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Abstract 
 

Genetic analysis of heterokaryon incompatibility reveals new roles for NDT80 homologs, 

the predicted protein kinase IME-2, and polymorphic HET domain genes in Neurospora 

crassa programmed cell death  

by 

Elizabeth Ann Hutchison 

Doctor of Philosophy in Microbiology 

University of California, Berkeley 

Dr. N. Louise Glass, Chair 

 The ability to recognize self from nonself in order to maintain cellular identity is a 
key aspect of intra- and inter-organismal interactions. In this study, the objective was to 
identify new genes involved in self/nonself recognition in the filamentous ascomycete 
Neurospora crassa. In N. crassa, hyphal fusions can produce either viable, compatible 
heterokaryons, or incompatible heterokaryons that undergo programmed cell death 
(PCD). N. crassa nonself recognition is mediated by eleven heterokaryon (het) loci, and 
genetic differences at any one of the eleven het loci is sufficient to induce PCD. One of 
the most well characterized het loci is the het-c pin-c locus. Allelic and nonallelic 
interactions between these two genes contribute to nonself recognition. In addition, het-c 
pin-c-mediated incompatibility and PCD is suppressed by mutations in the transcription 
factor vib-1. The aims of this study were to identify new genes involved in 
incompatibility using transcriptional profiling and comparative genomics, and to further 
characterize the transcription factor vib-1 and its paralogs. 
 The first chapter focuses on transcriptional profiling results from compatible and 
incompatible heterokaryons. In general, metabolism and protein synthesis genes were 
down-regulated in incompatible heterokaryons, while phosphatidyl inositol and calcium 
signaling genes were upregulated. In addition, I provide evidence that reactive oxygen 
species (ROS) are produced upon induction of incompatibility, and that ROS frequently 
co-localize to woronin body structures. Data from transcriptional profiling suggested that 
N. crassa may not be using a conventional cell death pathway and indeed, mutations in 
aif-1 and metacaspase homologs did not affect cell N. crassa PCD. In addition, though 
kinase signaling pathways were enriched in the incompatible dataset, mutations in two N. 
crassa kinases, mak-2 and ste-12, did not affect heterokaryon incompatibility (HI). I did 
identify two genes, NCU06177 (Ca2+/calmodulin dependent protein kinase C) and 
NCU05693 (contains a dynamin domain), that when mutated caused a small but 
significant increase in incompatibility-induced cell death. Finally, a significant overlap 
also existed between the incompatibility PCD dataset as well as a dataset from N. crassa 
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cell death induced by phytosphingosine, indicating that N. crassa may be using a 
common cell death pathway for different cell death input signals.  
 The second chapter describes the characterization of the transcription factor vib-1 
and its two paralogs, fsd-1 and NCU04729. All three paralogs are homologous to the S. 
cerevisiae major middle meiotic transcription factor NDT80. NDT80 is necessary for the 
prophase to metaphase transition, and mutants in NDT80 do not complete meiosis. 
Phylogenetic analysis of fungal NDT80 homologs revealed that most filamentous fungi 
actually have two or more NDT80 homologs, suggesting that at least some of the fungal 
homologs may have diverged in function from that of meiosis. Surprisingly, though two 
of the N. crassa NDT80 homologs (vib-1, fsd-1) affected sexual development, none of the 
homologs were necessary for completion of meiosis.  

Upon nitrogen starvation, N. crassa forms spherical hyphal structures called 
protoperithecia, which can be fertilized. Mutants in vib-1 affected the number of 
protoperithecial structures formed, and !vib-1 !fsd-1 strains were affected for the timing 
of protoperithecial development. In addition, microarray analysis revealed a role for fsd-1 
in spore maturation, consistent with NDT80 data from S. cerevisiae. Further, I show that a 
homolog of the kinase IME2, another major yeast meiotic regulatory protein, is also not 
necessary for meiosis in N. crassa. IME2 is necessary for NDT80 expression and activity 
in S. cerevisiae, but this role is not conserved in N. crassa. Interestingly, I also observed 
that ime-2 negatively regulates protoperithecial formation upon nitrogen starvation, and 
that vib-1 mutations are epistatic to ime-2 mutations in this regard. Thus, the meiotic 
regulatory pathway of N. crassa functions differently than that of yeast, and our study 
gives insight into how filamentous fungi regulate meiosis. 
 Due to our previous observation that vib-1 and ime-2 interacted genetically, the 
aim of the third chapter was to determine if ime-2 affects other vib-1 mutant phenotypes, 
such as protease production and cell death due to heterokaryon incompatibility. Single 
mutants for ime-2 were not affected for het-c pin-c mediated incompatibility, but 
interestingly, !vib-1 !ime-2 strains exhibited wild type levels of cell death. In addition, 
!vib-1 !ime-2 strains produced wild type levels of extracellular proteases. These data 
indicate that ime-2 and vib-1 are functioning in a common genetic pathway. Further, I 
determined that vib-1 is phosphorylated, and I created phospho-mimic or phospho-dead 
alleles of VIB-1 for these sites. These alleles will be tested for functionality in HI in 
future studies. Our data also implicate ime-2 in the targeting or processing of a specific 
mitochondrial matrix protein, ARG-4. Based on our data, I propose a model in which two 
redundant cell death pathways exist in N. crassa (with one possibly functioning through 
the mitochondria) and that ime-2 negatively regulates both of these pathways. 
 Finally, in chapter four, I took a comparative genomics approach to the 
identification of new het loci. Specifically, I focus on genes that contain a HET domain, a 
protein domain that has been implicated in incompatibility and fungal PCD. To identify 
new het loci, I looked for HET domain genes that exhibited evolutionary characteristics 
of nonself recognition loci, such as balancing selection and trans-species polymorphism. 
Twenty-three of the 55 HET domain genes exhibited these characteristics, and I tested 
three of these candidate genes (NCU09037, NCU04694, and NCU07511) for function in 
incompatibility. NCU09037 has two distinct alleles that are under balancing selection, 
and I show that it can function as a het locus. Further, only allelic interactions are 
necessary for NCU09037-induced incompatibility. I did not observe an HI phenotype in 
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strains expressing alternate alleles of NCU07511, and I am currently testing the HI 
function of NCU04694. Thus, I show that nonself recognition loci can successfully be 
predicted from their evolutionary features.  
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Introduction 

Introduction to genetic recognition mechanisms 
Mechanisms to distinguish self from nonself are prevalent across a wide range of 

species, including eukaryotes and prokaryotes, and the types of nonself recognition 
mechanisms that have evolved are equally diverse. One of the best-studied systems is the 
mammalian immune system, which consists of innate and adaptive responses that control 
self recognition and mediate pathogen defense, and of somatic recombination events that 
produce polymorphic major histocompatiblity (MHC) proteins (Chaplin, 2010). The 
ability of plants to recognize self from nonself has also been well characterized, and 
shares some broad mechanistic similarities to that of animals (Ronald and Beutler, 2010). 
Plant self/nonself recognition is important for both pathogen defense as well as the 
prevention of self-fertilization for outcrossing species (Dodds and Rathjen, 2010; 
Sanabria et al., 2008). Self/nonself recognition systems have been characterized in 
several other eukaryotic systems (Burnet, 1971; Kvell et al., 2007), as well as the more 
basal eukaryotic invertebrates Botryllus schlosseri (McKitrick and De Tomaso, 2010), a 
colonial ascidian, and Hydractinia symbiolongicarpus, a cnidarian (Cadavid, 2004). 
Interestingly, polymorphic transmembrane proteins regulate allorecognition responses in 
both invertebrate systems (De Tomaso et al., 2005; Nicotra et al., 2009; Rosa et al., 
2010). The amoeba Dictyostelium discoideum exhibits kin recognition behaviors, and 
self/nonself recognition in this organism limits only “self” genotypes to the sporulating 
fruiting bodies (Li and Purugganan, 2010; Strassmann et al., 2000). In addition, 
incompatibility reactions following fusion events have been observed in the amoeba 
Physarum polycephalum (Lane and Carlile, 1979). More recently, mechanisms for 
prokaryotic self/nonself have begun to be molecularly characterized; though they vary in 
their molecular mechanism, they usually function to inhibit colony interaction (Be'er et 
al., 2010; Be'er et al., 2009; Gibbs et al., 2008; MacIntyre et al., 2010) or to prevent 
nonself cells from reaching sporulation structures in multicellular bacterial fruiting bodies 
(Velicer and Vos, 2009). In addition, a form of programmed cell death has been observed 
in the bacterium Streptomyces antibioticus, which undergoes complex differentiation 
processes and forms filamentous, multi-nucleate hyphae (Miguelez et al., 1999, 2000). 
Finally, fungi also possess a complex, sophisticated mechanism for distinguishing genetic 
identity called heterokaryon incompatibility (HI; also termed vegetative incompatibility, 
VI) (Glass and Dementhon, 2006; Lu, 2006; Pinan-Lucarre et al., 2007).  

