped 
vesicle supply center associated with the apical plasma 
membrane is sufficient to control directional tip growth in 
conidial germlings, whereas in mature hyphae the sub-apical 
vesicle supply center (i.e. Spitzenkörper) takes this role. The 
formation of a visible Spitzenkörper in germ tubes has 
already been suggested to mark the developmental transition 
point from germ tube to mature hyphae [53]. To what extent 
other molecular mechanisms of cell fusion are shared or are 
distinct between both developmental stages is subject of 
ongoing research.  

 Key insights into the mechanistic differences between 
germling and mature hyphal fusion were provided by the 
more recent discovery of a novel cell–cell communication 
system, which exclusively guides positive chemotropism of 
CATs, and involves the oscillatory recruitment of signaling 
molecules, including SO and MAK-2, to the tips of 
interacting CATs [34]. This system essentially allows 
genetically identical germlings to take the roles as signal 
sender and signal receiver in an alternating fashion, thereby 
recognizing each other as physiologically different, and 
facilitating self-fusion while avoiding auto-stimulation and 
auto-fusion during chemoattraction [60, 61]. Evidence for an 
equivalent oscillating self-recognition system for self-fusion 
between vegetative hyphae of the mature colony has so far 
not been found. As indicated above, the localization patterns 
of the known proteins involved in these oscillations in 
conidial germlings are different in mature hyphal tips in 
space and time, and do not involve oscillatory recruitment.  

 Vegetative self-fusion in a nutshell. Comprehensive 
reviews summarizing our current understanding about 
molecular details on the vegetative self-fusion machinery of 
N. crassa have recently been provided [60-65]. Key 
conclusions from the cumulative work on this topic include:  

1. Molecular control over vegetative self-fusion involves 
numerous signaling components that are also used 
during sexual nonself-fusion of gametes, however, 
differs significantly in the upstream chemoattractive 
cell–cell recognition and communication mechanisms. 

2. Vegetative self-fusion between conidial germlings is a 
bidirectional communication event, which requires 
two fusion-competent interaction partners. The first 
exception has very recently been discovered ( ham-
11; [66]), but the fusion defect of a mutant can in 
most cases not be rescued through interaction with the 
wild type.  

3. Chemoattraction leading to vegetative nonself-fusion 
between genetically dissimilar individuals appears to 
use the same molecular mechanism as used for 
vegetative self-fusion between isogenic individuals. 
Nonself recognition triggering HI responses occurs 
post-fusion. 

4. The self-signaling chemoattractant molecule(s) and its 
putative receptor(s) are still unknown. Their discovery 
and the characterization of associated upstream self-
signaling components are amongst the most pressing 
research questions in the field. 

5. Conidial germlings and mature hyphae appear to use 
different modes of the self-signaling mechanism to 
achieve cell–cell contact. Oscillatory protein 
recruitment for self-recognition and chemotropic 
growth has, so far, only been observed in conidial 
germlings. However, once physical contact is 
established, the general fusion machinery is switched 
on. Mechanistic differences during chemoattractant 
signaling at early and late developmental stages might 
be associated to the spatiotemporal re-organization of 
the polarized tip growth machinery that occurs during 
the transition from conidial germling to mature hypha. 

6. So far, 67 proteins have been identified as important 
parts of the cell fusion machinery. Their functional 
roles are in: cell polarity regulation; MAP kinase, 
NADPH-dependent redox and Ca2+-mediated signal 
transduction; cell wall remodeling; vesicular 
trafficking and exo-/endocytosis; plasma membrane 
merger; and transcriptional regulation (for the 
complete list please refer to Table 1). Notable in this 
context is the recent study by Fu et al. 2011, who 
confirmed 11 previously known fusion mutants and 
identified 13 novel cell fusion proteins through a 
morphology-based screen of the complete gene 
deletion strain library of N. crassa [45, 67, 68].  
Fig. (1) provides a schemativ overview on the 
germling fusion mechanism and indicates the known 
key functions of involved proteins. 

 The concept of “biological excitability” as a working 

model for the “ping-pong mechanism” of CAT 

chemotropism. To provide a theoretical model for informed 
experimental testing of the oscillatory cell–cell 
communication system of CAT chemotropism in N. crassa, 
for simplicity also termed the “ping-pong mechanism” [60], 
we have proposed the concept of biological excitability as 
possible mechanistic basis [69]. Key properties of an 
excitable system are: (i) the sudden onset of oscillation with 
a final amplitude due to an excitability threshold, and (ii) the 
absence of self-excitation due to a refractory period. Both 
features can be found in the cell fusion process of N. crassa 
germlings: cell A amplifies the received chemoattractant 
signal sent from cell B, and then with a delay suppresses its 
response to return back to resting state. The excitation 
threshold guarantees that only super-threshold signals from 
cells that are near enough (  15 m) to actually establish 
cell–cell contact (CATs can only extend to a maximum 
length of about 8 m) lead to a response. The refractory 
period ensures that cell A is unable to respond to another 
stimulus, allowing time to elicit a response excitation pulse 
while preventing auto-excitation by that signal pulse. Cell B, 
in turn, receives the super-threshold response pulse from cell 
A. Hence, the two cells engaging in that process form an 
autonomous oscillator until fusion is established. 

 Molecularly the system requires an activator and an 
inhibitor. The activator is most likely the phosphorylated 
form of MAK-2, which amplifies itself rapidly upon 
perception of the inducing super-threshold signal, and  
also leads to the formation of the inhibitor that, in turn, slowly 
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Table 1. Proteins involved in the regulation of self and nonself-fusion in N. crassa. The majority of “fusion mutants” that are known, 

to date, are fully defective in germling fusion and vegetative hyphal fusion, are female sterile but male fertile, and cannot be 

rescued through interaction with the wild type. Therefore, noteworthy (indicated in bold) are those proteins that when 

genetically deleted: (i) result in reduced fusion efficiency (where known, indicated as percentage of average wild-type 

germling fusion); (ii) allow fusion but with altered morphologies; (iii) are female and male sterile or (iv) are female and male 

fertile; (v) do form CATs but are unable to initiate or engage into chemotropic self-signaling (CAT homing); (vi) show 

increased fusion compared to the wild type, or (vii) can be rescued through interaction with a fusion competent partner, 

such as the wild type. 

Cellular Process still Functional in the Absence of the Protein 

Protein 

Name 

Protein 

Function 

Cellular 

Process 

Protein is 

(Putatively) 

Involved in 

Gene 

Locus 

(NCU#) 
Germling 

Fusion 

CAT 

Induction 

CAT 

Homing 

VHF in the 

Mature 

Colony 

Protoperithecium 

Formation 

Mating 

Cell 

Fusion 

Refs. 

NRC-1 MAP3K self-signaling 06182 No No No No 

Yes (premature 

developmental 

arrest) 

female 

sterile 

[37, 41, 

76] 

MEK-2 MAP2K self-signaling 04612 No No No No 

Yes (premature 

developmental 

arrest) 

female 

sterile 
[76, 77] 

MAK-2 MAPK self-signaling 02393 No No No No 

Yes (premature 

developmental 

arrest) 

female 

sterile 

[34, 37, 

41, 76] 

HYM-1 
NDR/MAP 

kinase scaffold 
self-signaling 03576 No No No No No 

female 

sterile 
[70] 

HAM-5 
WD40 domain 

protein 

nuclear transfer 

of MAPKs 
01789 No No No No No 

female 

sterile 

[67, 

224] 

PP-1 TF self-signaling 00340 No No No No No 
female 

sterile 
[40, 66] 

ASM-1 
transcriptional 

activator 

transcription of 

fusion genes 
01414 ? ? ? No No 

female 

sterile 

[66, 

225] 

SNF-5 TF 
transcription of 

fusion genes 
00421 No No No No No 

female 

sterile 
[67] 

ADV-1 TF 
transcription of 

fusion genes 
07392 No No No No No 

female 

sterile 
[44, 67] 

ADA-3 TF 
transcription of 

fusion genes 
02896 No No No No No 

female 

sterile 
[44, 67] 

RCM-1 TF 
transcription of 

fusion genes 
06842 No No No No No 

female 

sterile 

[67, 

224] 

RCO-1 TF 
transcription of 

fusion genes 
06205 No No No No No 

female 

sterile 

[67, 

224] 

HAM-11 

transmembra

ne domain 

protein 

initiation of 

self-signaling 
04732 No 

can be rescued by 

fusion-competent 

partner 

No Yes 

female 

AND 

male 

fertile 

[66] 

HAM-3 striatin 
vesicle 

trafficking 
08741 No No No No 

Yes (delayed 

development) 

female 

sterile 

[39, 67, 

71] 

MOB-3 

STRIPAK 

accessory 

component 

vesicle 

trafficking 
07674 No No No No 

Yes (delayed 

development) 

female 

sterile 
[80] 
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Table 1. contd… 

Cellular Process still Functional in the Absence of the Protein 

Protein 

Name 

Protein 

Function 

Cellular 

Process Protein 

is (Putatively) 

Involved in 

Gene 

Locus 

(NCU#

) 

Germling 

Fusion 

CAT 

Induction 

CAT 

Homing 

VHF in the 

Mature 

Colony 

Protoperithecium 

Formation 

Mating 

Cell 

Fusion 

Refs. 

HAM-2 
STRIPAK 

component 

vesicle 

trafficking 
03727 No No No No 

Yes (delayed 

development) 

female 

sterile 

[36, 37, 

39, 67, 

71] 

HAM-4 
STRIPAK 

component 

vesicle 

trafficking 
00528 No Yes No No 

Yes (delayed 

development) 

female 

AND 

male 

fertile 

[67, 71] 

HAM-9 
SAM & PH 

domain protein 

signal 

transduction 
07389 No No No No No 

female 

sterile 
[67] 

SEC-22 
protein 

transporter 

vesicle 

trafficking/exoc

ytosis 

06708 
Yes 

(reduced) 
Yes Yes ? ? ? [93] 

HAM-10 
C2-domain 

protein 

vesicle 

trafficking/exoc

ytosis 

02833 No 

sickly 

aconidial/microconidia 

only 

No No 
female 

sterile 
[67] 

SEC-15 

exocyst 

complex 

component 

vesicle 

trafficking/exoc

ytosis 

00117 No ? ? ? ? ? [93] 

PKR-1 
ATPase 

assembly factor 

vesicle 

trafficking 
00506 No 

sickly 

aconidial/microconidia 

only 

No No 
female 

sterile 
[67] 

HAM-1/SO 
WW domain 

protein 
self-signaling 02794 No Yes No No 

Yes 

(postfertilization 

defect) 

female 

sterile 
[35] 

CSE-1 calcium sensor 

initiation of 

self-signaling 

(Ca
+
 signaling) 

04379 
Yes 

(reduced) 
Yes Yes ? ? ? [93] 

PIK-1 PI4-kinase 

initiation of 

self-signaling 

(Ca
+
 signaling) 

10397 
Yes 

(reduced) 
Yes Yes ? ? ? [93] 

NFH-2 14-3-3 protein 

initiation of 

self-signaling 

(Ca
+
 signaling) 

02806 
Yes 

(reduced) 
Yes Yes ? ? ? [93] 

SPR-7 

secreted 

serine-

protease 

negative 

regulator of 

self-signaling 

07159 
Yes 

(increased) 
Yes Yes Yes ? ? [93] 

NIK-1 
histidine 

kinase 

negative 

regulator of 

self-signaling 

01833 
Yes 

(increased) 
Yes Yes Yes ? ? [93] 

PPG-1 

protein 

phosphatase 2A 

catalytic 

subunit 

negative 

regulator of self-

signaling 

06563 No No No No No 
female 

sterile 
[67] 
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Table 1. contd… 

Cellular Process still Functional in the Absence of the Protein 

Protein 

Name 

Protein 

Function 

Cellular 

Process 

Protein is 

(Putatively) 

Involved in 

Gene 

Locus 

(NCU#) 
Germling 

Fusion 

CAT 

Induction 

CAT 

Homing 

VHF in the 

Mature 

Colony 

Protoperithecium 

Formation 

Mating 

Cell 

Fusion 

Refs. 

CDC-42 GTPase cell polarity 06067 No No No No ? 
female 

sterile 

[59, 

226] 

RAC-1 GTPase cell polarity 02160 No No No No No 
female 

sterile 

[59, 67, 

226] 

CDC-24 GEF cell polarity 06454 No No No No ? ? [226] 

SPA-2 
polarisome 

scaffold 
cell polarity 03115 

Yes 

(reduced) 
Yes Yes Yes ? ? 

[79, 

227] 

BNI-1 formin cell polarity 01431 aconidiate 

Yes 

(derepressed 

at colony 

periphery) 

? ? 
[79, 

228] 

BUD-6 

actin-

interaction 

protein 

cell polarity 08468 aconidiate 

Yes 

(derepressed 

at colony 

periphery) 

? ? [79] 

COT-1 NDR kinase cell polarity 07296 Yes Yes Yes Yes Yes Yes 
[70, 77, 

80] 

MOB-2A/B MOB proteins cell polarity 
03314/ 

07460 
Yes Yes Yes Yes Yes Yes 

[70, 77, 

80] 

POD-6 GC kinase cell polarity 11235 Yes Yes Yes Yes Yes Yes 

[70, 77, 

80, 

229] 

MSS-4 PI4P 5-kinase cell polarity 02295 

essential protein for polarized tip growth; 

role in cell fusion is deduced from its 

localization to homing and fusing CAT 

tips 

? ? ? [78] 

AMPH-1 amphiphysin 

vesicle 

trafficking/endo

cytosis 

01069 No almost aconidiate No No 
female 

sterile 
[67] 

GYP-5 GAP 

vesicle 

trafficking/end

ocytosis 

06362 
Yes 

(increased) 
Yes Yes Yes ? ? [93] 

BEM-1 
MAPK/GTPas

e scaffold 

self-

signaling/cell 

polarity 

06593 Yes (20%) Yes Yes No Yes 

female 

AND 

male 

fertile 

[72] 

CLA-4 PAK cell polarity 00406 
Yes 

(reduced) 
No No 

Yes (lateral 

fusion) 
? ? [59] 

RO-6 

dynein 

intermediate 

chain 2 

cytoskeleton 

remodeling 
09142 No Yes No No No 

female 

sterile 
[67] 
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Table 1. contd… 

Cellular Process still Functional in the Absence of the Protein 

Protein 

Name 

Protein 

Function 

Cellular 

Process Protein 

is (Putatively) 

Involved in 

Gene 

Locus 

(NCU#

) 

Germling 

Fusion 

CAT 

Induction 

CAT 

Homing 

VHF in the 

Mature 

Colony 

Protoperithecium 

Formation 

Mating 

Cell 

Fusion 

Refs. 

RO-11 
dynein/dynacti

n subunit 

cytoskeleton 

remodeling/nucl

ear distribution 

08566 No Yes No No No 
female 

sterile 
[67, 83] 

ATG-8 

subunit of MT-

associated 

protein 

cytoskeleton 

remodeling 
01545 No Yes No No No 

female 

sterile 
[67] 

ARP-2 

ARP-2/3 

complex 

subunit 

cytoskeleton 

remodeling 
07171 Yes (20%) Yes Yes ? ? ? [83] 

ARPC3 

ARP-2/3 

complex 21 

kDa subunit 

cytoskeleton 

remodeling 
09572 Yes (30%) Yes Yes ? ? ? [83] 

? 

ARP-2/3 

complex 20 

kDa subunit 

cytoskeleton 

remodeling 
01918 Yes (10%) Yes Yes ? ? ? [83] 

NOX-1 
NADPH 

oxidase 
redox signaling 02110 No Yes (20%) No No 

Yes (premature 

developmental 

arrest) 

female 

sterile 

[67, 73, 

90] 

NOR-1 
NOX 

regulator 
redox signaling 07850 No Yes (20%) No No 

Yes (premature 

developmental 

arrest) 

female 

sterile 

[67, 73, 

90] 

ARG-15 

acetylornithin

e-glutamate 

transacetylase 

NOX 

signaling/redox 

detoxification 

05622 
Yes 

(reduced) 
Yes Yes ? ? ? [93] 

HAM-7 
GPI-anchored 

protein 

initiation of self-

signaling 
00881 No No No No No 

female 

sterile 

[66, 67, 

74] 

MIK-1 MAP3K 

initiation of 

self-

signaling/cell 

wall remodeling 

02234 No Yes (20%) No No 
Yes (premature 

autolysis) 

female 

sterile 

[73, 76, 

77] 

MEK-1 MAP2K 

initiation of 

self-

signaling/cell 

wall remodeling 

06419 No Yes (20%) No No 
Yes (premature 

autolysis) 

female 

sterile 

[70, 73, 

76, 77] 

MAK-1 MAPK 

initiation of 

self-

signaling/cell 

wall remodeling 

11376 No Yes (20%) No No 
Yes (premature 

autolysis) 

female 

sterile 

[73, 76, 

77] 

GPIG-1 GPI-anchor 
cell wall 

remodeling 
09757 sickly aconidiate No No 

female 

sterile 
[230] 

GPIP-1 GPI-anchor 
cell wall 

remodeling 
06663 sickly aconidiate No No 

female 

sterile 
[230] 
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Table 1. contd… 

Cellular Process still Functional in the Absence of the Protein 

Protein 

Name 

Protein 

Function 

Cellular 

Process 

Protein is 

(Putatively) 

Involved in 

Gene 

Locus 

(NCU#) 
Germling 

Fusion 

CAT 

Induction 

CAT 

Homing 

VHF in the 

Mature 

Colony 

Protoperithecium 

Formation 

Mating 

Cell 

Fusion 

Refs. 

GPIP-2 GPI-anchor 
cell wall 

remodeling 
07999 sickly aconidiate No No 

female 

sterile 
[230] 

GPIP-3 GPI-anchor 
cell wall 

remodeling 
06508 sickly aconidiate No No 

female 

sterile 
[230] 

GPIT-1 GPI-anchor 
cell wall 

remodeling 
05644 sickly aconidiate No No 

female 

sterile 
[230] 

HAM-6 
membrane 

protein 

membrane 

fusion 

(fusogen) 

02767 No No No No No 
female 

sterile 
[66, 67] 

HAM-8 
transmembrane 

protein 

membrane 

fusion 
02811 No No No No No 

female 

sterile 
[67] 

PRM-1 P-type ATPase 
membrane 

fusion 
09337 Yes (50%) Yes (50%) 

Yes 

(50%) 
Yes (50%) No 

female 

AND 

male 

sterile 

[96] 

HAM-12 
transmembrane 

domain protein 
? 03960 

Yes 

(reduced) 
Yes Yes Yes Yes 

female 

AND 

male 

fertile 

[66] 

? ROX-3 mediator 
transcriptional 

regulator (?) 
04459 No Yes No No No 

female 

sterile 
[67] 

? 
SAGA complex 

component 

histone 

modification 

(?) 

01475 No Yes No No No 
female 

sterile 
[67] 

(?) Question marks indicate unknown protein functions. 

 

suppresses the activator. MAK-2 might also be the inhibitor, 
in case inhibition is simply achieved by depletion of the 
activator, e.g. through dephosphorylation of MAK-2. SO 
seems to be involved in coordinating pooling and fusion of 
vesicles containing the chemoattractant with the plasma 
membrane. Rapid release of a large number of 
chemoattractant vesicles is believed to generate the required 
super-threshold signal pulse, which needs to occur during 
MAK-2’s refractory period, and is the reason why SO and 
MAK-2 oscillate out-of-phase with each other. 

 Three key pathways need to be integrated for successful 
cell-cell fusion: self-signaling, directional tip growth and cell 
wall remodeling. Recent investigations have greatly 
contributed to the identification of additional components of 
the oscillatoryself-signaling network and how it is integrated 
with directional polarized CAT tip growth and cell wall 
remodeling. 

 MAK-2 is the terminal MAP kinase in the three-tiered 
PR MAPK cascade of N. crassa. Its upstream companions, 
MEK-2 (MAP2K) and NRC-1 (MAP3K), were also found to 
oscillate together with MAK-2, strongly suggesting that the 
complete PR MAPK cascade is part of the self-signaling  
 

mechanism controlling CAT homing [70]. Notably, MAK-2 
also accumulates around the opening fusion pore, suggesting 
functions during post-contact stages of fusion [34]. The 
proof that the Ste12-like transcription factor PP-1 indeed 
regulates signaling events downstream of MAK-2 was only 
recently provided [66]. Not surprisingly, PP-1 was found 
constantly localized to the nucleus, indicating that oscillatory 
recruitment of signaling proteins during CAT chemotropism 
might be spatially restricted to the cell cortex. Using an 
RNAseq approach the authors showed that the expression of 
16 of the 40 known fusion proteins was dependent on PP-1 
function. This important study furthermore identified a 
number of novel fusion proteins, most notably HAM-11. 

ham-11 is a so far unique fusion mutant because it only 
fails to initiate chemotropic interactions, but it can be 
engaged by a fusion competent partner [66]. This suggests a 
role for HAM-11 in switching on oscillatory signaling upon 
the perception of the first super-threshold pulse released by a 
near-enough CAT. ham-11 is also the third fusion mutant 
(after ham-4 [71] and bem-1 [72]) with full male AND 
female fertility, and displays some interesting phenotypic 
features that make it distinct from “ordinary” cell fusion 
mutants [66]. 
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 Of the two other MAPK cascades found in N. crassa, 
regulating cell wall integrity (CWI) and osmoregulation 
(OS), only the CWI MAPK is involved in cell fusion 
although it seems to have only a supporting role during 
chemotropism. MAK-1, the terminal MAP kinase of the 
CWI MAPK cascade, is only weakly recruited to CAT tips 
during homing and does not oscillate, but becomes strongly 
recruited to the fusion site upon contact and disappears once 
fusion pore formation is complete [73]. The intracellular 
dynamics of MAK-1’s upstream companions, MIK-1 (CWI 
MAP3K) and MEK-1 (CWI MAP2K), have not yet been 
published, but preliminary data indicate that both follow 
those of MAK-1. Conidial germlings of CWI MAPK 
mutants produce CATs at low frequency (about 20% of the 
CAT formation rate of the wild type), but do not engage in 
chemotropic self-signaling [73]. This suggests that the CWI 
MAPK cascade is involved in early stages of establishing 
communication, whereas the strong accumulation of these 
MAPKs, upon contact at the incipient fusion site, points to a 
more prominent role in cell wall remodeling during cell-cell 
attachment and fusion pore formation.  

 Recent studies provided some evidence that activation of 
MAK-1 might also occur in a contact-dependent manner [74, 
75]. WSC-1 and WSC-2 of N. crassa were identified as 
plasma membrane sensors that transduce signals into the 
CWI MAPK cascade in the context of cell wall repair [74]. 
Furthermore, the GPI-anchored membrane protein HAM-7 
was found to be essential for cell fusion and, in addition to 
WSC-1, is essential for the activation of MAK-1. 
Interestingly, HAM-7 was not required for phosphorylation 
of MAK-2 during cell fusion, which suggests that a putative 
contact-related signal is processed through the CWI MAPK 
cascade without crosstalk to the PR MAPK. WSC-1-
dependent activation of MAK-1 is mediated through GTPase 
RHO-1, activated by its specific GTPase exchange factor 
(GEF) RGF-1 which also physically interacts with WSC-1, 
and protein kinase C (PKC) [75].  

 Notably, core components of the OS MAPK cascade, 
comprising OS-4 (MAP3K), OS-5 (MAP2K) and OS-2 
(MAPK), are completely dispensable for cell fusion [76]. 
Earlier studies reporting os-4, os-5 and os-2 as fusion 
mutants, unfortunately suffered from false fusion defects in 
the corresponding KO strains available from the FGSC 
collection at the time. It has become clear that unwanted 
mutations, in addition to the targeted gene deletion, can 
introduce a so called “soft-like” phenotype, characterized by 
a “flat conidiation” pattern, and defects in protoperithecium 
morphogenesis and cell fusion. Hence, rigorous genotyping 
and cosegregation analyses of each mutant strain are 
required to verify that only the intended gene deletion is 
responsible for the observed cell fusion defect [67, 74, 76]. 

 In conclusion, only two of the three MAPK signaling 
cascades are involved in the regulation of cell fusion in N. 
crassa, and both appear to have distinct but also overlapping 
functions. The PR MAPK cascade seems to have the leading 
role in oscillatory self-signaling during the pre-contact phase 
of cell fusion. In contrast, the CWI MAPK cascade assists in 
the initiation of cell communication, but has its main 
function during post-contact processes, including cell wall 
remodeling for cell-cell attachment and fusion pore opening.  