An important aspect of the filamentous fungal lifestyle is the ability to undergo 
fusion within and between colonies in order to form a network, which is thought to aid in 
nutrient transport and resource utilization (Fleissner et al., 2008). If two fungal 
individuals come into contact, it is possible that they can fuse and form a heterokaryotic 
mycelium that contains both nuclei (Figure 0-1). If the two strains are genetically 
identical at all heterokaryon (het or vic) loci they are compatible, meaning that formation 
of a viable, stable heterokaryon can occur. However, if the two individuals are genetically 
different at any one of their het loci, the fusion cell is rapidly compartmentalized and 
programmed cell death (PCD) ensues (Figure 0-1). In this case, the strains are considered 
incompatible (Glass and Dementhon, 2006; Pinan-Lucarre et al., 2007). HI has been 
characterized primarily in the model fungal systems Neurospora crassa, Podospora 
anserina, and Cryphonectria parasitica, but also in basidiomycetes (Worrall, 1997) and 
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arbuscular mycorrhizal (AM) fungi (Giovannetti et al., 2006) as well. In addition, it has 
been observed in other fungal species, including Tuber borchii (Sbrana et al., 2007), 
Rhizoctonia solani (Hyakumachi and Ui, 1987), Glomus mosseae (Giovannetti et al., 
2003), and Gibberella fujikuroi (Correll et al., 1989), that pre-recognition of an 
incompatible strain can occur, and the incompatible hyphae actually avoid anastomosis. 
However, when incompatible fusions do occur, the nature of filamentous fungal hyphal 
structures allows these organisms to compartmentalize fusion cells by closing septa near 
incompatible fusion points, and to remove the incompatible cell via a PCD mechanism. 
Thus, for filamentous fungi, HI mechanisms work in tandem with a PCD pathway in 
order to restrict fusion to genetically identical individuals.  

Biological functions of HI 
 HI has significant biological implications for fungi, primarily in preventing the 
transfer of deleterious genetic elements, including mycoviruses and senescence plasmids. 
In has also been hypothesized that HI functions as a fungal innate immune system 
(Paoletti and Saupe, 2009). The effect of HI on viral transmission has been studied 
extensively in the causative agent of chestnut blight, C. parasitica (Cortesi et al., 2001; 
Milgroom and Cortesi, 2004). Viral infection of C. parasitica causes a hypovirulence 
phenotype, and thus is used as a biological control agent (Milgroom and Cortesi, 2004). 
Fungal viruses generally do not have an extracellular phase to their infection cycle, and 
depend on cytoplasmic transfer between fungal hyphal rather than external infection for 
transmission to new hosts (Nuss, 2010). Fungal viral transmission can be controlled by 
exclusion mechanisms (often, viruses are not transferred 100% of the time into sexual or 
asexual spores), by RNA silencing, and by differences at het loci (Milgroom, 1999; Nuss, 
2010). Differences at het loci restrict successful fusion and cytoplasmic transfer between 
incompatible C. parasitica individuals, and cause a significant reduction in the viral 
transmission rate (Biella et al., 2002; Cortesi et al., 2001). Thus, where het locus diversity 
is high, biological control using viruses is likely to be less effective (Milgroom and 
Cortesi, 2004).  

In addition, another interesting case of the effect of HI on viral transfer is that of 
the Dutch elm disease pathogen Ophiostoma novo-ulmi (Brasier, 1991). This fungus 
typically infects a new area as a clonal population, with a single mating type and 
incompatibility locus (Brasier, 1988; Paoletti et al., 2006), and is thus highly susceptible 
to rampant viral infection. Like C. parasitica, this fungal pathogen is rendered 
hypovirulent upon viral infection (Paoletti et al., 2006). A study by Paoletti, et al. (2006) 
showed that O. novo-ulmi actually acquires another mating type locus, as well as 
additional het loci, from rare crossing events with O. ulmi species. The additional mating 
type genes and het loci can then restrict fusion and viral transfer between strains of O. 
novo-ulmi, providing a selective advantage to those individuals with multiple het loci 
(Paoletti et al., 2006). Thus, this study provides very strong evidence that het loci can 
inhibit viral transmission to extent that they can influence viability and population 
structure. 
 HI in several Aspergillus species has also been associated with restriction of the 
transfer of deleterious cytoplasmic elements, such as viruses (Caten, 1972; Cortesi et al., 
2001; Milgroom and Cortesi, 2004; van Diepeningen et al., 1997). Unlike C. parasitica, 
differences at het loci are sufficient to completely block viral transfer in the black 
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Aspergilli (van Diepeningen et al., 1997). Differences at incompatibility loci also restrict 
the transfer of hypovirulence-associated dsRNAs in the pathogen Sclerotinia 
homoeocarpa (Deng et al., 2002). Mitochondrial senescence plasmids are circular DNA 
molecules that integrate into fungal mitochondrial DNA, thereby causing eventually 
lethal mutations; the defective mitochondria divide faster than functional mitochondria, 
and eventually cause death of the colony (Maheshwari and Navaraj, 2008). HI was shown 
to restrict the transfer of a mitochondrial senescence phenotype in P. anserina (Aanen et 
al., 2010) and of mitochondrial senescence plasmids in N. crassa (Debets et al., 1994), 
though in C. parasitica HI had little to no effect on mitochondrial plasmid transfer 
(Baidyaroy et al., 2000).  

Another case in which recognition confers an evolutionary advantage is the 
production of aflatoxin by Aspergilli. Aflatoxin production is significantly higher in 
compatible heterokaryon pairings and lower in incompatible heterokaryons, suggesting 
that mycelial networks formed by compatible hyphae offers a selective advantage to 
restricting fusion to genetically identical individuals (Wicklow and Horn, 2007). Finally, 
Debets and Griffiths (1998) investigated the role of HI with respect to mitochondrial 
plasmids and nuclear genes during the N. crassa sexual cycle, and found that het loci 
were indeed an effective barrier to transmission. In addition, the authors purport that HI 
prevents “resource plundering” of maternal tissues by genetically different strains during 
the sexual cycle, thereby only allowing genetically identical strains to access nutrients 
and resources from maternal tissues (Debets and Griffiths, 1998). Thus, differences at het 
loci are at least a partial barrier to transmission of deleterious elements between hyphae, 
particularly cytoplasmic elements (Nauta and Hoekstra, 1994), and prevent parasitism of 
one genotype on another in filamentous fungi. 

Characteristics of cell death programs in filamentous fungi 
In filamentous fungi, HI is linked to cell death, such that fusion and resource 

sharing are restricted to genetically identical strains. Cell death programs, like 
self/nonself recognition programs, are also present in a wide range of organisms and fall 
into two very broad categories: apoptotic (type I) and non-apoptotic (Degterev and Yuan, 
2008). More recently, it has become appreciated that many alternative, non-apoptotic cell 
death pathways, including but not limited to autophagy (type II) and necroptosis, are 
important for cell death and development (Degterev and Yuan, 2008; Yuan and Kroemer, 
2010). In addition to HI, filamentous fungi employ PCD mechanisms throughout their 
life cycle and development, including basidiocarp development, pathogenesis, and fungal 
ageing (Emri et al., 2005; Hamann et al., 2008; Lu et al., 2003; Mousavi and Robson, 
2003; Umar and Van Griensven, 1997, 1998). 

i. Cell death and chemical stress 
Filamentous fungal PCD has been observed in response to a number of chemical 

stresses (Hamann et al., 2008; Ramsdale, 2008; Robson, 2006; Sharon et al., 2009). Cell 
death can be induced by addition of exogenous chemicals or drugs, but also by chemical 
signals produced during fungal-fungal interactions. For example, farnesol, a well-
characterized C. albicans quorum signaling molecular (Langford et al., 2009), was found 
to induce apoptosis in A. nidulans, Fusarium graminearum, and Pencillium expansum, 
and is likely a mediator of interspecific interactions (Liu et al., 2010; Semighini et al., 
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2006a; Semighini et al., 2008). Also, in many fungi reactive oxygen species (ROS) have 
been implicated in either signaling or cell death. Both Coprinus cinereus and P. anserina 
exhibited peroxide accumulation, and in some cases cell death, upon inter-specific 
interactions; ROS in this instance appears to be a signaling molecule between species, not 
necessarily a toxic death effector (Silar, 2005). Further, ROS were implicated in 
incompatible strain interactions in several species of grape disease-causing ascomycetes 
(Freitas et al., 2009), and ROS also increased during cell death due to HI in N. crassa 
(Hutchison et al., 2009). In Colletotrichum trifolii, dominant active Ras mutants cause an 
increase in intracellular ROS and subsequent cell death (Chen and Dickman, 2004), and 
the authors later showed that the cell death phenotype could be suppressed using the 
antioxidant proline (Chen and Dickman, 2005). Similarly, an activated Ras pathway was 
also shown to cause programmed cell death in Candida albicans and Saccharomyces 
cerevisiae (Hlavata et al., 2008; Phillips et al., 2006). In some cases the chemical signal is 
protein-based, such as the small, secreted, anti-fungal protein (PAF) of Pencillium 
chrysogenum. This protein has been found to inhibit the growth of several other fungal 
species (Kaiserer et al., 2003; Marx et al., 2008), and causes a cell death phenotype in A. 
nidulans (Leiter et al., 2005; Marx et al., 2008). Thus, fungal cell death can be induced 
via exogenous addition of stress-inducing compounds or drugs, and also by signals 
produced during HI. 