 Cross-talk between signaling pathways coordinates 

oscillatory self-signaling with directional CAT tip 

growth. Several recent studies identified a number of 
accessory proteins that through their dual-use properties in 
parallel signaling pathways can integrate different cellular 
processes. For example, Dettman et al.[70] identified HYM-
1 as a scaffolding protein for the assembly of the NDR 
kinase COT-1/MOB-2/POD-6 complex controlling polarized 
cell protrusion through COT-1 activation. In parallel, HYM-
1 acts as scaffold for the PR MAP kinase components NRC-
1 and MEK-2, regulating self-signaling. In its latter function, 
HYM-1 has been suggested as regulating on-off switching of 
MAK-2 by controlling shuttling of the kinase between 
nucleus, cytoplasm and plasma membrane [70]. Neither 
HYM-1 nor COT-1, however, have been observed to 
oscillate, most likely representing their general function 
during establishment and maintenance of polarized tip 
growth. Interestingly, mutations in cot-1 have been found to 
suppress the vegetative hyphal fusion defect of mak-2 [77]. 

 Another key regulatory protein in this context is the 
phosphoinositide kinase MSS-4 [78]. Due to its essential 
nature, the effect of loss-of-function of MSS-4 on cell fusion 
could not be investigated. Live cell imaging analysis, 
however, showed that MSS-4 stably localized as apical cap 
to CAT tips and concentrated at cell fusion sites, suggesting 
that formation of PtIns(4,5)P2 in the apical tip plasma 
membrane contributes to the establishment of lipid 
microdomains. These microdomains might serve as localized 
recruitment platforms for the polarized growth machinery, 
and probably contribute to membrane rearrangements 
required for the establishment of cytosolic continuity 
between fusing cells.  

 The three core polarisome components of N. crassa, 
SPA-2, BUD-6 and BNI-1 also showed apical cap 
localization during CAT tip growth, accumulation at the 
fusion site and disassembly when polarized growth was 
terminated upon completion of the fusion pore [79]. 
Interestingly, genetic deletion of either polarisome 
component did not cause severe cell fusion defects. In 
contrast to spa-2 that showed only delayed and reduced 
germling and mature hyphal fusion, bud-6 and bni-
1displayed an unexpected hyphal tip fusion phenotype at the 
colony periphery [79]. The severe deregulation of polarized 
tip growth and lack of hyphal differentiation in the two latter 
mutants probably abrogated the usual blockage of hyphal 
fusion at the colony periphery. The absence of conidia in 

bud-6 and bni-1, unfortunately, did not allow cytological 
analysis of germling fusion in these strains. 

 Another protein that bridges the functions of the polarity 
machinery and the ping-pong self-signaling system is BEM-
1 [72]. BEM-1 has been proposed to act in different 
signaling complexes, that may or may not require interaction 
with its PB1 domain. Components of the cell polarity 
machinery require this interaction and are needed for CAT 
formation. Genetic deletion of bem-1 resulted in delayed and 
reduced fusion. Established fusion connections were 
morphologically altered and did not show signs of 
directional, chemotropic growth. The PB1 domain was found 
to be dispensable for signal transduction leading to 
recruitment and activation of MAK-2 at CAT tips. BEM-1,  
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Fig. (1A). Establishment of oscillatory self-signaling. Germlings of N. crassa are believed to constitutively release low levels of an 
unknown, diffusible chemoattractant molecule that is recognized by a yet unknown cognate receptor in the plasma membrane of interaction 
partners, as soon as cells become sufficiently close (  15 m) to each other. Chemoattractant receptor activation, in turn, activates the PR 

MAPK cascade (NRC-1/MEK-2/MAK-2), which feeds into various signaling pathways required to engage in cell-cell fusion. HYM-1 has 
recently been identified as one of the upstream components capable of interacting with NRC-1 and MEK-2. The WD40 domain protein 
HAM-5 has been implicated to mediate nuclear transfer of MAP kinases, such as MAK-2. Nuclear MAK-2 activates the transcription factor 
PP-1 that triggers the expression of fusion-related genes. ASM-1, SNF-5, ADV-1, ADA-3 and the functional heterodimer RCM-1/RCO-1, 
are additional transcriptional regulators required for self-fusion. Their target genes, however, await identification. PP-1 controls the 
transcription of HAM-11, which is believed to initiate oscillatory self-signaling by kick-starting a positive feedback loop upon initial MAK-2 
activation. This includes increased recruitment of the PR MAPK cascade components into plasma membrane-associated signaling clusters, 
and phosphorylation of MAK-2. STRIPAK complex components, including HAM-3, MOB-3, HAM-2, and HAM-4, likely co-regulate the 
assembly of development-specific signaling platforms involved in cell communication. The CWI MAPK cascade (shown in panel B) likely 
assists in the initial phase of self-signaling. HAM-9 mediates cross-talk between parallel pathways. Phosphorylated MAK-2 is suspected to 
regulate the accumulation and docking of secretory vesicles containing chemoattractant at the cell cortex closest to the interacting cell. 
Targeted delivery of chemoattractant vesicles from the Golgi to the release site occurs along the F-actin cytoskeleton. Secretion is regulated 
via the exocyst, including the protein transporter SEC-22 and the C2-domain protein HAM-10, and probably the exocyst protein SEC-15. 
The ER-localized ATPase assembly factor PKR-1 is likely to be involved in providing the energy required for vesicle trafficking. Cortical 
recruitment of HAM-1/SO, a WW domain protein of yet unknown function, occurs out-of-phase with MAK-2, i.e. during MAK-2’s 
refractory period, and might be involved in the rapid release of the super-threshold response signal. The Golgi-localized calcium sensor CSE-

1 and PI4-kinase PIK-1 are suspected to coordinate chemoattractant release with MAK-2 oscillations, probably in cooperation with the 14-3-
3 domain protein NFH-2. The secreted serine-protease SPR-7 and the histidine kinase NIK-1 are indicated negative regulators of self-
signaling and, for example, may be important to block protein activities during refractory periods of the oscillations. In addition, deactivation 
of PR MAP kinases through phosphatase PP-2A (here represented by its catalytic subunit PPG-1) is probably important to avoid self-
stimulation. 
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Fig. (1B). Directional polarized tip growth. The smallGTPases CDC-42 and RAC-1, together with their GEF CDC-24, and the polarisome 
components SPA-2 (polarisome scaffold), BNI-1 (formin) and BUD-6 (actin-binding protein), and in addition to the NDR kinase complex 
(COT-1/MOB-2/POD-6), are key regulators of general polarized tip growth. The COT-1 complex components have not been found to be 
essential for cell-cell fusion, but they support cross-talk between involved signaling pathways. Notably, RAC-1 has a specific function for 
CAT morphogenesis and positive chemotropism. The PI4P 5-kinase MSS-4 also seems essential for polarized tip growth; although its precise 
function during cell-cell fusion is, so far, unclear. The amphiphysin AMPH-1 is proposed to mediate endosome formation and likely 
promotes recycling-endocytosis, important to maintain continuous and rapid cell cortex expansion. The GTPase activating protein GYP-5 is 
indicated to have a minor, yet unclear function as a negative regulator in that process. Chemotropically interacting CATs need to coordinate 
oscillatory self-signaling with directional tip growth in order to constantly re-orientate their growth towards each other and to achieve cell-cell 
contact. The scaffolding protein BEM-1 functionally links cell communication with the polarized tip growth machinery through the assembly 
of a CDC-24/RAC-1/CLA-4 complex at the cell cortex, and by mediating cross-talk to a HYM-1/STE-20/NRC-1 complex (not shown) 
required for MAK-2 activation. Lateral displacement of both complexes, probably initiated by re-localized RAC-1 GTPase shuttling, re-
orientates tip growth towards the interaction partner. The dynein intermediate chain 2 protein RO-6, the dynein-associated protein RO-11, 
and the subunit of the microtubule-associated protein ATG-8 are likely involved in remodeling processes of the cytoskeleton. These functions 
may be more important during vegetative hyphal fusion, because microtubules are not required for CAT-mediated cell fusion. F-actin is 
sufficient for CAT function and its dynamic remodeling is controlled through the ARP-2/3 complex. NADPH-oxidase (NOX-1/NOR-1) 
mediated redox signaling is likely involved in the process; functional details, however, are unknown. The acetylornithine-glutamate 
transacetylase ARG-15 may have a role in redox detoxification during NOX-mediated signaling. 

(?) Question marks indicate unknown protein functions. 
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Fig. (1C). Cell wall attachment, fusion pore opening and plasma membrane merger. As soon as chemotropically interacting cells are in 
physical contact, polarized tip growth terminates and the cells firmly attach by remodeling their cell walls. The glycosylphosphatidylinositol 
(GPI)-anchored membrane protein HAM-7 has recently been identified as activator of the CWI MAPK cascade, whose components MIK-

1/MEK-1/MAK-1 are immediately recruited to the incipient fusion site and facilitate firm attachment and fusion pore opening. Another set of 
GPI-anchored proteins, comprising GPIG-1, GPIP-1 to -3 and GPIT-1, have been implicated in cell wall remodeling during vegetative 
hyphal fusion. Their role in germling fusion has yet not been investigated, partly due to the aconidiate nature of the corresponding gene 
deletion mutants. The final stage of cell fusion is plasma membrane merger, which establishes cytoplasmic continuity. Again HAM-7, but 
also two other putative transmembrane proteins, HAM-6 and HAM-8, as well as the P-type ATPase PRM-1 have been found to be involved 
in this process. HAM-6 is so far the only candidate protein to act as a bona fide fusogen, i.e. a protein whose exclusive function it is to pull 
the two plasma membranes together. The complete fusion failure of ham-6 germlings supports this notion. Functional details of how PRM-1 
and HAM-8 support this process are currently unknown. Three additional proteins of yet unknown function, but with indicated roles in cell 
fusion are: the predicted transmembrane protein HAM-12; the predicted ROX-3 mediator encoded by locus NCU04459; and the predicted 
SAGA complex component encoded by locus NCU01475. The latter two are likely to be involved in transcriptional regulation and histone 
modification, however, further functional details remain to be elucidated. 

[CW = cell wall; PM = plasma membrane; N = nucleus; G = Golgi; sV = secretory vesicles; eV = endocytic vesicles] 

(?) Question marks indicate unknown protein functions. 
 

therefore, appears to be a key integrator molecule that 
functionally links positive feedback loops of MAK-2 
signaling with directional tip growth. Interestingly, BEM-1 
did not require physical interaction with MAK-2 for this 

function. Candidate adaptor proteins, which at the same time 
could mediate phosphorylation of MAK-2, are the p21-
activated kinases (PAK) STE-20 and CLA-4. Yeast-two-
hybrid analyses detected physical interactions of HYM-1 and 
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NRC-1 with STE-20, but not with the homologous kinase 
CLA-4 or MAK-2 [70]. This points to the formation of a 
HYM-1/STE-20/NRC-1/MEK-2 complex that passes the 
activation signal onto MAK-2.  

 Other studies collectively suggest that STRIPAK 
complexes also function as locally assembled signaling 
platforms at the plasma membrane. These platforms could 
coordinate the spatiotemporal recruitment of development-
specific signal transduction pathways involved in self-
signaling and polarized growth of CAT tips. The phocein-
homolog MOB-3, for instance, is a conserved striatin-
complex interacting protein and required for CAT formation 
and vegetative hyphal fusion in N. crassa [80]. In S. 
macrospora the orthologous protein SmMOB3 has also been 
found to be essential for hyphal fusion [81]. Phenotypic 
analyses in N. crassa furthermore identified the striatin-like 
protein HAM-3 as essential for germling fusion, which 
potentially in interaction with calmodulin facilitates the rapid 
oscillation of MAK-2 and SO by a yet unknown mechanism 
[71].  

 Septins are very likely involved in shaping and holding 
plasma membrane signaling platforms defined through MSS-
4 and STRIPAK activity in place. CDC-11 has recently been 
shown to specifically localize to CATs and concentrate 
around the opening fusion pore, making it a prime candidate 
for more detailed investigations during oscillatory self-
signaling in N. crassa [82]. Functional characterization of 
individual septins is challenging due to their highly 
redundant nature and pleiotropic polarity defects of the 
corresponding gene deletion mutants. Therefore, it is not 
surprising that significant cell fusion defects could not be 
observed in septin single gene knock-out mutants so far [82].  

 F-actin is another essential cytoskeletal component 
involved in CAT-mediated germling fusion. Chemical 
disruption of F-actin completely prevented CAT formation 
and function, whereas inhibition of microtubule 
polymerization did not significantly affect cell fusion [83-
85]. The key functions of F-actin in germling fusion are: (i) 
to provide tracks for the targeted delivery of plasma 
membrane and cell wall biosynthesis components for 
directional tip growth, and (ii) to deliver secretory vesicles 
containing the self-signaling chemoattractant from the Golgi 
to the plasma membrane for exocytosis during oscillatory 
cell–cell communication. Therefore, it was not surprising to 
find that germling fusion was greatly inhibited in mutants 
lacking ARP2/3 complex components [83]. 

 Structural details and aspects of functional cooperation 
between the three main cytoskeletal elements, F-actin, 
microtubules and septins, during different morphogenetic 
events in N. crassa, including cell-cell fusion, have recently 
been summarized elsewhere [57, 58]. 

 In addition to plasma membrane associated STRIPAK 
complexes, new data identified a STRIPAK complex 
associated to the nuclear envelope in mature hyphae of N. 
crassa [39]. Although this study provided compelling 
evidence for functional connection between nuclear 
STRIPAK complex and the PR and CWI MAPK pathways, 
suggesting that MAK-2-dependent phosphorylation of  
 

 

MOB-3 is part of the MAK-1 nuclear import mechanism, its 
relevance for oscillatory cell–cell communication between 
fusing conidial germlings seems unlikely. For two reasons: 
firstly, nuclear localization of MAP kinases is generally 
believed to regulate gene expression, however, the signal 
oscillation period during CAT chemotropism is too fast to be 
transcriptionally regulated [34]. Secondly, oscillatory self-
signaling between conidial germlings has been shown in this 
study to occur independently of the nuclear accumulation of 
MAK-1 [39]. Considering the indicated differences of 
protein dynamics during chemoattraction between germlings 
and fusion hyphae, it will be most revealing to test the 
relevance of the nuclear envelope-associated STRIPAK 
complex for vegetative hyphal fusion in the mature colony.  

OTHER SIGNALING PATHWAYS INVOLVED IN 
CELL FUSION REGULATION 

 NADPH oxidase-dependent redox signaling. The 
importance of NADPH-oxidase (NOX) signaling for cell 
fusion has first been recognized in the grass endophyte 
Epichloë festucae. Loss of hyphal fusion through genetic 
deletion of components of the NOX signaling complex, 
including NoxA, NoxR, RacA, Cdc24 and BemA, as well as 
the newly identified transcriptional regulator ProA, lead to 
prolific growth of the fungus inside the plant tissue. The 
changed growth pattern of the fungus switched the 
mutualistic to an antagonistic interaction resulting in the 
eventual killing of the host plant [86-89]. The hyphal fusion 
defects observed in the corresponding mutants are analogous 
to what has been observed in the orthologous gene deletion 
strains of N. crassa, including dispensability of NoxB/NOX-2 
for cell fusion [72, 73, 90]. This clear functional distinction 
between the two NOX isoforms seems to be conserved 
amongst filamentous fungi, and in the context of cell fusion, 
has also recently been reported for CAT-mediated cell fusion 
in Botrytis cinerea [91]. Whereas BcNOXA was found to be 
essential for cell fusion but dispensable for pathogenicity, 
BcNOXB was essential for disease establishment but not 
required for cell fusion. The fact that germlings growing on 
the host plant surface did not at all induce CATs, but instead 
promoted appressorium-formation, provides a likely 
explanation for the functional diversification of the two 
NOX isoforms in distinct developmental pathways.  

 The localization of the NOX complex to apical caps in 
mature hyphae of E. festucae, has led to suggest a role of 
reactive oxygen species (ROS) signaling in polarized hyphal 
tip growth. This however, is contrasted by the fact that 
polarized growth defects have so far not been observed in 
these mutants under standard conditions [92]. The functional 
role of NOX in cell fusion, therefore, is still unresolved, and 
warrants closer inspection. 

 Calcium signaling. The most recently emerging 
regulatory signaling pathway controlling self fusion is 
calcium signaling. Conducting a genome wide association 
study, Palma-Guererro et al. [93] identified the calcium 
sensor CSE-1 and two of its predicted interaction partners, 
the phosphatidylinositol 4-kinase (PIK-1) and the putative 
14-3-3 signaling protein NFH-2, which is believed to shuttle  
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PIK-1 between nucleus and cytoplasm, as important players 
in cell–cell communication between N. crassa germlings. 
Gene deletion mutants in all three proteins showed a reduced 
fusion frequency compared to the wild type and were unable 
to recruit MAK-2 or SO to the plasma membrane. The same 
study, furthermore, reported that mutants lacking com-
ponents of the exocyst complex, including the protein 
transporter SEC-22 or the exocyst protein SEC-15, displayed 
a complete failure of chemotropic interaction. Based on these 
and other data CSE-1, PIK-1 and NHF-2 have been proposed 
to be required for calcium-dependent initiation of the 
oscillatory protein recruitment mechanism, and suggested to 
act in a joint function with the Golgi secretory pathway [93]. 
This indicates a role of calcium signaling for the regulation 
of exocytotic chemoattractant release. Also worth 
mentioning is that this study for the first time identified 
negative regulators of CAT-mediated cell fusion. Novel 
players, including a putative GTPase-activating protein 
(GAP), the nonidentical kinase NIK-2, and the subtilisin-like 
protease SPR-7, that when deleted led to an increased fusion 
frequency compared to the wild type. Identification of their 
functional roles within the cell-fusion signaling-network 
awaits detailed characterization.  

 Physiological significance of cell fusion for fungal 

development.The accepted assumption is that hyphal fusion 
allows cooperation and sharing of resources within the 
colony network, and thus provides a general fitness 
advantage on natural substrates with heterogeneous nutrient 
availability [62, 63]. Germling fusion, in the first place, is 
generally believed to speed up the establishment of a 
functionally stratified colony network, however, it seems to 
follow distinct physiological rules during this early stage of 
development.  

 Following earlier findings, which showed that CAT 
fusion occurs at higher frequency in minimal media 
compared to rich media [94], tryptophan was identified as an 
inhibitor of germling but not mature hyphal fusion [95]. 
These findings provide initial evidence that nutrient 
availability and cell fusion are functionally linked, and 
furthermore suggest that physiological responses during 
early and late developmental stages differ. For conidial 
germlings, high levels of tryptophan (or other amino acids, 
such as glycine or lysine) in the microenvironment can 
provide cues for the presence of sufficient nitrogen resources, 
and consequently might suppress the formation of a germling 
network intended to share limited resources. In contrast, the 
almost indefinitely expanding mature mycelium is a 
considerably greater sink for resources. Consequently, 
restricting nutrient uptake and distribution by preventing 
hyphal fusion in the colony would be disadvantageous. 
Fischer-Harman et al. [95] discussed that the inhibitory effect 
of tryptophan on germling fusion was not clearly specific 
because germination was also reduced. However, one needs to 
consider that conidia of N. crassa also germinate by directly 
producing CATs without forming a germ tube. This naturally 
leads to a reduction in the population’s germination rate in 
case CAT formation is specifically inhibited.  

 Nevertheless, neither germling nor hyphal fusion are 
essential processes. Despite various pleiotropic morpholo-
gical defects, often including “flat conidiation” and defects 

during female fruitbody development [67], the majority of 
fusion mutants are able to propagate asexually. Moreover, 
the vast majority of fusion mutants, are male fertile and cross 
with any fertile female mating partner. Notably, prm-1 is 
the first identified male sterile, and thus the only female 
AND male sterile fusion mutant (50% reduced fusion) 
currently known [96]. PRM-1 facilitates plasma membrane 
merger, and is thus universally required during vegetative 
germling and mature hyphal self-fusion, sexual trichogyne-
conidium (nonself) fusion, and crozier fusion, however, 
dispensable for cell–cell communication and chemotropism. 
This is contrasted by the ham-4 mutant, which lacks 
another component of the STRIPAK signaling complex, and 
although blocked in hyphal self-fusion, is fully capable of 
sexual nonself-fusion, and was the first male AND female 
fertile fusion mutant described [71]. Future investigations on 
these phenotypically contrasting fusion mutants offer great 
potential for elucidating further details on the physiological 
role of cell fusion in N. crassa. 

 Despite recent attempts, a direct functional connection 
between defects in vegetative hyphal fusion and the abortion 
of protoperithecial development during the sexual phase of 
the life cycle could not be established [76]. Altered 
conidiation pattern and defective protoperithecium formation 
are typical characteristics of fusion mutants and have been 
suggested to result from the lack of intra-colonial fusion, 
reducing the cytoplasmic distribution of resources to sites of 
conidiophore and fruitbody morphogenesis [97]. This 
“Compromised Redistribution of Resources in Cell Fusion 
Mutants” hypothesis has recently been confirmed to be much 
more critical during the germling stage than during mature 
colony development. In their elegant study, Simonin et al. 
[98] compared the redistribution of resources through 
conidial germling and mature hyphal networks between the 
wild type (100% fusion), the prm-1 mutant (50% reduced 
fusion; [96]) and the soft mutant (0% fusion; [35]). Already, 
the 50% decrease in fusion competency significantly 
affected the ability of the prm-1 colony to distribute 
nutrients from a heterogeneous food source, and 
consequently, the unconnected colony of soft was incapable 
of sharing resources [98]. This data also revealed that no 
significant reverse translocation from the colony periphery 
towards the center occurred, suggesting that most nutrients 
are taken up in the central and subperipheral areas of the 
colony, and distributed outwards. This is supported by the 
general observation that in actively growing N. crassa 
colonies the main cytoplasmic flow is directed outwards. 
Streaming velocity is highly promoted through network 
formation by vegetative hyphal fusion, indicating an 
important function for hyphal fusion in the speed of nutrient 
distribution to the growing perimeter of the colony. 

 While conidial germlings and undifferentiated (i.e. 
functionally not stratified) colonies readily shared resources 
upon self-fusion, differentiation into mature (i.e. functionally 
stratified) colonies restricted resource sharing, indicating age 
dependency of this phenomenon [98]. Most interestingly, 
coinoculated mature colonies of N. crassa coming into 
contact with each other were found not to share any resour-
ces, even if they were isogenic. Because of HI responses,  
which usually prevent cytoplasmic mixing upon hyphal  
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nonself-fusion, sharing of resources between heterogenic 
colonies coming into contact would not be expected. Hyphal 
avoidance and suppression of hyphal fusion at the colony 
periphery partly explain this phenomenon, however, are 
contrasted by the increased rate of hyphal fusion in the 
colony sub-periphery [38]. Therefore, in overlapping 
colonies, other yet unknown factors must be involved in 
preventing inter-colony hyphal fusion and resource sharing. 

 Following the above-mentioned observation that HI 
responses are suppressed in conidial germlings; it might be 
noteworthy that conidial germlings are also capable of de-
repressing the fusion block of mature hyphae at the colony 
periphery [79]. Of further significance in this context is the 
identification of the germling fusion mutants ham-3 and 

ham-4, which have been reported to be able to resume 
hyphal fusion in the mature colony [71]. Together these 
studies highlight that certain physiological functions seem to 
be exclusive to the germling stage, while others are exclusive 
to the colony stage. Resource sharing appears to be most 
important during early developmental stages of colony 
establishment, whereas at later stages extensive cytoplasmic 
mixing, including exchange of nuclei, is restricted and 
probably suppressed.  

 Richard et al. [99] tested the fitness dynamics associated 
to fusion. Not surprisingly, germinating conidia of N. crassa 
cultivated at high density benefited from the ability to fuse 
and showed less competition compared to fusion-defective 
germlings. Fusion competency further enabled mature 
colonies to grow larger in plate cultures, whereas a fusion 
defect promoted quick linear colony extension in race tubes. 
Depending on the micro-environmental conditions and 
biology of the fungus the capacity to fuse can thus be both 
advantageous and disadvantageous. 