ii. Conservation of classical cell death genes 
Though filamentous fungal cell death has characteristics of cell death pathways 

that have been previously characterized molecularly in mammals and other eukaryotes, 
fungal species often lack a complete complement of cell death genes. In a comparative 
genomics study, Fedorova et al. (2005) characterized the programmed cell death 
machinery of the Aspergilli and related fungi. Filamentous fungi lack key upstream PCD 
components such as BAX and BCL gene families (Fedorova et al., 2005), but have 
conserved downstream components such as PARP-1 (poly (ADP-ribose) polymerase), 
AIF-1 (apoptosis inducing factor 1), AMID (AIF-homologous mitochondrion-associated 
inducer of death), APAF-1 (apoptotic protease activating factor 1), EndoG (endonuclease 
G), and metacaspases (Fedorova et al., 2005; Sharon et al., 2009) (Figure 0-2). 
Interestingly, some filamentous fungal apoptosis homologs have an effect on cell death 
when mutated, and some do not, further suggesting that cell death pathways may be 
regulated differently between fungi and other organisms, and that death programs vary 
even among fungi. For example, metacaspase activity has been observed in Aspergillus 
upon entry into stationary phase, but deletion of both metacaspases in A. fumigatus did 
not affect induction of PCD by a variety of cell death inducers (Mousavi and Robson, 
2004; Richie et al., 2007). Similarly, it was observed in another study that while 
overexpression of one of the metacaspases (casA) could induce apoptosis-like cell death, 
casA was not necessary for cell death induced by sphingolipids (Cheng et al., 2003). 
Interestingly, the Aspergillus metacaspase mutants were only sensitive to chemicals that 
induced endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) 
(Richie et al., 2007). In A. nidulans, induction of cell death by farnesol is used as a model 
system to study fungal PCD. Farnesol-induced cell death in A. nidulans, unlike A. 
fumigatus, is affected by deletion mutations in the metacaspase genes casA and casB, 
though these caspase mutants have different phenotypic effects and appear to have 
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divergent functions (Colabardini et al., 2010). In addition, mutants in an A. nidulans 
protein kinase C (pkcA) homolog were more resistant to farnesol-induced cell death 
(Savoldi et al., 2008), and in fact, overexpression of pkcA caused increased cell death 
during farnesol exposure, as well as metacaspase activity and induction of the UPR 
(Colabardini et al., 2010). Homologs of additional apoptosis pathway genes were 
observed to affect farnesol-induced cell death, including a PARP-1 homolog (Semighini 
et al., 2006b) and an AIF-1 homolog (Dinamarco et al., 2010; Savoldi et al., 2008). In 
addition, increases in PARP-1 degradation correlated with an increase in metacaspase 
activity observed during sporulation (Thrane et al., 2004). However, mutations in an A. 
nidulans EndoG homolog had no effect on farnesol-induced cell death, and were instead 
involved in the DNA damage response (Pimentel Figueiredo et al., 2010). Thus, it is 
likely that farnesol induces a PCD pathway in A. nidulans that uses components of the 
classical apoptosis pathway, but that its regulation and function may be quite different 
than previously characterized systems.  

iii. Cell death and lifespan 
In studies on longevity and lifespan in P. anserina it was found that deletion of 

both metacaspases as well as an AMID homolog led to a significant lifespan increase 
(Hamann et al., 2007). A more recent study actually identified two AIF-1 and two AMID 
homologs (PaAif1-2, PaAmid1-2) in the P. anserina genome (Brust et al., 2010b). Both 
PaAIF2 and PaAMID2 localized to the mitochondria and mutations in these genes 
increased resistance to hydrogen peroxide and increased lifespan (Brust et al., 2010b). 
Additionally, P. anserina homologs of cyclophilin D, another player in apoptosis, and 
PARP-1 were shown to have a role in regulation of lifespan in P. anserina (Brust et al., 
2010a; Muller-Ohldach et al., 2010). Additionally, studies in N. crassa showed that aif-1 
deletion mutants were more resistant to ROS, and that mutants in an AMID homolog 
were actually more sensitive to ROS (Castro et al., 2008). However, deletions of aif-1 or 
metacaspases had no effect on cell death due to HI in N. crassa (Hutchison et al., 2009). 
Though it is now clear that apoptosis homologs play key roles in fungal PCD, it is not as 
clear whether fungi are using different cell death genes for different developmental 
pathways. Many of the differences likely arise from the fact that death is being induced in 
different ways in fungal PCD models, and a more standardized, comprehensive look at 
the effect of these genes on PCD will be useful in creating a more cohesive cell death 
model for fungi. The remainder of this chapter will focus on cell death due to HI.  

iv. Ultrastructure of cell death 
Macroscopically, the phenotype of cell death and HI in incompatible fungal 

strains often consists of barrage formation at the interaction interface. Barrages are 
typically raised, pigmented or clear zones where cell death occurs (Micali and Smith, 
2003; Pinan-Lucarre et al., 2007). However, barrage formation is not always associated 
with incompatibility and the barrage appearance can vary (Aanen et al., 2010; Ikeda et 
al., 2011; Micali and Smith, 2003). In addition to cell death, incompatible heterokaryons 
typically exhibit decreased growth and lack of conidiation (Aanen et al., 2010). The 
ultrastructure and cellular phenotype of PCD has been characterized in detail for several 
filamentous fungi. In Podospora anserina, cell death due to incompatibility more closely 
resembles autophagy, as cells become highly vacuolized and re-localization of known 
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autophagy proteins to the vacuole occurs (Pinan-Lucarre et al., 2003b). In addition, 
induction of autophagy by rapamycin exposure elicits a phenotype identical to that of HI 
(Dementhon et al., 2003). The root rot ascomycete fungus Rosellinia necatrix also 
exhibits a vacuole-based PCD phenotype, where initial steps include vacuolar membrane 
collapse, followed by destruction of the plasma membrane and a change in nuclear 
structure (Inoue et al., 2011). In N. crassa, however, HI-induced cell death consists of 
organelle degradation, plasmolysis, formation of membrane-bound structures in the 
cytoplasm (Jacobson et al., 1998), and DNA fragmentation (Marek et al., 2003), more 
similar to apoptotic cell death. A similar cell death phenotype was observed in 
Cryphonectria parasitica and included breakdown of cell structure and cytoplasmic 
degeneration, organelle degradation, and vacuolar membrane breakdown (Newhouse and 
Macdonald, 1991). Differences in the phenotypic aspects of filamentous fungal cell death 
likely reflect differences in the conservation of programmed cell death machinery 
between different species. 
   

Molecular mechanisms of HI 
Although classical PCD genes do not appear to be involved in HI so far, cell death 

genes have been cloned and characterized in several filamentous species, namely P. 
anserina and N. crassa. Table 0-1 summarizes the current list of het loci that have been 
cloned. In general, fungi have approximately 10 het loci, and these loci typically have 
two to three alleles (Aanen et al., 2010). In addition, all molecularly characterized het 
loci, with the exception of het-S, have a non-alllelic partner for incompatibility (Table 0-
1; ref). In some cases, the non-allelic partners are maintained in linkage disequilibrium 
via close physical linkage (het-c, pin-c), or via recombination suppression due to 
inversions (het-6, un-24). However, in other cases, the non-allelic partners are not linked 
and self-incompatible (SI) progeny can be produced, as in the het-R/het-V system in P. 
anserina. Another feature of HI genes shared among N. crassa and P. anserina is that in 
almost all cases, one of the non-allelic partners contains a HET protein domain (Fedorova 
et al., 2005; Glass and Dementhon, 2006). HET domains (Pfam PF06985) are 
approximately 150 amino acids long, and are specific to filamentous ascomycetes 
(Fedorova et al., 2005; Smith et al., 2000). Overexpression of the HET domain has been 
shown to cause cell death in P. anserina (Paoletti and Clave, 2007). From the data 
currently available it seems that the presence of a HET domain containing protein is a 
common feature of het loci. 

i. Neurospora crassa 
 Neurospora crassa is a filamentous, heterothallic ascomycete that grows on burnt 
vegetation following forest fires. Additionally, N. crassa was one of the original models 
for studying HI (Garnjobst, 1953), and eleven het loci have been mapped in this fungus 
(Garnjobst, 1953; Mylyk, 1975; Perkins, 1975). Three of these het loci have been 
molecularly analyzed, and will be discussed below. 

One of the best-characterized HI loci in N. crassa is the het-c/pin-c system. HET-
C is a glycine-rich plasma membrane protein (Saupe et al., 1996) and het-c interacts 
genetically with its adjacent partner for incompatibility, pin-c (Kaneko et al., 2006). pin-c 
is a highly polymorphic gene that contains a HET domain (Kaneko et al., 2006), and het-
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c and pin-c exist in three different allele types: het-c1 pinc-1, het-c2 pin-c2, and het-c3 
pin-c3 (Hall et al., 2010; Wu et al., 1998). het-c and pin-c alleles are under balancing 
selection, meaning that there is selection to maintain the three allele types in 
approximately equal frequency in a population, and that there is no recombination 
between allele classes (Hall et al., 2010; Wu et al., 1998). In addition, these two genes 
have been shown to exhibit trans-species polymorphisms (Hall et al., 2010; Wu et al., 
1998), implying that alleles are maintained across speciation events (Charlesworth, 
2006). het-c specificity is conferred by a relatively small region of ~30 amino acids, 
termed the specificity domain (Saupe and Glass, 1997; Wu and Glass, 2001). While the 
specificity domain of pin-c is as yet unknown, recent population data and computational 
analysis have identified several candidate regions (Hall et al., 2010). Physical interaction 
between HET-C proteins of differing specificity has been shown (Sarkar et al., 2002), but 
it is as yet unclear whether HET-C and PIN-C proteins interact. Although het-c homologs 
are present in related fungi, such as P. anserina, Fusarium proliferatum, and Aspergillus 
niger, none of these homologs were found to function in incompatibility (Kerenyi et al., 
2006; Saupe et al., 2000; van Diepeningen et al., 2009). However, het-c polymorphism 
has been observed in Botrytis cinerea (Fournier et al., 2003), and in some cases 
transformation with an incompatible het-c allele from N. crassa will still trigger PCD, 
even if the recipient fungus does not exhibit multiple alleles for its het-c homolog (Saupe 
et al., 2000; van Diepeningen et al., 2009). These results suggest that the PCD machinery 
downstream of het-c is likely to be conserved among filamentous fungi. Interestingly, a 
bacterial het-c homolog was identified in Pseudomonas syringae, and this allele could 
cause a PCD reaction when introduced into incompatible N. crassa strains (Wichmann et 
al., 2008). While het-c and pin-c homologs are present in many filamentous fungi, these 
two genes, likely due to their proximity and co-evolution, have been recruited to function 
in HI.  
 The het loci het-6 and un-24 share some similarities with het-c and pin-c in that 
they are present in multiple alleles (het-6PA un-24PA and het-6OR un-24OR), exhibit allelic 
and non-allelic interactions, and exhibit severe linkage disequilibrium (Micali and Smith, 
2006; Mir-Rashed et al., 2000; Powell et al., 2007; Smith et al., 2000). Yet interestingly, 
linkage disequilibrium for these two genes is maintained by a paracentric inversion 
(Micali and Smith, 2006). As with most het loci, one of the genetic partners at this locus, 
het-6, contains a HET domain. un-24 is a ribonucleotide reductase, a gene necessary for 
DNA replication. This het locus illustrates an interesting quality of many het loci, that 
often they contain genes that have cellular functions that seem unrelated to HI, and that 
these genes may have important cellular functions in addition to cell death.  