 A similar trend has also been observed in filamentous 
fungal species with other lifestyles. The gene deletion 
mutants fmk1 and fso1 of the plant pathogen Fusarium 
oxysporum, orthologs of mak-2 and soft of N. crassa, for 
instance were found to be impaired in network formation on 
the plant root surface and showed reduced virulence, 
however, were not impaired in invasive growth once the 
plant has been successfully colonized [100]. In contrast, 

ste12 of F. oxysporum, orthologous to the transcription 
factor mutant pp-1 of N. crassa, was impaired in invasive 
growth, but not defective in root adhesion or hyphal fusion 
[101]. Thus, although cell fusion is not essential for host 
infection per se, it is during the early stages of the infection 
process, including surface sensing and root adhesion, that a 
cell fusion defect negatively influenced development of the 
fungus. This might be connected to the disruption of mitosis 
and nuclear migration inside germling networks. Although 
the authors generically talk about fusing hyphae, the 
morphology of the chemotropically interacting cell 
protrusions, emerging from conidia and germ tubes of  
F. oxysporum, suggests the presence of CATs in this species 
equivalent to those defined in C. lindemuthianum and  
N. crassa [37, 102, 103]. The nuclear migration and 
degradation dynamics between donor and receptor cells 
within the forming germling network show some interesting 
resemblance with nuclear dynamics and induced autophagy 
occurring prior to appressorium-mediated host infection by 
the rice pathogen Magnaporthe oryzae [102, 104]. As the 

function of this mechanism in F. oxysporumis currently 
unknown, future studies have to test the significance of the 
observed nuclear dynamics during germling fusion for  
F. oxysporum virulence in planta. 

 A link between cell fusion and virulence of F. oxysporum 
has recently been established in the context of metabolic 
control. Ammonium nitrate dramatically reduced the extent 
of hyphal fusion in this species, an effect that was inversed 
or suppressed in gene deletion mutants of two transcription 
factors controlling nitrogen metabolite repression [105]. 
Because ammonium negatively regulates vegetative hyphal 
fusion and root adhesion, presence of this nitrogen source 
significantly delayed infection in the positive transcriptional 
regulator mutant area. Repression of invasive growth by 
ammonium was found to be conserved in two other plant 
pathogens, Fusarium graminearum and M. oryzae [105]. 
However notably, in contrast to F. graminearum [106], 
hyphal fusion has not been observed in M. oryzae (Lichius, 
A., unpublished observation). Germling fusion in the bean 
pathogen Colletotrichum lindemuthianum [107], is fully 
inhibited by nutrients and only occurs in water, which 
resembles the conditions on the host plant leaf surface [108]. 
Still, whether a direct functional correlation between 
germling fusion and host infection by Fusarium spp. or 
Colletotrichum spp. exists, or whether reduced virulence is 
an indirect pleiotropic effect of the fusion defect, awaits 
further clarification. The same is true for the cruciferous 
pathogen Alternaria brassicicola. Notably, germling fusion 
is absent from this species, but A. brassicicola mutants 
lacking the N. crassa SO and MAK-2 orthologs, aso1 and 
amk1, are unable to undergo vegetative hyphal fusion which 
correlated with the loss of virulence on the host plant [109, 
110]. The failure to sustain a progressive infection of the 
aso1 mutant has been suggested to result from the inability 
to efficiently translocate nutrients, signaling molecules or 
necrotic toxins between fungus and host plant [109]. 

 Another recent study looked at below ground germling 
network formation between symbiotic and nonsymbiotic 
arbuscular mycorrhizal hyphae. Germlings of Glomus 
mosseae are capable of establishing fusion connections to 
symbiotic, extraradical hyphal networks already in contact 
with the host plant [111]. This offers young germlings quick 
access to plant-derived nutrient sources before nonsymbiotic 
growth arrest prevents their survival. Interestingly, HI 
reactions between genetically dissimilar fungal isolates were 
readily observed in the form of plasma withdrawal even 
before cell–cell contact and fusion had occurred. Subsequent 
cytoplasmic mixing was furthermore effectively prevented 
through the formation of retraction septa immediately after 
fusion. Nonself recognition leading to HI responses, 
therefore, seems to occur pre-fusion in this species, and must 
involve diffusible signaling substances that prevent nonself-
fusion altogether. The physiological significance of cell 
fusion in this scenario appears to be classic symbiosis: the 
more fusion connections within the fungal network can be 
established, the better the plant grows. Elucidating genetic 
determinants and molecular pathways of this self-fusion 
mechanism in arbuscular mycorrhizal fungi promises to 
develop into an exciting research area. 

 Overall, a universally valid conclusion on the 
physiological significance of cell fusion for filamentous 
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fungal development cannot be drawn. Its biological function 
is too diverse and highly dependent on the individual 
lifestyle of the species. Obviously, more research needs to be 
directed towards the identification of those species where an 
intervention of germling and hyphal fusion can disrupt 
fungal development and thus be applied for the protection of 
crop plants and human health. 

CHEMOATTRACTION FOR SEXUAL REPRO-
DUCTION 

 The key event for sexual reproduction in ascomycetes is 
the formation of the dikaryon. The aggregation of two 
parental haploid nuclei in one cellular compartment is a 
prerequisite for nuclear fusion (karyogamy) leading to the 
constitution of a short-lived diploid cell that produces 
meiotic progeny in the form of homokaryotic ascospores. 
Two basic sexual lifestyles can be distinguished in 
filamentous fungi that achieve dikaryon formation in two 
fundamentally different ways, and therefore have different 
requirements towards chemoatttractive mechanisms: 
heterothallism and homothallism. Heterothallic species are 
self-incompatible (self-sterile). They depend on outcrossing, 
that is the interaction between two opposite mating-type 
gametes, which each contribute one nucleus to the dikaryon, 
thus forming a heterodikaryon. For sexual reproduction, 
heterothallic species generally use a bilateral sex-
pheromone/cognate-receptor system to control nonself 
chemoattraction and establish nonself-fusion between male 
and female partner. On the genetic level, sexual identity is 
regulated through different mating type loci, and fertilization 
is achieved through transfer of a male nucleus to the female. 

In contrast, homothallic species are self-compatible (self-
fertile), and do not require an opposite mating-type partner 
for sexual reproduction. They commonly lack specific 
hyphae for sexual nonself-fusion, and consequently, 
homothallic species are able to produce meiotic progeny 
autonomously by forming a homodikaryon after recruiting 
two genetically identical nuclei from the vegetative 
mycelium into one cell compartment. Whether formation of 
a homodikaryon requires a fusion event at all, or is 
accomplished by other means, such as septation, is still not 
resolved. The following sections will explore key features of 
heterothallism and homothallism, and also exemplify 
reproductive systems that do not fit into this simple 
classification. Fig. (2) provides a shematic overview on the 
discussed reproductive strategies of filamentous ascomycetes. 

 Sexual chemoattraction in the heterothallic fungus 

Neurospora crassa. Neurospora crassa is a bona fide 
heterothallic, obligatory outcrossing species in which the 
morphological and molecular details of the sex-
pheromone/cognate-receptor-based nonself recognition 
system are very well characterized. Under carbon- and 
nitrogen-limiting conditions the vegetative mycelium of N. 
crassa enters the sexual phase by autonomously 
differentiating ascogonial coils, which continue development 
to the protoperithecial stage in the absence of an opposite 
mating partner [112]. Although cell fusion mutants of N. 
crassa are blocked at these early stages of female fruitbody 
(ascogonial and protoperithecial) development, it is still 
unclear whether self-chemoattraction and self-fusion are 

required for ascogonial coil or protoperithecium 
morphogenesis [76]. Protoperithecia send out specialized 
hyphae (trichogynes) that chemotropically grow towards 
cells of the male (often asexual macroconidia; occasionally 
microconidia) and establish cytoplasmic continuity by 
nonself-fusion [113, 114]. For this, the male cell secretes a 
mating-type-specific peptide sex pheromone that is 
recognized by its cognate GPCR on the surface of the 
opposite mating-type trichogyne, guiding the trichogyne’s 
directional growth [47, 48]. Trichogynes of one mating type 
will, therefore, only be attracted to and fuse with male cells 
of the opposite mating type. It appears that trichogynes do 
not produce pheromones and male cells do not express 
cognate receptors. Consequently, deletion of sex-pheromone 
genes only leads to male sterility, whereas deletion of 
pheromone-receptor genes only leads to female sterility 
[115, 116]. Nonself recognition and chemotropic growth in 
this interaction, therefore, is a unilateral event because it is 
exclusively executed by the trichogyne. The male cell is only 
required to produce and release sex pheromone, but 
otherwise has a very passive role. Upon trichogyne-male cell 
nonself-fusion, male nuclei from the macroconidium migrate 
through the trichogyne to the ascogonium, the female gamete 
located inside the protoperithecium [35]. Here plasmogamy 
takes place, which is the moment when one male nucleus 
joins up with one female nucleus in the shared cytoplasm of 
the ascogenous hyphal-tip-cell compartment, which from 
that moment constitutes the heterodikaryon. Heterodikaryon 
formation is maintained through prototypic, tricellular 
crozier fusion [117], in which the terminal cell containing 
one “daughter” male nucleus grows back and fuses with the 
subtending cell compartment of the ascogenous hyphae 
allowing the next set of male and female nuclei to pair up. 
Subsequent karyogamy (fusion of female and male nuclie) 
completes fertilization and forms the short-lived diploid 
ascus-mother-cell, which immediately progresses through 
meiosis and ascosporogenesis. Successful fertilization results 
in the production of ascospores. 

 It is important to note that the definition of fertilization is 
not conserved amongst filamentous species. Our definition 
of fertilization is based on observations in N. crassa, and 
comprises a series of four key events temporally and 
spatially separated: (i) presentation of the male cells to the 
female, which is widely described by mycologists as 
“fertilizing a culture”, (ii) nonself-fusion between female 
trichogyne and male cell (e.g. macroconidium), followed by 
transit of male nuclei into the female fruitbody,  
(iii) plasmogamy, leading to heterodikaryon formation inside 
the ascogonium, and (iv) karyogamy, starting point of the 
generation of meiotic progeny. Notably, for dikaryon 
formation and subsequent production of meiotic progeny to 
occur, plasmogamy and karyogamy are always required, no 
matter what the morphological and mechanistic differences 
between species might be.  

 Investigations during heterothallic sexual reproduction in 
the pseudohomothallic P. anserina (see below) have shown 
that crozier formation does not depend on sex pheromones 
[49], strongly suggesting that crozier fusion can be classified 
as a self-fusion event. We are not aware that this mechanism 
has been experimentally investigated thus far in N. crassa, 
however, it is very likely to result in the same finding. Already 
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Fig. (2). Reproductive strategies of filamentous ascomycetes. 

Heterothallism. N. crassa develops an ascogonial coil from the homokaryotic, vegetative mycelium, which therefore contains isogenic, 
female nuclei (indicated as black circles). The ascogonial coil constitutes the female ascogonium (indicated in light grey) in the center of the 
maturing protoperithecium, and sends out trichogynes, which connect it to the external environment. Nonself-fusion between female 
trichogyne and male conidium allows male nuclei (indicated as red circles) to travel into the ascogonium. Crozier formation and cell fusion 
lead to heterodikaryon formation: depiction of Raju’s micrographs from 1980 using the 2003 terminology of Bistis et al. [231, 232]. 
According to Raju, the binucleate penultimate cell (i) of the three-celled crozier grows into an ascus, whereas the terminal crozier cell (ii) 
fuses with the basal crozier cell (iii). (A) shows the crozier beginning to form, with the hyphal tip curling around. (B) illustrates 
heterodikaryon formation in the penultimate crozier cell (i); septation between the penultimate crozier cell (i) and the terminal crozier cell (ii); 
septation between the penultimate crozier cell (i) and the basal crozier cell (iii); and also a fusion pore is depicted between the terminal 
crozier cell (ii) and the basal crozier cell (iii). (C) shows a slightly later stage where the penultimate crozier cell is going through the short-
lived diploid stage prior to meiosis. The fusion between the terminal and basal cells enable nuclei from these cells to come together and, after 
mitosis, form the next crozier, thus perpetuating the formation of asci. Similar drawings and descriptions have illustrated this in other 
Sordariomycetes, e.g. S. macrospora [233, 234]; P. anserina [160]. 

Fig. (2). contd… 
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Homothallism. S. macrospora also forms ascogonial coils from the homokaryotic, vegetative mycelium, which develop into protoperithecia. 
Protoperithecia of S. macrospora, however, have never been shown to develop trichogynes and do not require interaction with an opposite 
mating-type male partner. Perithecia develop autonomously. Dikaryon formation inside the ascogonium likely takes place by a self-fusion or 
septation event, and due to the isogenic nature of all nuclei theoretically leads to the formation of a homodikaryon. Nevertheless, differential 
gene expression generates distinct sexual identities between nuclei (indicated as black and red circles) and consequently establishes a 
functional heterodikaryon. 