Another example of a het locus with dual cellular functions is the mating type 
locus. There are two idiomorphs of the mat locus, mat-a and mat-A, and individuals must 
be of opposite mating type to cross (Glass et al., 1988). However, during the vegetative 
growth stage mat-a and mat-A function as het loci, and strains with different mating types 
do not form compatible heterokaryons (Glass et al., 1988). The non-allelic interaction 
partner of mat is tol, an unlinked HET domain-containing gene, and mutations in tol 
suppress mating type incomaptibility (Newmeyer, 1970; Shiu and Glass, 1999). 
Interestingly, Neurospora tetrasperma, a close relative of N. crassa that is homothallic, 
has a mutated, non-functional allele of the tol gene such that it can exist as a 
heterokaryon containing both mating types (Jacobson, 1992). In fact, introgressing a 
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functional N. crassa tol gene into N. tetrasperma can cause mating type incompatibility 
to occur; the converse is true such that N. tetrasperma tol alleles that are introgressed into 
N. crassa suppress mating type incompatibility (Jacobson, 1992). Thus, in N. crassa HI is 
mediated both by filamentous fungal-specifc genes (such as the HET domain containing 
genes), as well as conserved genes with critical developmental roles, such as un-24 and 
mat. 

ii. Podospora anserina 
 Podospora anserina, a pseudohomothallic ascomycete, is also a well-
characterized HI model system. P. anserina has nine het loci, 5 of which have been 
molecularly characterized (see table 0-1). While all of the molecularly characterized het 
loci in N. crassa have both non-allelic and allelic interactions, in P. anserina there are 5 
allelic and 3 non-allelic het interactions among the nine loci (Pinan-Lucarre et al., 2007) 
(table 0-1).  

Interestingly, several of the genes that mediate HI in P. anserina have a specific 
domain structure and are part of a gene family termed HNWD; these genes contain a 
HET domain, a NACHT domain, and WD repeats (Paoletti et al., 2007). NACHT 
domains are members of the STAND class of domains, which have NTPase activity and 
have been shown to be involved in programmed cell death (Leipe et al., 2004). In 
addition, NTPase activity was shown to be essential for HI function (Espagne et al., 
1997). WD repeats form a !–propeller structure, and typically facilitate protein-protein 
interactions (Smith, 2008). Variation in WD repeat number has been shown to contribute 
to allele specificity for all three of the HNWD genes that have been molecularly 
characterized (het-d, het-e, and het-r) (Chevanne et al., 2009; Espagne et al., 1997; 
Espagne et al., 2002; Saupe et al., 1995a).  

Interestingly, it was recently shown that finding polymorphisms at HNWD genes 
in a population could facilitate identification of het loci, specifically, the het-R/r gene in 
P. anserina (Chevanne et al., 2009). het-R/het-V allelic as well as het-V/het-V1 nonallelic 
interactions cause HI, and this interaction is temperature sensitive (Labarere, 1973, 
1974). In addition, the het-R/het-V interaction can also cause sexual incompatibility 
(Labarere, 1974). Unlike several of the N. crassa het loci, het-R and het-V are unlinked, 
which creates the possibility of creating self-incompatible (SI) progeny; these progeny 
germinate but exhibit growth and cell death, and can greatly facilitate mutant screens 
(Pinan-Lucarre et al., 2007). Thus, the het-R/het-V interaction makes an attractive model 
genetic system in which to study HI.  
 het-d and het-e are two additional HNWD genes that have been molecularly 
characterized in P. anserina, and these genes interact non-allelically with het-c, a 
glycolipid transfer protein (GLTP) (Saupe et al., 1994). het-c in P. anserina (not to be 
confused with the P. anserina homolog of N. crassa het-c, termed hch) is also required 
for normal spore morphogenesis (Saupe et al., 1994). There are two alleles of het-c in P. 
anserina, and unlike many het loci, a single amino acid change is sufficient to confer 
allele specificity (Saupe et al., 1995b). For het-d and het-e, allele specificity and HI 
function is determined by NTPase activity in the NACHT domain, and by the number of 
WD repeats; for both proteins, a minimum number of WD repeats is required for 
functionality (11 for het-d, 10 for het-e) (Espagne et al., 2002). In fact, the WD repeat 
regions are subject to a variety of strong evolutionary selection mechanisms, including 



9 

repeat induced point mutation (RIP, a fungal silencing mechanism; see (Galagan and 
Selker, 2004) for review), concerted evolution (WD repeats are exchanged between 
alleles and undergo sequence homogenization), and diversifying selection (Paoletti et al., 
2007). In addition, the WD repeat region is highly mutable, and incompatible 
heterokaryons can often “escape” incompatibility by obtaining deletions or 
rearrangements within this region (Chevanne et al., 2010). Thus, P. anserina het loci 
containing WD repeats have a large potential to create new alleles via diversifying 
selection, rearrangement, or RIP, and can exchange these alleles through concerted 
evolution mechanisms (Chevanne et al., 2010; Paoletti et al., 2007). 
 Finally, the het-s locus in P. anserina has also been molecularly characterized, 
and is an exception to the rule in many ways. het-s incompatibility is mediated only by 
allelic interactions between het-s and het-S alleles (Rizet, 1952), and does not involve a 
gene containing a HET domain. There are two alleles of this locus, het-s and het-S, and 
the het-s allele encodes a protein that can form infectious prions (Coustou et al., 1997). 
Strains with het-s alleles can exist as two phenotypes: [Het-s*], the non-prion state, and 
[Het-s], the infectious prion state (Saupe, 2007, 2011). Heterokaryons of strains with 
[Het-S] and [Het-s*] phenotypes are compatible, whereas [Het-s] strains are incompatible 
with [Het-S] (Saupe, 2007, 2011). The prion phenotype can be spontaneously acquired 
during growth or during cytoplasmic contact, and can be lost during formation of 
structures that contain little cytoplasm (Saupe, 2007, 2011). Structural analysis revealed 
that the [Het-s] prion forms highly ordered amyloid structures, and is unstructured in the 
non-prion state (Balguerie et al., 2003; Dos Reis et al., 2002; Maddelein et al., 2002). In 
addition to vegetative incompatibility function, the prion state of Het-s also exhibits 
meiotic drive, and when crossed as a female causes abortion of some of the Het-S 
containing ascospores (Aanen et al., 2010). Thus, it appears that fungal het loci have 
evolved from a diverse set of genes, including but not limited to membrane proteins, HET 
domain-containing genes, and even prions.  
 Through comparison of het loci that have been characterized in P. anserina and 
N. crassa, certain patterns or signatures of het loci are apparent. HET domain-containing 
genes are key regulators of incompatibility, and are almost always genetic interactors 
with het loci. In addition, strong balancing selection maintains multiple alleles for het 
loci, yet the amount of sequence variability and the number of alleles can vary. Future 
experiments to clone the remaining het loci will provide insight into the mechanisms of 
genetic recognition, and will determine the degree of conservation of filamentous fungal 
het loci among different species.  

Regulators of HI in N. crassa and P. anserina 
 In addition to het loci themselves, there are many loci that have been identified in 
N. crassa and P. anserina that can modify the cell death response during incompatibility. 
Like the het genes, the modifier genes are quite diverse as far as the types of proteins they 
encode. 

In P. anserina, screens for mutations that suppressed cell death in self 
incompatible (SI) strains identified several modifier or “mod” genes (Belcour and Bernet, 
1969; Bernet, 1971; Bernet et al., 1973). The mod-A1 and mod-B1 mutations exhibit no 
vegetative phenotypes, but the single and double deletion strains are suppressed for cell 
death due to non-allelic interactions (cell death due to allelic interactions is unaffected) 
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(Belcour and Bernet, 1969; Bernet, 1971; Bernet et al., 1973; Labarere, 1973). 
Interestingly, as for several of the P. anserina het loci, mod-A1 mod-B1 mutant strains 
have a sexual cycle defect, and are sterile under certain growth conditions (Barreau et al., 
1998). The mod-B locus is not yet cloned, but mod-A1 was found to encode a 
proline/leucine rich protein, with little homology to other known genes (Barreau et al., 
1998). Two additional mod genes have been cloned and they also affect additional 
cellular process such as growth, pigmentation, and the sexual cycle (Loubradou et al., 
1997, 1999); mod-E encodes an HSP90 homolog (Loubradou et al., 1997), and mod-D 
encodes a G! subunit of a heterotrimeric G protein (Loubradou et al., 1999). Thus, 
characterization of the mod genes further provided evidence that in P. anserina, genes 
involved in vegetative incompatibility are also necessary for various aspects of 
development.  