Pseudohomothallism. P. anserina forms ascogonial coils from a heterokaryotic, vegetative mycelium, i.e. nuclei of distinct genotypic make-
up are already combined in a shared cytoplasm. Further sexual development occurs similar to that of a homothallic species, such as S. 

macrospora, but leads to the formation of ‘true’ heterodikaryons inside the ascogonium. Notably, P. anserina is also capable of generating 
homokaryotic isolates from the heterokaryotic mycelium by separating opposite mating-type nuclei into male microconida and female 
ascogonia. Female trichogynes emerging from resulting protoperithecia, then exclusively engage into nonself-fusion with opposite mating-
type male microconidia. 

Relative heterothallism. A. nidulans forms ascogonial coils from a homokaryotic, vegetative mycelium. Trichogyne formation has, so far, 
not been observed in developing protoperithecia embedded in cleistothecial primordia, but cannot be excluded either. Especially in those 
cases where heterogenic, homokaryotic individuals cross. Morphogenetic details of such an interaction are not known, therefore, it currently 
remains uncertain whether dikaryon formation occurs as in facultative hetero- or homothallic species, and would lead to the formation of a 
“true” or “functional” heterodikaryon. 

(?) Question marks indicate unknown morphologies. 
 

in 1992, Raju pointed out that little was understood about the 
behavior of nuclei from the point of completed male cell-
trichogyne fusion until the formation of the heterodikaryon 
in Neurospora and other well-studied filamentous 
ascomycetes [118]. Since then, numerous studies on post-
fertilization events and ascospore development, have 
significantly contributed to our understanding of the genetic 
control of sexual development in ascomycetes, and have 
been extensively reviewed elsewhere [119, 120]. 
Nevertheless, our insights into the regulatory role and mode 
of nuclear transport during the early fertilization stages 
(trichogyne-male cell fusion, male nuclear transit and crozier 
maintenance) are still sparse.  

 Sex-pheromone precursor genes and pheromone-receptor 
genes are usually not transcribed in a strictly mating-type-
dependent manner. Thus, mating-type identity is determined 
through enhanced expression of one of the two sex-
pheromone and pheromone-receptor genes, respectively. In 
N. crassa, for instance, mating-type mat a cells express high 
levels of the CCG-4 pheromone that is recognized by the 
PRE-1 receptor of mat A trichogynes, and conversely, mat A 
cells highly express the MFA-1 pheromone, which is the 
ligand of the PRE-2 receptor of mat a trichogynes [47, 48, 
114, 115]. This duplicate system of two exclusively 
matching sex-pheromone and cognate-receptor pairs 
prevents self-attraction and guarantees self-sterility. 
Furthermore, it allows each mating type to act as female 
AND male, increasing the chance of successful sexual 
reproduction in nature. Most interestingly, in a recent study 
this nonself chemoattraction system has been experimentally 
overridden by co-expression of CCG-4 (mat a pheromone) 
and PRE-2 (mat a GPCR) in a pre-1 mat A background, 
forcing self-attraction and auto-fusion of trichogynes [115]. 
However, despite this atypical interaction, sexual 
development did not proceed beyond the stage of mature 
protoperithecia, confirming that a functional sex-
pheromone/cognate-receptor system alone is insufficient for 
successful sexual reproduction in an exclusively heterothallic 
species. Another interesting locus in this context is female 
and male fertility 1 (fmf-1). FMF-1 is a key regulator of both 
the expression of pheromone receptors in trichogynes and 
the synthesis and secretion of male pheromone by conidia.  
 

In fmf-1 strains perithecial development arrests either as 
male OR female [121, 122]. To our knowledge, thus far, this 
is the only locus described that is capable of inducing this 
behavior when genetically removed. 

 As mentioned at the beginning of this section, dikaryon 
formation is the key event during sexual reproduction. 
Programmed cell death, as the result of vegetative 
heterokaryon incompatibility (HI; discussed above), 
therefore, seems to pose a serious problem for 
heterodikaryon formation in N. crassa, in which the mating-
type genes (mat A and mat a) also act as het genes during 
vegetative hyphal nonself-fusion [123, 124]. In heterothallic 
fungi, the mating-type genes also function as master-control 
genes for events leading to successful fertilization [118]. 
One of their functions is to establish nuclear identity, that is 
to discriminate self and nonself nuclei within the syncytium 
established by trichogyne-male cell fusion, and has been 
researched and reviewed in N. crassa and P. anserine [25, 
125-127]. It has been hypothesized that mating-type-specific 
and locally confined expression of pheromone and 
pheromone receptors in the vicinity of paired heterogenic 
nuclei is involved in nuclear recognition inside the forming 
heterodikaryon (reviewed [128]). The problem of forming a 
stable heterokaryon for sexual reproduction in a mycelium 
that usually is heterokaryon incompatible is thereby solved 
through development- and tissue-dependent gene regulation. 
Mating-type-dependent heterokaryon incompatibility in N. 
crassa is mediated by the tol locus, which is suspected to 
form a death-triggering complex (similar to the HET-C/PIN-
C complex) with MAT A-1 or MAT a-1, or other 
downstream products [129]. Following nonself-fusion 
between trichogyne and male cell, tol expression, and 
consequently HI, is suppressed allowing the coexistence of 
opposite mating-type nuclei in sexual reproductive structures 
of the fungus [129]. This phenomenon is reminiscent of the 
transient suppression of HI during conidial germling self-
fusion discussed in the previous section. The mid-line or 
junction zone is a known phenomenon describing the area of 
PCD that is found between the two lines of fertile perithecia 
produced by each crossing partner, but not in the locally 
confined region where sexual reproduction takes place. It is, 
therefore, a visible marker for tissue-dependent gene  
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regulation allowing HI being exclusively suppressed in the 
area of the mycelium where sexual reproduction takes place.  

 In summary, N. crassa is a representative model for true, 
obligate heterothallic species, which use a molecularly and 
structurally elaborate system to ensure that sexual 
reproduction can only occur between opposite mating-type 
partners. This includes a duplicate, bilateral sex-
pheromone/cognate-receptor system, the differentiation of 
female fruitbodies and specialized sexual fusion hyphae 
(trichogynes) for their fertilization. An elaborate genetic 
system for the determination of sexual identity, and tissue-
specific suppression of heterokaryon incompatibility are key 
regulatory elements in this. 

 Sexual chemoattraction in the homothallic fungus 

Sordaria macrospora. Sordaria macrospora is a model 
representative of a homothallic, self-fertile species. 
Protoperithecial, perithecial and ascospore development 
occur autonomously and continuously from the vegetative 
mycelium [130]. In contrast to N. crassa, S. macrospora 
does not form trichogynes or conidia, excluding the 
possibility of achieving fertilization and dikaryon formation 
by fusion between these two cellular elements. 
Consequently, it would appear that S. macrospora has no use 
for a bilateral sex-pheromone/cognate-receptor system as it 
is used by heterothallic species to regulate nonself-fusion for 
fertilization. Surprisingly however, S. macrospora does 
express two sex-pheromone precursor genes (ppg1 and 
ppg2) and two cognate-receptor genes (pre1 and pre2), 
structurally similar to those of N. crassa [51, 131, 132]. 
Notably, single gene deletion mutants of these four loci 
showed no impairment in sexual reproduction. Double-
knockout strains lacking any compatible pheromone-receptor 
pair ( pre2/ ppg2, pre1/ ppg1) and the double-pheromone 
mutant ( ppg1/ ppg2), however, displayed a drastically 
reduced number of ascospore-producing perithecia, whereas 
deletion of both receptor genes ( pre1/ pre2) completely 
eliminated fruitbody and ascospore formation [131]. These 
results show that sex pheromones and sex-pheromone 
receptors are indeed required for optimal sexual reproduction 
in the homothallic S. macrospora.  

 The hallmark of self-fertility is that individual nuclei 
contain the same genetic information of both mating types, 
i.e. are isogenic. The mating-type locus of S. macrospora 
contains a chimeric form of counterparts of sordariomycete 
MAT genes MAT1-1-1, MAT1-1-2, MAT1-1-3 and MAT 1-
2-1 [132-135], which poses the question whether the 
homothallic nuclei could be functionally heterothallic [134, 
136]? It has already been hypothesized that homothallic 
ascomycetes could have evolved a mechanism that allows 
alternate expression of either mating type prior to nuclear 
migration into the relevant crozier cell and subsequent 
dikaryon formation [132]. Molecular details of the 
mechanism remain to be uncovered. Nevertheless, together 
these data support earlier assumptions that in homothallic 
species mating-type genes, sex pheromones and cognate-
pheromone receptors function exclusively in nuclear 
recognition, the promotion of crozier formation and 
stabilization of the homodikaryon, or maybe more precisely 
“functional heterodikaryon”. Further support for this notion  

comes from functional genomic comparison, which clearly 
showed that key components of cell signaling pathways 
required to regulate these events are highly conserved in S. 
macrospora. For instance, upon pheromone-receptor 
activation, downstream signal transduction occurs analogous 
to the GPCR/MAPK-signaling pathways known from other 
ascomycete model fungi, including G  proteins, PR pathway 
MAP kinases and the transcription factor STE12/PP-1 [137, 
138]. Nevertheless, how the initial (homo)dikaryon is being 
formed inside the ascogenous tissue of the mature 
protoperithecium of S. macrospora, and whether this 
involves hyphal fusion, has still not been resolved. 

 Another line of evidence puts emphasis on the role of 
septation during sexual development of S. macrospora. It has 
been demonstrated, that once nuclei have paired up within 
the tips of ascogenous hyphae, the (homo)dikaryon is 
maintained by typical crozier fusion and regulated septation 
[139]. Furthermore it has been shown, that sexual 
development in the S. macrospora pro22 mutant is arrested 
at the protoperithecial stage, and coincides with aseptate 
ascogonia [140]. Because septum formation proceeds 
normally in the vegetative mycelium, the aseptate phenotype 
of pro22 is tissue specific for sexual development [140], 
suggesting that homodikaryon formation through 
compartmentalization of two genetically identical nuclei by 
septation might be the inductive fertilization signal for 
protoperithecium-to-perithecium transition in S. macrospora. 
Unfortunately, equivalent to its homologous mutant of N. 
crassa ( ham-2) [36], pro22 of S. macrospora also has a 
vegetative hyphal fusion defect, which also could be 
responsible for the arrest in sexual development. Ongoing 
research is attempting to resolve this issue. 

 Sordaria macrospora is a facultative homothallic; 
essentially, heterokaryon formation is possible by vegetative 
nonself-fusion that can lead to recombinant reproduction. 
For example in confrontation crosses between two 
individuals, in which perithecia produced by selfing can be 
clearly distinguished from recombinant ones by their 
location on the plate. Recombinant perithecia form 
exclusively in the contact zone of the two mycelia. This is in 
contrast to selfed perithecia that only appear on one side. 
Formation of recombinant perithecia can complement 
genetic defects from two independent sterile mutants [141], 
but is reduced between fusion-impaired mutants [142]. This 
confirms that the process does involve vegetative nonself-
fusion. Heterokaryon incompatibility phenotypes (including 
a PCD junction zone) have not been observed in S. 
macrospora, nevertheless, homologues of het genes that are 
found in other fungi have been identified in its genome [132, 
137]. Nowrousian et al. [137] found that for het-c, pin-c, and 
a tol-related HET domain genes, two closely related copies 
for each of these genes were present in the S. macrospora 
genome, and suggested that heterokaryon incompatibility in 
S. macrospora may be attenuated because of mutations in 
critical heterokaryon incompatibility-mediating loci, 
allowing the presence of otherwise incompatible genes 
within one genome. 

 In summary, homothallism of S. macrospora therefore 
seems to be a reproduction strategy that has sacrificed  
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propagation through vegetative, asexual spores for the ability 
to reproduce sexually independently of an opposite mating-
type interaction partner. It is generally believed that 
heterothallism is the ancestral system [143, 144], and that 
homothallic breeding may be a reproduction strategy that 
facilitates sexual reproduction in a harsh environment, in 
analogy to what has been suggested for homothallic lichen-
fungi [145]. The latest review covering these aspects and 
other essentials of the S. macrospora reproductive cycle has 
been provided elsewhere [146]. 

 The chemoattraction system in the newly discovered 

sexual cycle of the heterothallic fungus Trichoderma 

reesei. Trichoderma reesei is another heterothallic species 
with a bilateral sex-pheromone/cognate-receptor system that 
has only very recently been discoverd [147, 148]. Similar to 
N. crassa, transcription of the a-type pheromone gene hpp1 
is elevated in MAT1-1, whereas the -type pheromone ppg1 
is expressed at higher levels in MAT1-2 [148]. Transcript 
levels of the cognate GPCR-type receptors (HPR1 in MAT1-
1 and HPR2 in MAT1-2) are regulated accordingly, together 
allowing sexual identity determination. In line with previous 
findings in S. macrospora [131] and N. crassa [115], one 
compatible pair of pheromone and cognate receptors is 
necessary and sufficient for sexual reproduction in T. reesei 
[148]. The double set of sex pheromones and cognate 
receptors, therefore, allows both mating types to act as male 
and female, multiplying the chance of successful sexual 
reproduction in a natural environment where encountering 
mating partners is a rare event. The second 
pheromone/receptor pair of each mating type, although not 
highly expressed and non-essential for fertilization, however, 
does have an important function for the initiation of 
fruitbody development. In T. reesei this was shown using 
crosses between single gene deletion strains that had only 
their mating-type-specific receptors removed: hpr1 in 
MAT1-1 and hpr2 in MAT1-2. In these crosses, ascospores 
were not produced indicating failed fertilization, but stroma 
and perithecium formation remained functional [148]. 
Furthermore, receptor double deletion mutants were, as 
expected, unable to induce fruitbody formation.  

 Notably, the HPP1 pheromone of T. reesei has an 
unusual domain structure not known from other fungi, 
combining characteristics of both a- and -type pheromone 
precursors [149]. Yet, within this hybrid-type pheromone 
domain configuration, only the threefold CAAX motif was 
required for sexual reproduction. Initial evidence, presented 
in the same study, furthermore, indicated differences in the 
specific transcriptional regulation of sex-pheromone and 
cognate pheromone-receptor genes in T. reesei, compared to 
other heterothallic ascomycetes. Whether this apparently less 
stringent transcriptional control of pheromone precursors and 
receptors, in combination with the specific domain structure 
of the hybrid pheromone, has any functional significance 
remains to be explored. Further reading about sex-specific 
pheromone expression in various heterothallic and 
homothallic fungal species can be found elsewhere [150]. 

 Culture conditions under which T. reesei would induce 
fruitbody development autonomously have so far not been 
identified, and may not exist. Simple carbon and nitrogen  
 

limitation that serve as inductive signals for a number of 
other ascomycetes do not seem to work. This might be 
connected to the more complex arrangement of T. reesei 
protoperithecia inside stromata. As described above, N. 
crassa, for instance, generates protoperithecia directly off 
the vegetative mycelium. The only known way to induce 
stroma and protoperithecium formation in T. reesei is by 
confrontation of opposite mating-types on the same culture 
plate and under the influence of light [147, 149, 151]. This 
might indicate that nonself-signaling between mating 
partners provides the inductive signal for entry into the 
sexual cycle. Nevertheless, molecular details of stroma and 
protoperithecium development, fertilization and continued 
differentiation into perithecia are currently unknown. 
Microscopical examination of stroma sections did not 
provide any evidence for the presence of trichogyne-like 
structures in T. reesei [148], and so far there has been no 
published evidence for vegetative hyphal fusion occurring in 
this species. 

 We are only at the beginning of understanding sexual 
development in T. reesei, and one of the next important 
steps, therefore, will be to identify the mechanism of 
fertilization in T. reesei and how this triggers the 
protoperithecium-to-perithecium transition inside the stroma 
tissue. 

 Alternative mating systems of filamentous fungi. 
Besides the two main classifications, heterothallism and 
homothallism, other forms of mating systems have been 
defined (for a recent review see [152]). These include 
“pseudohomothallism” (sometimes referred to as “secondary 
homothallism”) and “relative heterothallism”, which are 
discussed here in order to propose that their classifications as 
distinct might be inappropriate due to the lack of detailed 
knowledge about the involved morphologies and genetics. 

 Neurospora tetrasperma and P. anserina are the best 
studied examples of pseudohomothallic species [153]. 
Their distinguishing key feature, in comparison to “true” 
heterothallic and homothallic species, is the constant 
maintenance of the heterokaryotic state, allowing the 
vegetative mycelium to be self-fertile, and thus apparently 
homothallic [127, 154, 155]. Similar to “true” homothallic 
species, dikaryon formation in a self-fertile 
pseudohomothallic species will require a self-fusion (or 
potentially a septation) event, but in contrast produces a 
heterodikaryon. In addition, both species also form uni- and 
bi-nucleate sexual and asexual spores of a single mating 
type, which generate homokaryotic individuals that are 
functionally heterothallic, and outcross with an opposite 
mating-type partner equivalent to a “truly” heterothallic 
species [154, 156]. In this scenario, nonself chemoattraction 
and nonself-fusion between female and male are required for 
heterodikaryon formation. It has been demonstrated that 
heterothallic reproduction in N. tetrasperma and P. anserina 
involves trichogyne-male conidium fusion guided by a 
classical, bilateral sex-pheromone/cognate-receptor non-self 
recognition system, and that maintenance of the dikaryon is 
achieved by crozier formation [49, 157-160]. Interestingly, 
in P. anserina the trichogyne is sent out directly from the 
ascogonial coil to fuse with a microconidium and trigger 
protoperithecium development [159]. Hence, at a much  
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earlier developmental stage as, for example in N. crassa, 
where trichogynes also may differentiate directly from the 
ascogonial coil, but usually do not fuse with male cells 
before protoperithecium maturation is completed [76, 114]. 
It has also been shown that crozier formation in  
P. anserinadoes not depend on sex pheromones, indicating 
that it is a self-fusion event [49]. Notably, self-fertility can 
be genetically re-engineered in heterothallic P. anserina 
strains through deletion of specific mating-type loci that 
control internuclear self- and nonself recognition prior to 
dikaryon formation [161]. Interestingly, the opposite (i.e. 
conversion of a heterokaryotic parent into a self-sterile, 
homokaryotic strain through manipulation of the MAT 
genes) was achieved in A. nidulans (see below) [144]. 
Pseudohomothallism, therefore, is a reproductive strategy 
that combines the advantages of quick, mating partner-
independent selfing with the potential of genetic 
recombination through facultative outcrossing.  

 The percentage of homokaryotic ascospores formed by P. 
anserina and N. tetrasperma has so far been estimated at 4% 
and 10%, respectively [154, 162]. The recent comparison of 
more than 100 N. tetrasperma isolates from the UK and New 
Zealand, however, revealed that the percentage of self-
sterile, homokaryotic conidia can be much higher, up to 42% 
[163]. Hence, the proportion of outcrossing individuals in 
nature is much higher than previously anticipated. The 
genetic basis of pseudohomothallism has been well 
researched in the past decade and is most notably achieved 
through suppressed recombination on the mating-type 
chromosome [164-167]. The cytology of heterodikaryon 
formation during selfing, however, is still unresolved, and 
thus might warrant a closer inspection. Although functional 
trichogyne-conidium interactions have been confirmed in 
homokaryotic N. tetrasperma strains, the few trichogynes 
that have been formed from heterokaryotic strains did not 
respond chemotropically to conidia, and might thus be 
regarded non-functional [158]. Therefore, it seems possible 
that heterodikaryon formation in heterokaryotic mycelia of 
N. tetrasperma and P. anserina may occur by vegetative 
self-fusion or simple septation only, similar to what is 
suspected for homodikaryon/functional heterokaryon 
formation in the homothallic S. macrospora discussed 
earlier. Finally, it has to benoted that pseudohomothallism is 
thought to have arisen independently in diverse fungi, 
including P. anserina and N. tetrasperma; hence the genetic 
and cellular mechanisms of pseudohomothallism may differ 
substantially [168]. 

 The term “relative heterothallism” has been coined to 
describe the observation of favored mating between 
genetically different individuals of the generally homothallic 
species A. nidulans [169]. Relative heterothallism has also 
been described for the plant pathogenic Glomerella 
cingulata [170], and assigned to S. macrospora [171]. For  
S. macrospora, however, we are not aware of any published 
work supporting this claim. In A. nidulans, this mimicked 
self-sterility leads to the production of recombinant 
ascospores through outcrossing [169, 172], and has the likely 
evolutionary benefit of generating recombinant progeny with 
increased fitness. It has been proposed that a “selection 
arena” mechanism operates to promote continued 
development of only high-quality (hetero)dikaryons into 
sexual spores [173]. Initial dikaryons with deleterious 

cytoplasmic (viruses, plasmids or abnormal mitochondria) or 
nuclear mutations are negatively selected, and their 
development becomes aborted. Earlier investigations in 
A. nidulans, showing that the number of recombinant 
progeny emerging from such an interaction correlates with 
the degree of genetic differences between both mating 
partners, already suggested that a distinct genetic program 
acting on the level of nuclear recognition and nuclear sorting 
within the heterokaryon has to regulate this phenomenon 
[174]. Further underlying genetic and molecular details of 
this mechanism, however, have long remained enigmatic. 

 The identification and manipulation of distinct mating-
type genes in A. nidulans, leading, for example, to the 
successful generation of heterothallic MAT1 and MAT2 
transformants from a homothallic parental strain [144, 175, 
176], provided the first experimental evidence to verify this 
hypothesis, and to suggest that differential gene expression is 
the basis of “relative heterothallism”. These results indicate 
that differential expression of mating-type genes, and other 
genes required for nuclear recognition, generate functionally 
dissimilar nuclei on the level of transcription (RNA) and 
protein biosynthesis. This functional nuclear distinction 
appears to be sufficient for the constitution of a “functional 
heterodikaryon”, despite potential genetic identity of both 
nuclei on the genomic (DNA) level. As discussed for the 
homothallic S. macrospora earlier, a key role in nuclear 
recognition and karyogamy in A. nidulans again take sex 
pheromones and cognate pheromone receptors, which on the 
other hand, have no function in chemoattraction prior to 
fertilization due to the apparent lack of differentiated male 
and female sexual fusion structures, such as trichogynes 
[177]. Thus, it is conceivable that “relative heterothallism” 
may be a more common feature of homothallic species, than 
thus far anticipated. The total rate of outcrossing in this 
situation, however, might be significantly less than 
previously described [174], as more recent investigations 
suggest [178, 179]. 

 The signal transduction pathways downstream of sex-
pheromone GPCR activation, including G-proteins, Ras 
GTPase, MAPK cascades and associated transcription 
factors, are as conserved in A. nidulans, as in other 
filamentous species, and have recently been summarized 
[180]. This confirms that once the (functional) 
heterodikaryon has been assembled subsequent processes 
required for the production of sexual spores follow common 
themes, obviously, including species-specific morphogenetic 
adaptations. 

 Overall, the comparison of these different mating 
systems poses the question whether homothallism is 
“functional heterothallism” generated by differential gene 
expression on the transcriptional level during selfing and 
outcrossing in obligate and facultative homothallic species, 
whereas, obligate heterothallic species create this functional 
distinction between nuclei on the genetic level of the whole 
organism. If true, the diversity of individually defined 
mating systems would significantly decrease, because 
ultimately most could be defined as heterothallism, simply 
achieved by different combinations of morphology and 
genetics. 

 The recent breakthrough discoveries of sexual 
reproduction in previously “asexual” aspergilli, including  
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A. fumigatus [181], A. parasiticus [182], A. flavus [183] and 
A. nomius [184], opened up new avenues for a direct 
comparison of homothallic, “functional heterothallic”, 
pseudohomothallic, heterothallic and “relative heterothallic” 
breeding systems within the same genus, and as such may 
help to answer this question. 

 For further reading about fungal mating systems, mating-
type genetics, vegetative heterokaryon incompatibility, and 
the influence of different mating systems on fungal 
evolution, we refer the reader to comprehensive recent 
reviews [23, 152, 171, 185].  

CHEMOATTRACTION FOR FORAGING 

 The filamentous fungal lifestyle is believed to have 
evolved as an adaptation to facilitate foraging for nutrients 
despite the general lack of motility of the organism [186]. 
Chemotropic growth of an individual hypha towards a 
vegetative- or sexual-fusion partner, guided by self-signaling 
molecules or sex pheromones, has been discussed in detail 
already. Chemotropic growth towards nutrients can be 
considered to follow the same basic rules, except that it 
involves whole colony sectors. The likely scenario is that as 
soon as an exploratory hypha encounters a new carbon 
and/or nitrogen source, this information will be relayed 
through the vegetative network and result in the promotion 
of directed growth of more hyphae from this sector towards 
the nutrient source. Fungi are generally enabled by the 
mycelium to develop gigantic colony networks, as in the 
extreme example of Armilaria bulbosa, which can occupy up 
to 150,000 m2 [187]. In order to allow rapid extension and to 
outgrow potential competitors, promoted growth towards a 
new nutrient source might also involve withdrawal and 
recycling of cytoplasmic content from older colony sectors 
in already nutrient depleted regions. Over longer time 
periods, this shifting of the “living part” of the colony can 
result in linear relocation of the whole organism. This 
behavior is observed when wood block inocula are presented 
to mycelia [188]. The practically indefinite expansion and 
adaptation of the mycelial network, thus, confers significant 
advantages over the root systems of the more sessile plants. 
Are filamentous fungi attracted towards nutrients; is nutrient 
foraging the result of chance encounters or are hyphae 
attracted along gradients of volatile chemicals? Some 
interactions involving volatiles have been studied (see 
below) and strategies for surviving environments with no 
nutrients have been observed, for example during pre-
infection of the rice blast fungus M. oryzae [189]. Whether 
these strategies involve chemoattraction or not is currently 
unclear.  