For both P. anserina and N. crassa, dramatic transcriptional changes occur along 
with the phenotypic changes associated with HI (Boucherie et al., 1981; Bourges et al., 
1998; Hutchison et al., 2009; Paoletti et al., 2001). In P. anserina, genes induced during 
incompatibility (termed idi genes) include a protease (idi-6) (Paoletti et al., 2001), an 
ATG8 homolog (idi-7) (Pinan-Lucarre et al., 2003a), and a bZIP transcription factor (idi-
4) (Dementhon et al., 2004). All three of these genes are either homologous to a known 
autophagy gene, or have been shown to be involved in P. anserina autophagic cell death. 
In fact, it was shown that autophagy mutants actually have accelerated cell death in P. 
anserina, and that (i) autophagy may actually be functioning in a protective role and (ii) 
that the autophagy-like cell death observed in P. anserina may actually be an alternative 
form of vacuolar cell death (Pinan-Lucarre et al., 2005).  
 In N. crassa, mutations in a transcription factor, vib-1, suppress cell death due to 
differences at het-c pin-c, het-e, het-8, and mat (Xiang and Glass, 2002; Xiang and Glass, 
2004). In addition, vib-1 is necessary for the expression of at least some of the N. crassa 
HET domain genes, including het-6, tol, and pin-c (Dementhon et al., 2006). 
Interestingly, like several of the mod genes, vib-1 is also involved in sexual development 
and positively regulates protoperithecial formation (Hutchison and Glass, 2010). Further, 
vib-1 mutants do not produce extracellular proteases upon nitrogen or carbon starvation 
(Dementhon et al., 2006). Homologs of vib-1 are present throughout the filamentous 
fungi (Hutchison and Glass, 2010), and it is possible that its function in HI is conserved. 

Evolutionary implications of genetic recognition programs 
To maintain such complex molecular mechanisms for genetic recognition, there is 

likely strong evolutionary pressure to restrict fusion events to genetically identical strains. 
Of the filamentous fungi whose het loci have been mapped, they typically have 8-11 
(ascomycetes) or 1-4 (basidiomycetes) het loci, and two to three alleles at each locus 
(Aanen et al., 2010). Thus, for a species with 8 het loci and two alleles at each locus, 
there would be 28 or 256 different allele combinations; thus, successful fusions between 
strains that are not self or at least very closely related are likely to be almost nonexistent 
in nature. When characterized phylogenetically, self/nonself recognition loci often exhibit 
balancing selection (the maintenance of multiple alleles at a locus) and occasionally 
exhibit trans-species polymorphism (the maintenance of multiple alleles across speciation 
events) (Charlesworth, 2006). Though not always the case in fungi (Kauserud et al., 
2006; Milgroom and Cortesi, 1999), many genetic recognition loci have been shown to 
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exhibit this type of evolutionary signature. In N. crassa, both het-c and pin-c loci are 
under balancing selection and exhibit trans-species polymorphism (Hall et al., 2010; Wu 
et al., 1998). Alleles of het-6 and un-24, like the het-c pin-c locus, are present in equal 
frequencies in a population, and these alleles have been maintained during speciation 
(Powell et al., 2007; Smith et al., 2000). In addition, evolutionary simulations estimated 
that more than two alleles at het loci would only occur if there was a constraint or limit to 
forming new het alleles (Muirhead et al., 2002). In addition, the authors’ model also 
predicts that trans-species polymorphism will only be observed when the mutation rate is 
rather low, which is consistent with the fact that many het loci polymorphisms consists of 
insertions/deletions (indels), a relatively rare mutational event (Muirhead et al., 2002). 
Thus, it is likely that at least some of the het loci have been maintained for long periods 
of time, and that they are under strong evolutionary constraints. 

Though there is evidence that het loci are maintained for long periods of time in a 
population, it is interesting to consider how new alleles could emerge in a population, and 
what types of mutations and selection pressures are leading to the appearance of a novel 
het locus. As mentioned previously, the P. anserina genome contains a family of genes 
that contain NACHT/WD domains, and some of these genes also contain HET domains 
(Paoletti et al., 2007). The WD repeats in this family of genes undergo concerted 
evolution, vary widely in repeat number, and interestingly, even pseudogenes that have 
been inactivated by RIP contain functional WD repeats (Paoletti et al., 2007). Finally, the 
authors also found that four residues in the WD repeat region were under positive 
diversifying selection, and these residues are at a predicted protein interaction surface 
(Paoletti et al., 2007). In this case it seems that new alleles could arise by repeat variation 
or by mutations in the WD region, and these mutations could also spread to other WD 
repeat-containing proteins through concerted evolution.  

In addition, a recent study on the het-c pin-c locus in N. crassa found that this het 
locus likely arose through duplications and rearrangements that resulted in a change in 
gene order such that the pin-c became located directly adjacent to het-c (Hall et al., 
2010). Other fungi contain het-c and pin-c homologs, but it seems that HI function is 
restricted to those species where het-c and pin-c are adjacent and under linkage 
disequilibrium (Hall et al., 2010). In addition, the authors found that the het-c pin-c locus 
was originally bi-allelic, and that a third allele was created by a rare recombination events 
between alleles (Hall et al., 2010). Thus, there are multiple ways to create new het loci, as 
well as to create new alleles for those loci. Further evolutionary analyses are likely to 
uncover additional mechanisms for creating new het loci and alternate het alleles.  

Concluding Remarks 
 The ability of an individual to maintain and perceive genetic identity is a vital 
process for a wide variety of organisms, and research in filamentous fungi has shown 
both similarities and differences between fungal mechanisms and those in other 
eukaryotes. Though several het loci have been cloned and characterized, molecular data 
is only available from two different species. Identification of het genes from additional 
species will aid in identifying additional common genetic themes for fungal nonself 
recognition loci, such as the involvement of HET domain genes and the presence of 
characteristic evolutionary signatures. Finally, further identification and characterization 
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of fungal HI regulatory genes will likely provide clues as to additional components of the 
cell death machinery as well as downstream cellular responses to PCD.  
 
 
Table 0-1. Summary of molecularly characterized het loci  

Gene Features No. of 
alleles 

Genetic Interactions References 

Neurospora 
crassa 

    

     
het-c glycine-rich 

membrane 
protein; alternate 

alleles form 
heterocomplexes 

3  (Hall et al., 2010; 
Kaneko et al., 2006; 
Sarkar et al., 2002; 
Saupe and Glass, 
1997; Saupe et al., 
1996) 

pin-c HET domain 3   
     

het-6 HET domain 2   

un-24 Ribonucleotide 
reductase 

 

2  (Micali and Smith, 
2006; Mir-Rashed et 
al., 2000; Smith et al., 
2000) 

tol HET domain 1   
mat mating type 

genes 
2  (Glass et al., 1988; 

Jacobson, 1992; Shiu 
and Glass, 1999) 

  
 
 

   
Podospora 
anserina 

    

     
het-s prion; forms 

infectious 
amyloid 

structures 
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Figure 0-1. Schematic of compatible and incompatible hyphal interactions. (A) If 
two individual hyphae are genetically identical, they can successfully interact 
chemotropically, and fusions generate a viable heterokaryon. (B) If individuals are 
genetically different (at any het loci), fusion can still occur, yet the fusion cell is 
compartmentalized and cell death rapidly occurs. DIC images below the diagram show 
examples of wild type compatible and incompatible heterokaryons that were stained with 
a vital dye (methylene blue) such that dead cells appear dark in color, as seen in the 
image from (B). 
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Figure 0-2. Conservation of apoptotic cell death genes in N. crassa. Schematic of 
apoptosis adapted and modified from Vila and Przedborski (Vila and Przedborski, 2003). 
Genes that have homologs in N. crassa are indicated by an asterisk. As seen in the 
schematic, most of the classical apoptotic cell death genes do not have clear homologs in 
N. crassa. 
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Chapter 1: Transcriptional profiling and functional analysis of heterokaryon 
incompatibility in Neurospora crassa reveals that reactive oxygen species, but not 

metacaspases, are associated with programmed cell death 
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Abstract 
Heterokaryon incompatibility (HI) is a nonself recognition phenomenon occurring 

in filamentous fungi that is important for limiting resource plundering and restricting 
viral transfer between strains.  Nonself recognition and HI occurs during hyphal fusion 
between strains that differ at het loci. If two strains undergo hyphal fusion, but differ in 
allelic specificity at a het locus, the fusion cell is compartmentalized and undergoes a 
rapid programmed cell death (PCD).  Incompatible heterokaryons show a macroscopic 
phenotype of slow growth, diminished conidiation and a microscopic phenotype of 
hyphal compartmentation and cell death.  To understand processes associated with HI 
and PCD, we used whole-genome microarrays for N. crassa to assess transcriptional 
differences associated with induction of HI mediated by differences in het-c pin-c 
haplotype.  Our data show that HI is a dynamic and transcriptionally active process.  The 
production of reactive oxygen species is implicated in the execution of HI and PCD in N. 
crassa, as well as several genes involved in phosphatidyl inositol and calcium signaling 
pathways. However, genes encoding mammalian homologs of caspases or apoptosis-
inducing factor (AIF) are not required for HI or programmed cell death.  These data 
indicate that PCD during HI occurs via a novel and possibly fungal-specific mechanism, 
making this pathway an attractive drug target for control of fungal infections.    
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Introduction 
The hallmark growth habit of filamentous fungi is the interconnected mycelial 

network that makes up a fungal colony (Glass et al., 2004). Hyphal fusion within a single 
colony is required to form the mycelial network, which permits transport of cytoplasm, 
organelles and nutrients.  Hyphal fusion events can also occur between colonies that are 
genetically different (nonself fusion).  The stability of heterokaryons formed by nonself 
fusion events is dependent on allelic specificity at nonself recognition loci termed het (for 
heterokaryon) or vcg (for vegetative compatibility group) (Glass and Dementhon, 2006; 
Leslie and Zeller, 1996; Saupe, 2000). If individuals that differ in het allelic specificity 
undergo hyphal fusion, the fusion cell is rapidly compartmentalized by septal plugging 
and dies (Biella et al., 2002; Jacobson et al., 1998; Marek et al., 2003). Heterokaryon 
incompatibility (HI) is associated with restriction of viral transfer between fungal 
individuals and prevention of resource plundering (Biella et al., 2002; Debets and 
Griffiths, 1998; Debets et al., 1994; van Diepeningen et al., 1997). Hyphal death during 
HI shows some features that are similar to apoptosis in mammalian cells, including 
shrinkage of plasma membrane, membrane bound vesicle formation, DNA condensation 
and TUNEL-positive nuclei (Biella et al., 2002; Jacobson et al., 1998; Leslie and Zeller, 
1996; Marek et al., 2003).  Markers associated with apoptosis have also been reported 
upon exposure of various filamentous fungi to treatment with H2O2, acetic acid, farnesol, 
sphinolipids and amphotericin B (Castro et al., 2008; Chen and Dickman, 2005; Cheng et 
al., 2003; Leiter et al., 2005; Mousavi and Robson, 2004; Phillips et al., 2003; Semighini 
et al., 2006a). 

One of the best-studied HI systems is the Neurospora crassa het-c pin-c loci 
(Glass and Dementhon, 2006; Glass and Kaneko, 2003). The het-c locus, which encodes 
a glycine-rich plasma membrane protein (Sarkar et al., 2002), has three specificites, het-
c1, het-c2 and het-c3 (Kaneko et al., 2006; Saupe and Glass, 1997; Wu and Glass, 2001; 
Wu et al., 1998). The pin-c locus encodes a protein with a conserved, filamentous fungal 
specific domain termed HET (Kaneko et al., 2006), which is found in many genes 
involved in HI (Fedorova et al., 2005; Glass and Dementhon, 2006). Similar to N. crassa 
het-c, three allelic variants also occur at pin-c (Kaneko et al., 2006) (Fig. 1-1). Alleles at 
het-c and pin-c show severe linkage disequilibrium, such that isolates can be classified 
into one of three het-c pin-c haplotypes: het-c1 pin-c1, het-c2 pin-c2 and het-c3 pin-c3.  
Alleles at het-c have previously been shown to be under balancing selection (Wu et al., 
1998), consistent with the role of the het-c pin-c haplotypes in mediating nonself 
recognition. HI requires genetic interactions between alternate het-c and pin-c alleles (i.e. 
het-c1 and pin-c2) and interactions between alternate het-c alleles (i.e. het-c1 and het-c2) 
(Fig. 1-1)(Glass and Dementhon, 2006; Kaneko et al., 2006; Sarkar et al., 2002; Wu et 
al., 1998).  Although het loci have been cloned and characterized in both N. crassa and 
Podospora anserina (Glass and Dementhon, 2006; Saupe, 2000), relatively little is 
known about how interactions between alternate incompatibility proteins translate into 
the phenotype of HI and cell death. 

In this study, we exploited the fact that the het-c2/pin-c1 interaction in laboratory 
strains is naturally temperature sensitive. Thus, a heterokaryon between a het-c1 pin-c1 
strain and a pin-c2 loss-of-function mutant strain (het-c2 pin-c2m) is compatible and 
shows reduced cell death when grown at 34 °C. When transferred to 20 °C, this strain 
rapidly induces HI and high levels of cell death (Kaneko et al., 2006). We utilized this 
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temperature-sensitive incompatible heterokaryon to evaluate morphological and 
transcriptional alterations associated with HI as a measure of how the physiological status 
of the colony was altered by the induction of HI using oligonucleotide arrays representing 
all annotated genes for N. crassa (Kasuga et al., 2005; Tian et al., 2007). From expression 
profiling data, we predicted and showed that reactive oxygen species, phosphatidyl 
inositol and calcium signaling pathways play a role early during HI and PCD.  However, 
homologs to genes involved in apoptosis in higher eukaryotic species, such as caspases 
(metacaspases) and apoptosis-including factor (AIF), were not required for HI in N. 
crassa.  
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Materials and Methods 
Strains and Growth Conditions: All strains (Table 1-1) were grown on Vogel’s 

minimal medium (Vogel, 1956) or Bird’s minimal medium (BMM)(Metzenberg, 2004) 
with supplements as required, and crossed on Westergaards medium (Westergaard and 
Mitchell, 1947). Heterokaryons with the helper strain (FGSC 4564) were used as females 
in crosses (Westergaard and Mitchell, 1947). Transformations were performed as 
described (Margolin et al., 1997). Heterokaryons were forced by co-inoculation of 
conidial suspensions of each pair of isolates onto minimal media. For profiling 
experiments, two BMM plates per time point were overlaid with sterilized cellophane 
circles and inoculated with eight-millimeter plugs of hyphae. Heterokaryons were grown 
in constant light for 16 hrs at 34 °C prior to transfer to 20 °C. Plates were sampled at each 
time point by peeling cellophane/hyphae and freezing immediately in liquid N2. The 
transcriptional profiling experiment was repeated twice in its entirety.   

Microarray construction and hybridization: Microarrays were constructed and 
performed as described in Tian, et al. (2007).  Briefly, RNA was extracted using Trizol 
(Invitrogen Life Technologies) according to the manufacturer’s protocol and cleaned 
using the RNeasy miniprep protocol (Qiagen).  cDNA was prepared using the ChipShot 
Indirect cDNA Synthesis and labeling protocol from Promega/Corning (Promega 
Corporation) according to the manufacturer’s protocol with the following exceptions: 
dried cDNA was resuspended in 9 µL 0.06M sodium bicarbonate, and quenching was 
accomplished by the addition of 4.5µL 4M hydroxylamine.  Hybridizations were 
performed using ProntoPlus kits (Promega Corporation) according to the manufacturer’s 
protocol and as described in Tian, et al. (2007).  Images were acquired with an Axon 
GenePix 4000B scanner and GenePix Pro 6 software (Molecular Devices Corporation); 
each slide was also examined manually. 

Data analysis: Spots with intensities greater than the background plus 3 standard 
deviations and less than 0.02% of pixels saturated were selected for further analysis. We 
used a closed circuit design for microarray analysis (Townsend, 2003; Townsend and 
Hartl, 2002) (Fig. 1-3a), and determined relative gene expression levels using Bayesian 
Analysis of Gene Expression Levels (BAGEL)(Townsend and Hartl, 2002). All 
expression data is deposited at the Neurospora functional genomics database 
(http://www.yale.edu/townsend/Links/ffdatabase/introduction.html). 
Genes were clustered based on their differential expression in the incompatible 
heterokaryon relative to the compatible, accounting for confidence intervals (Eisen et al., 
1998). Comparability of the two replicate experiments was assessed in two ways.  Firstly, 
cDNA from the same conditions at the same time point in the two experiments was co-
hybridized to a single slide and the raw data visualized as a scatter plot.  Secondly, 
correlations were calculated using Microsoft Excel for the normalized BAGEL data at 
time 0 for the two experiments, comparing compatible heterokaryons in the two 
experiments, incompatible heterokaryons in the two experiments, and compatible vs. 
incompatible heterokaryons for the combined experimental data. 

Methylene blue and DCF staining: Segments of cellophane and mycelium were 
laid on slides and stained with a 0.003% w/v solution of the vital dye methylene blue 
(Suzuki et al., 2000).  For ROS detection, compatible and incompatible heterokaryons 
were grown on sterile cellophane laid over BMM plates.  Sections of cellophane with 
hyphae from the edges of the colony were cut, laid on a microscope slide and treated with 
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10 µM  2’, 7’-dihydrodichlorofluorescein diacetate (DCF).  Heterokaryons were 
incubated with the dye solution for 1-5 minutes prior to microscopic examination.  
Images were acquired under DIC and under fluorescence using a Zeiss Axioskop II 
fluorescence microscope using OpenLab 4.0.3 software.  Images were resized in Adobe 
Photoshop CS. The proportion of dead (methylene blue) or fluorescent (DCF) 
compartments was counted as a percentage of the total number of compartments in an 
image at each time point.  Calculations were replicated 10-20 times per sample and per 
time point, and the mean taken. 

Construction of strains: The !pp-1 and !mak-2 strains are ascospore lethal, so 
we used the Diploid (Dip) mutant strain (FGSC 9537) for strain construction.  In Dip 
crosses, ~2/3 of the ascospores are large and diploid.  Streaking Dip progeny onto 
sorbose plates result in restoration of haploid strains.  First, Dip was crossed with a his-3 
strain (R15-07) to obtain a his-3; Dip strain (R23-20; Table 1-1). This strain was crossed 
to !pp-1 and !mak-2 strains to construct his-3; !pp-1 and his-3; !mak-2 strains (Table 
1-1). Strain genotype was verified by PCR.  Other deletion strains were crossed with het-
c1 pin-c1 strains and het-c2 pin-c2 strains with auxotrophic markers to construct strains 
for heterokaryon tests (Table 1-1). 
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Results 
Transfer of the temperature-sensitive incompatible het-c1 pin-c1 + het-c2 pin-c2m) 
heterokaryon to permissive temperature results in rapid induction of cell death 

Under laboratory conditions, strains of alternate het specificity can be forced to 
grow as heterokaryons by plating individuals with complementary nutritional 
requirements onto minimal media; growth is extremely slow, conidiation is suppressed 
(Fig. 1-1) and hyphal compartmentation and death occurs in ~30-35 % of the hyphal 
compartments (Kaneko et al., 2006; Perkins, 1988a; Xiang and Glass, 2002). Forced 
heterokaryons of identical het specificity are indistinguishable from a wild-type strain 
(Fig. 1-1). When grown at 34°C, the macroscopic phenotype of the temperature-sensitive 
(het-c1 pin-c1 + het-c2 pin-c2m) (TS inc) heterokaryon is also indistinguishable from a 
wild-type heterokaryon (Kaneko et al., 2006), but shows a typical HI phenotype upon 
transfer to 20°C(Kaneko et al., 2006) (Fig. 1-1). To evaluate the rapidity of induction of 
HI and PCD in the TS inc heterokaryon, we assessed both the macroscopic and 
microscopic events associated with the induction of HI over an 8 hr time course. As a 
control, we used a heterokaryon between the het-c2 pin-c2m mutant strain and a strain of 
identical het-c pin-c haplotype (het-c2 pin-c2 arg-5; pan-2 A; Table 1-1). The 
macroscopic phenotype of this heterokaryon was identical to a wild-type strain at all 
temperatures.   