 Inter- and intraspecies interactions through volatile 

organic compounds. In their natural environment, fungi 
interact with other fungi, with bacteria, plants and animals 
[190-192]. Interspecific fungal interactions may be mediated 
upon contact, or even at a distance, and include antagonism 
and mycoparasitism to defend the living space of the 
individual. Antagonism describes the interference or the 
inhibition of the growth of a competing organism often at a 
distance [188]. In this context, usually referring to another 
fungal species, or a “non-self”, and is most likely facilitated  
 

by volatile compounds. Mycoparasitism is a foraging 
strategy, which allows the attacking fungus to use its prey 
fungus as nutrient source. In soil, a mycelium will encounter 
and interact with mycelia of the same fungus and with that of 
different fungal species. Nonself recognition usually results 
in antagonistic responses, morphological changes, and/or 
production of extracellular enzymes, volatile and diffusible 
secondary metabolites [188].  

 Interactions of filamentous fungi with other fungi or 
other organisms that occur prior to physical contact are 
likely to be induced by volatile organic compounds, known 
as VOCs [193, 194]. VOC-mediated positive, negative and 
neutral interactions occur between a wide range of fungi and 
other organisms, often species-specific and influencing 
processes in the wider biosphere [195, 196]. Approximately 
250 VOCs have already been identified and characterized in 
fungi, varying in function from antifungal to attractant [197]. 
Several authors have recently reviewed various aspects of 
fungal VOCs, specifically, indirectly, or in tandem with 
VOCs produced by other organisms [190, 196-199]. 
 In the soil environment, hydrolytic activity of 
extracellular fungal enzymes is important in nutritional 
sourcing and for the constant competition between fungi and 
bacteria. Bactericidal effects of fungi have most likely co-
evolved with other strategies such as the acidification of the 
microenvironment by oxalic acid [190]. Contemporary 
knowledge of fungal VOCs has been collated in a recent 
review discussing the important signaling roles of VOCs in 
the natural environment, their detection, toxicity and the 
potential biotechnological applications for fungal VOCs 
[197]. The roles of many fungal VOCs as infochemicals 
(information conveying chemicals; [200]) or semiochemicals 
(naturally produced signaling chemicals; [201]) have been 
elucidated, and due to their ability to affect organisms within 
and between species, as well as across kingdoms, they have 
been exploited for biocontrol in agriculture [197]. 
Semiochemicals identified from fungi include volatiles that 
range from simple hydrocarbons to complex heterocyclic 
compounds, aldehydes and alcohols to ketones [196, 197]. 
The mycoparasitic Trichoderma spp., mentioned earlier, 
have been highlighted for their effectiveness at 
enzymatically degrading other fungi [197]. Species of 
Trichoderma are known to produce many VOCs and their 
secondary metabolites have targeted antimicrobial effects on 
other fungal species at very low concentrations irrespective 
of the culture substrate [202]. 

 Many VOCs facilitate interactions between plant roots 
and soil organisms, including fungal–fungal interactions. 
Fungistasis may also result from the presence of fungal 
volatiles, whereby VOCs, for example, block germination or 
protein synthesis [198]. Some VOCs produced by 
microorganisms have potential for the control of plant 
pathogens; this area of research, however, is in its infancy 
[199].  

 Mycoparasitism in fungi, which involves fungus–fungus 
crosstalk between the host and parasite, has mainly been 
studied in the ascomycete Trichoderma atroviride, however 
other associations have also been investigated, such as 
between Stachybotris elegans and Rhizoctonia solani. A role  
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for MAP kinases in mycoparasitism has also been indicated 
[203, 204]. Changes in MAPK/ERK1/2 expression was 
observed in S. elegans in response to the stress of both direct 
mycoparasitism and poor nutritional conditions [203]. In 
species-specific interactions, the manipulation of amino acid 
levels, while maintaining stable C:N ratios, resulted in 
reproducible changes of VOC output from Trichoderma 
isolates by inhibiting growth of target filamentous fungi 
[196]. A comprehensive overview on filamentous fungal 
mycoparasitism has been provided by other authors in this 
special issue of The Open Mycology Journal. 

CHEMOATTRACTION DURING PLANT PATHO-
GENESIS AND SYMBIOSIS 

 Strategies for nutrient acquisition during fungal infection 
of plants involves elaborate mechanisms where host and 
pathogen compete for nutrient supplies; fungi can exploit 
plant defense mechanisms for nutritional purposes [205]. 
Evidence of amino acids, including the nonprotein amino 
acids GABA and ornithine, as potential nitrogen sources for 
the pathogenic fungus has been presented. Although, we 
know little of the molecular basis of how fungi entrain host 
metabolism [205].  

 A common theme of fungus–host interaction is how the 
fungus exploits an often chance encounter with its host. 
Fungi radiate out, either by a mycelial network or by 
producing an abundance of spores, to increase the chance of 
meeting a susceptible host. However, what is not clear is the 
significance of chemoattraction during this interaction. 

 While many filamentous fungi thrive as plant pathogens, 
other fungi live in symbiotic relationships with plants. The 
idea that colonization of land by plants over 400mya was 
facilitated by symbiotic fungi, presumably to enhance 
nutrient uptake, has been gaining acceptance [206]. Today, 
the arbuscular mycorrhizal (AM) fungi (Glomeromycotina) 
are the most common type of fungus forming mutualistic 
intracellular associations with the roots of vascular plants. 
However, other symbiotic associations have existed and still 
do, including those between lower plants and other lineages 
of fungi, for example between liverworts and 
Mucoromycotina [206]. The signaling and cellular programs 
of the arbuscular mycorrhizal fungi have been extensively 
reviewed elsewhere [207, 208]. In summary, AM fungi 
perceive diffusible signals before any physical interaction 
occurs with their plant symbiont [207]. Root colonization is 
vital to AM fungi and compounds released by the plant that 
stimulate AM fungal metabolism have been identified as 
strigolactones, these compounds have multiple functions and 
could be considered hormones [208]. The cellular programs 
and common themes for ectomycorrhizal (EM) and AM 
symbioses are beginning to emerge, but only a handful of 
proteins have been identified, and their precise roles remain 
unclear [208, 209]. Once in contact with the plant, an AM 
fungus receives appressoria-inducing signals that show 
similarities with those received by pathogenic fungi. Also, 
once within the plant, significant developmental changes 
happen to the fungus, but again, the nature of the inducing 
signals is unknown [207]. Data from the EM fungus  
 

Laccaria bicolor also point to similarities with the 
mechanisms of effector-like proteins, as seen in pathogenic 
fungi. However, comparable effector-like proteins have not 
been observed in Tuber melanosporum, another EM fungus 
[208]. 

 Plants have evolved immune systems that can recognize 
potential pathogens and trigger chemical defence responses. 
In return, successful fungal plant pathogens secrete proteins, 
known as effectors or virulence factors. Fungal effectors are 
recognized by plant-resistance-proteins, which due to their 
importance for crop plant protection, have been the subject 
of many excellent reviews (including: [210-212]). The use of 
comparative genomics and fluorescence microscopy has 
been envisaged as a way to identify interactions of fungal 
effector proteins [211]. Whether interactions between fungal 
effector proteins play a role in chemoattraction of 
filamentous fungi is not clear, as most of the literature 
concentrates on the host–pathogen interaction rather than the 
fungus–fungus interaction. However, by understanding host–
pathogen interactions, this may supply clues to potential 
chemoattractive mechanisms between fungi. In 2011, Dodds 
and Rathjen reviewed the molecular basis of plant pathogen 
interactions, concluding that the area was extremely 
underexplored and that our knowledge of host pathogen co-
evolution was “poorly developed” [213]. If chemo attraction 
is not involved in these interactions then it is probable that 
other tropisms are involved, for example, thigmotropism 
[214]. 

 A recently researched example of a host pathogen 
interaction is that of powdery mildew of barley, Blumeria 
graminis f. sp. hordei [215]. Results indicated that either the 
host activated a generic mechanism to reduce the 
transcription of small, secreted proteins or that the fungus 
was able to sense unsuccessful invasion and consequently 
shut down the transcription of a particular set of candidate-
secreted effector proteins. Comparative genomics have 
suggested that the organization of effector genes drives 
effector evolution in many pathogen genomes [216]. In silico 
analyses have also been used to identify putative effectors, 
including candidates in the secretome of the ubiquitous 
plant-associated fungus Piriformospora indica [212, 217]. 
Some authors have reviewed unifying themes of fungal 
interactions with both plant and animal hosts [218, 219]. 
Few universal virulence factors within and between animal 
and plant pathogens have been identified, but insufficient in-
depth studies have been made. Common signaling cascades 
and protective compounds appear to be utilized by many 
pathogens during their pathogenic development. For 
example, oxylipins have been highlighted as playing an 
important signaling role in disease [218] and MAP kinase 
activation has been proposed as an effective target for 
effectors in both plant and animal host systems [219]. 

 Another point to note is the role of oxidative stress. There 
is increasing evidence for the importance of ROS in many 
aspects of the fungal lifestyle, from hyphal growth to cell 
differentiation, infection structure formation to induction of 
apoptosis [220]. Fungi combat ROS that are produced by the 
host-plant tissue in response to fungal attack, with complex 
oxidative stress responses. The relationship of oxidative 
stress with secondary metabolism in fungi is the subject of  
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another very recent review [221]. In this review the authors 
summarized the infection process in a series of steps, where 
the fungal pathogen initially overcomes the host (plant) 
defensive oxidative burst by activating expression of 
detoxifying antioxidants. The oxidative burst can trigger 
secondary metabolite biosynthesis that can act as a 
scavenging mechanism against ROS, thus enabling survival 
of the fungus. It seems unlikely that chemoattraction is 
involved here, and little information is available on how 
oxidants and antioxidants are poised to provide regulation 
between oxidative stress, secondary metabolism and cell 
development.  

 A successful strategy employed by some pathogenic 
microorganisms is that of quorum sensing (QS), an 
important mechanism of communication using hormone-like 
molecules. In contrast to bacteriological QS research, fungal 
QS research is in its infancy and has recently been reviewed 
[222]. QS research with Candida albicans and other fungi 
has suggested that cell density and QS molecules play a role 
in virulence, but the signaling pathways involved are yet to 
be understood. So far, the most researched fungal QS 
molecule is farnesol, which appears to have multiple roles 
during infection [222, 223]. A comprehensive review of self-
signaling molecules employed by ascomycetes and the quest 
to understand their biological function, including 
chemoattraction, has also recently been provided [61]. 

 In summary, a considerable number of diverse 
chemoattraction systems employed by filamentous fungi in 
the context of nutrient identification and exploitation, as well 
as for symbiosis and pathogenesis are known. However, the 
underlying molecular mechanisms remain poorly 
understood. Especially in the area of fungal plant 
pathogenesis and mycoparasitism, focus has so far been on 
responses elicited by the host plant or prey fungus and to a 
much lesser extent on the recognition system of the attacking 
fungus. Cleary, more research needs to be directed towards a 
better understanding of how fungi identify, localize and 
establish physical interactions with their host. Being able to 
block these initial steps promises powerful tools for disease 
prevention. 

CONCLUDING REMARKS 

 Chemoattractive mechanisms are essential for fungal life 
and are employed in a broad range of biological functions. 
This functional diversity is clearly reflected by the 
considerable variety of molecular mechanisms underlying 
positive chemotropic responses, and the complex integration 
of individual proteins in different pathways. In recent years 
the number of identified fusion proteins has impressively 
increased and enabled the community to build signaling 
pathway networks and assign specific functional roles to 
those fusion proteins. The greatest challenge, however, still 
is to identify the signaling proteins that are exchanged 
through the intercellular space, and how they are perceived 
by the respective interaction partner. 
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