The het-c2 pin-c2 compatible and TS inc heterokaryons were grown for 16 hrs at 
34 °C and then transferred to 20°C. Prior to transfer, the compatible and the TS inc 
heterokaryons showed a similar macroscopic and microscopic phenotype (Fig. 1-2, time 
0; Table 1-2). Although few macroscopic differences are apparent between the 
compatible and the TS inc heterokaryons following transfer to 20°C (Fig. 1-2a), many 
differences are evident at a microscopic level (Fig. 1-2b). Hyphal compartments in the TS 
inc heterokaryon became highly vacuolated and exhibited a granular appearance (Fig. 1-
2b, I row).  Using the vital dye methylene blue, many compartmentalized and dead 
hyphal segments were observed in the TS inc heterokaryon (Fig. 1-2b, I row), which were 
evident as early as 15 min after transfer. The percentage of dead hyphal compartments 
greatly increased in the TS inc heterokaryon, reaching a peak of ~37 % at 1 hr after 
transfer (Table 1-2). Macroscopic morphological differences between the compatible and 
the TS inc heterokaryons were apparent after ~8 hrs of incubation at permissive 
temperature.  As shown in Fig. 1-2a, the compatible heterokaryon grew to the edge of the 
plate and produced aerial hyphae and conidia (C row), while the TS inc heterokaryon 
showed little growth and remained aconidial (I row). 
 
Transcriptional profiling reveals that the expression of a large number of genes is 
elevated during induction of HI  

The rapid induction of HI and PCD upon transfer of the TS inc heterokaryon to 
permissive temperature makes it an attractive model for assessing physiological 
responses associated with HI. Although growth rate is severely reduced (from 7 cm/day 
to 1-2 cm/day), only ~30 % of the hyphal compartments are dead, even when all nuclei 
carry an incompatible het-c pin-c haplotype (Glass and Kaneko, 2003; Mylyk, 1975; 
Perkins, 1988b). Thus, we anticipated that transcriptional profiling would reveal 
physiological processes associated both with cell death and cell survival.   
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We sampled RNA from the het-c2 pin-c2 compatible and the TS inc 
heterokaryons prior to transfer (0 min) and at 15 min, 30 min, 45 min, 60 min and 8 hrs 
post-transfer to permissive temperature. Expression levels of a number of candidate genes 
were verified using quantitative RT-PCR (Fig. 1-S1).  Strong statistical support was 
obtained for relative expression levels of 3,447 genes. To identify variation in expression 
profiles at each time point between the compatible heterokaryon and the TS inc 
heterokaryon, the data was grouped into clusters of genes whose expression levels 
significantly increased or decreased in the TS inc heterokaryon relative to the compatible 
heterokaryon at each time point.  Thus, for each time point, two clusters (“UP” and 
“DOWN”) for a total of 12 clusters were generated (Fig 1-3). Genes that showed a 
statistically significant difference in expression levels for each cluster were evaluated by 
functional category analysis using FunCat (http://mips.gsf.de/projects/funcat)(Ruepp et 
al., 2004) (Fig. 1-3b-d).  Fig. 1-3b shows the fraction of genes in each category in each 
“UP” cluster, while fig. 1-3c shows the fraction of genes in each category in the 
“DOWN” clusters.  Asterisks indicate functional categories that were statistically over-
represented in each cluster. 

Prior to transfer, the compatible and TS inc heterokaryons were similar in 
expression patterns, although a number of genes in specific pathways showed 
transcriptional differences even at this time point (Fig. 1-3b, c; time 0). The functional 
category of “transposable elements, viral and plasmid proteins” was enriched in the UP 
category (27 genes) in the TS inc heterokaryon at time 0, the only time point during the 
entire time course that showed enrichment for this category.  There were more genes in 
the DOWN category at time 0 (218 genes), showing enrichment of functional categories 
of protein synthesis and metabolism.  These differences could possibly due to the fact 
that the TS inc and compatible heterokaryons are not completely isogenic. However, upon 
transfer, expression profiling revealed a rapid and diverse transcriptional response to HI 
with the numbers of both down- and up-regulated genes increasing to ~500-700.  

At all time points after transfer (15 min – 8 hrs), genes in the functional categories 
“Cellular transport, transport facilities and transport routes” (p<0.001), “Cellular 
communication/signal transduction mechanism” (p<0.0001), “Cell rescue, defense and 
virulence” (p<0.01), “Interaction with the environment” (p<0.05), “Cell fate” (p<0.0001), 
and “Cell type differentiation” (p<0.001) increased in relative expression level in the TS 
inc heterokaryon (Fig. 1-2b). Within the “Cellular communication/signal transduction 
mechanism” functional category, genes involved in enzyme mediated signal transduction 
(e.g. kinases, GTPases, heterotrimeric G proteins), second messenger signal transduction, 
and transmembrane signal transduction pathways showed a significant increase in 
expression level. In addition, a number of genes involved in phosphatidyl inositol, Ca2+ 
and cAMP signaling pathways showed increased expression levels at the early time 
points, as well as the metacaspase-2 homolog NCU09882.  

The functional category “Metabolism” was enriched at all time points in the 
DOWN categories (Fig. 1-3c).  In the remaining time points, genes within functional 
categories “Energy,” (p<1.5x10-13) “Transcription,” (p<0.01) “Protein synthesis,” 
(p<0.0005) “Protein fate,” (p<0.05) “Protein with binding function or cofactor 
requirement,” (p<0.0005) “Regulation of metabolism and protein function,” (p<0.05) 
“Cellular transport, transport facilities and transport routes,” (p<0.05) “Cell rescue, 
defense and virulence,” (p<5x10-9) and “Biogenesis of cellular components” (p<5x10-8) 
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were all enriched.  The reduction in the expression of genes within these functional 
categories is consistent with the severe reduction in growth rate associated with HI.  

It is possible that the induction of HI is associated with stress responses, which 
ultimately results in cell death. We therefore evaluated whether the transcriptional 
changes in the TS inc heterokaryon were similar to other stress response profiles reported 
in N. crassa (Tian et al., 2007; Videira et al., 2009). We first compared the HI 
transcriptional profile (30 min time point) to the transcriptional profile of N. crassa 
treated with the cell death-inducing reagent, phytosphingosine (PHS) (Videira et al., 
2009); treatment of germinated conidia with 10ug/ml PHS resulted in ~30% cell death as 
assayed via vital dye staining. Of the 386 genes induced during HI, 147 overlapped with 
the 659 genes induced during PHS treatment, a significant enrichment (p<0.005) (Table 
A-2).  Functional categories enriched in the overlapping dataset included “Cellular 
communication/signal transduction” (p<6x10-7), “Cell fate” (p<2x10-6), “Cell rescue, 
defense, and virulence” (p<1x10-4) and “Protein fate” (p<2x10-4).  Enriched 
subcategories included many signal transduction categories such as protein kinases, 
modification by phosphorylation, calcium binding, second messenger signaling and 
regulation of protein activity. In particular, three genes that showed very high expression 
levels during HI (NCU04554 (putative endochitinase), NCU05309 (putative 
ribonuclease) and NCU05693 (putative GTPase)) (Table 1-3; asterisks) were also 
upregulated in the PHS data set.  

To determine whether the overlap dataset between HI and PHS-induced genes 
represented a general stress response, we also compared the transcriptional profile of N. 
crassa undergoing HI to the profile of N. crassa undergoing amino acid starvation (Tian 
et al., 2007).  Unlike the HI/PHS comparison, only 15 genes in the HI dataset (336 genes) 
overlapped with the amino acid starvation response (334 genes), which was not 
significant.  However, of the 491 genes that showed reduced expression level in the TS 
inc heterokaryon, 35 genes overlapped the set of genes that showed reduced expression 
during amino acid starvation (p<0.005). Sixteen of these genes in the HI dataset also 
overlapped with the 103 genes down-regulated during PHS treatment.  Within this 
overlap dataset, almost half of the genes are predicted to be involved in metabolism or 
protein synthesis. Thus, down regulation of genes involved in both metabolism and 
protein synthesis may be a part of a general stress response in N. crassa.  
 
Screening mutants in HI-induced genes for effects on cell death 

We constructed homozygous deletion strains(Dunlap et al., 2007) (Table 1-1) of 
alternate het-c pin-c haplotype (het-c* pin-c*) via crosses to determine whether deletions 
of selected genes affected HI and/or cell death.  We first evaluated strains containing 
deletions of three genes that showed a significant increase in expression level in both the 
HI and PHS datasets (Table 1-3).  The NCU04554 gene encodes an endochitinase (gh18-
5), NCU05309 encodes a hypothetical protein similar to the Schizosaccharomyces pombe 
gene scn3, which has an RNase domain (Kimata and Yanagida, 2004) and NCU05693, 
which contains a dynamin domain and is homologous to an Mx (myxovirus resistance) 
GTPase in mouse and human(Sadler and Williams, 2008). NCU05693 was also recently 
identified as a dsRNA-activated gene in N. crassa (Choudhary et al., 2007).  

Heterokaryons of alternate het-c pin-c haplotype (het-c* pin-c*) with 
homozygous deletions of gh18-5 (NCU04554) or NCU05309 showed an identical 
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incompatibility and cell death phenotype to that of a wild-type incompatible heterokaryon 
(Fig. 1-4a).  A heterokaryon of het-c* pin-c* with homozygous deletions in NCU05693 
had a similar macroscopic phenotype to a wild-type incompatible heterokaryon, but 
showed significantly more cell death (~35 %; Fig. 1-4a).  These data suggest NCU05693 
may function to promote cell survival in an incompatible heterokaryon.  

The functional category of cellular communication and signal transduction was 
enriched in the UP category at almost all of the time points in the TS inc heterokaryon 
(Fig. 1-3b), including many genes in the phosphatidyl inositol signaling pathways (Table 
A-3; FunCat 30.01.09.11, p<0.05). Phosphatidyl inositol is found in the membranes of all 
eukaryotic species, and derivatives of this molecule function in diverse cellular processes 
including cell signaling, cell motility, GPI protein anchoring, vesicular trafficking, 
cytoskeleton remodeling and cytoprotection (Michell, 2008; Strahl and Thorner, 2007). 
Deletion strains were available for predicted phophatidyl inositol signaling genes 
including NCU01047 (inositol polyphosphate 5-phosphatase), NCU04379 (regulator of 
phosphatidylinositol-4-OH kinase), NCU06245 (plc-1; phospholipase C), NCU06877 
(phosphatidylinositol transfer protein) and NCU10397 (phosphatidylinositol 4-kinase) 
(Table 1-3). NCU04379 and NCU06245 also showed high relative expression levels 
during PHS-induced cell death (Videira et al., 2009). However, heterokaryons of 
alternate het-c pin-c haplotype and carrying homozygous deletions of NCU01047, 
NUC04379, NCU06245, NCU06877 or NCU10397 (Table 1-1) showed a typical HI 
phenotype with cell death percentages comparable to a wild-type incompatible 
heterokaryon (Fig. 1-4).  

In addition to the phosphatidyl inositol signaling pathway, enrichment for genes 
involved in calcium signaling, homeostasis, transport, and binding was also observed in 
the TS inc heterokaryon (Table A-3; FunCat 30.01.09.03, p<0.05). Calcium is involved in 
multiple aspects of growth and development in filamentous fungi, including circadian 
rhythms and pathogenesis(Borkovich et al., 2004).  One of the canonical Ca2+ signaling 
pathways involves the hydrolysis of phosphatidyl inositol (4,5)-diphosphate by 
phospholipase C into 1,2-diacylglycerol (DAG) and inositol (1,4,5)-triphosphate (IP3), 
resulting in protein kinase C activation and Ca2+ release (Strahl and Thorner, 2007). We 
therefore constructed strains of alternate het-c* pin-c* haplotype carrying deletions of 
NCU06177, encoding calcium/calmodulin dependent protein kinase C (PKC) and 
NCU06366, which encodes a protein related to vacuolar Ca2+/H+ antiporter; NCU06366 
also showed increased expression levels during PHS-induced cell death (Videira et al., 
2009). The phenotype of the homozygous !NCU06366 het-c* pin-c* heterokaryons was 
indistinguishable from a wild-type incompatible heterokaryon. Although the 
!NCU06177 het-c* pin-c* heterokaryon was macroscopically similar to an incompatible 
heterokaryon, it exhibited a statistically significant increase in cell death (Fig. 1-4a). N. 
crassa contains two PKC homologs; NCU06544 (pkc) has been shown to be involved in 
regulating the N. crassa circadian clock via modification of the transcription factor White 
Collar-1 (Arpaia et al., 1999), while the function of NCU06177 has not been 
characterized.  

Among the enriched subcategories within the “Cellular communication/signal 
transduction mechanism” functional category were genes encoding protein kinases. Two 
well-characterized members of a MAPK pathway in N. crassa are pp-1 and mak-2.  The 
pp-1 gene (NCU00340) encodes a transcription factor homologous to S. cerevisiae 
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STE12, while mak-2 encodes a homolog of FUS3 (Li et al., 2005); STE12 and FUS3 
comprise part of the pheromone response signal transduction pathway. In S. cerevisiae, 
inappropriate stimulation of this pathway results in cell death that exhibits apoptotic 
features (Severin and Hyman, 2002; Zhang et al., 2006). The !pp-1 and !mak-2 mutants 
are also defective in hyphal fusion (Fleissner et al., 2008), suggesting the possibility of an 
interaction between the cell death and cell fusion pathways.  

Because both !pp-1 and !mak-2 mutants fail to form heterokaryons, we evaluated 
the effect of these mutations on HI by a transformation protocol (Sarkar et al., 2002; 
Saupe and Glass, 1997; Saupe et al., 1996; Wu and Glass, 2001). We constructed his-3; 
het-c1 pin-c1; !pp-1 and his-3; het-c1 pin-c1; !mak-2 strains using a Dip (Diploid) 
strain because mutations in both !pp-1 and !mak-2 result in ascospore lethality (see 
Materials and Methods; Table 1-1). Wild type, !pp-1, and !mak-2 strains were 
transformed with pBM61-het-c1 or pBM61-het-c2 (Margolin et al., 1997). The het-c1 
pin-c1; !pp-1 and het-c1 pin-c1; !mak-2 transformants bearing the het-c1 allele showed 
an identical phenotype to the untransformed and pBM61 vector control strains (growth 
rate ~1.8 cm/day and ~1.4 cm/day, respectively).  The het-c1 pin-c1; !pp-1 and het-c1 
pin-c1; !mak-2 transformants bearing the het-c2 allele exhibited showed a reduced 
growth rate (0.8 cm/day and 0.7 cm/day, respectively) and wild-type levels of cell death 
(Fig. 1-4b).  
 
Reactive oxygen species are induced during HI 

Many proteins play a role in the reaction to oxidative stress, either in the 
reduction of oxygen radicals or in the induction of other genes that respond to oxidative 
stress.  A subset of these genes showed increased expression levels in the TS inc 
heterokaryon, including genes for generation of reactive oxygen species (ROS) (NADPH 
oxidase nox-1; NCU02110) and ROS scavengers (glutaredoxin, NCU01219; cyc-1 
cytochrome c, NCU01808). ROS and oxidative stress have been implicated in apoptosis 
in mammals, S. cerevisiae and other filamentous fungi (Chandra et al., 2000; Chen and 
Dickman, 2005; Ludovico et al., 2005; Madeo et al., 1999; Semighini et al., 2006a).  

The compatible and TS inc heterokaryons were evaluated for the oxidation of 
2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) to dichlorofluorescein (DCF), an 
indicator dye for ROS (Lebel et al., 1992).  As shown in Fig. 1-5, ROS were generated in 
the cytoplasm of TS inc heterokaryon within 5-15 min post-transfer to permissive 
conditions, but not in the compatible heterokaryon. The percentage of ROS-producing 
compartments in the TS inc heterokaryon was similar to the percentage of dead 
compartments (Fig. 1-5d). The compatible heterokaryon (Xa-3+XK81) showed a slight 
elevation in percentage of dead/fluorescent cells as compared to parental strains (Fig. 1-
5d), most likely due to strain differences. 

In the TS inc heterokaryon, DCF fluorescence was concentrated at organelles that 
resembled the peroxisome-like Woronin body (Fig. 1-5b). Woronin bodies are 
membrane-bound modified peroxisomes found in the cytoplasm of filamentous 
ascomycete species and which plug the septal pore following catastrophic injury (Jedd 
and Chua, 2000; Markham and Collinge, 1987; Tenney et al., 2000); previous studies 
have associated an unknown peroxidase/catalase activity with Woronin bodies (Schliebs 
et al., 2006; Tenney et al., 2000). In HI, septal plugging is a rapid response during het-c 
pin-c incompatibility that occurs less than 5 min post-fusion (Glass and Kaneko, 2003). 
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DCF fluorescence in hyphal compartments in the TS inc heterokaryon was always 
associated with Woronin bodies, although these were only occasionally observed at septa 
(Fig. 1-5c, 1-5d).  These data indicate that although ROS were associated with Woronin 
bodies during HI, septal plugging during HI is independent of ROS-associated Woronin 
bodies.  
 
Homologs of caspases or apoptosis inducing factor (AIF1) are not required for HI or 
PCD in N. crassa 

The induction of PCD in a number of systems includes activation of a MAP 
kinase cascade, accumulation of reactive oxygen species, release of cytochrome c from 
mitochondria and activation of caspases (Chandra et al., 2000; Stridh et al., 1998) 
(reviewed by (Adams, 2003)). A survey of mammalian and fungal proteins known to play 
a role in programmed cell death revealed that ~42 genes are conserved in filamentous 
fungal genomes(Fedorova et al., 2005). The cell death and apoptosis functional category 
of genes was enriched at time points 15 min – 1 hr (FunCat 40.10.02, p<0.05).  Of the 42 
N. crassa cell death homologs, 11 increased in expression level in the TS inc 
heterokaryon upon induction of HI (Table 1-4) including metacaspase genes (NCU09882 
and NCU02400), cytochrome c (NCU01808) and heat shock protein HSP70 
(NCU09602).  We chose a subset of these genes to evaluate for HI phenotypes.   

Caspases are important executers of the apoptotic pathway in metazoan animals 
and are present in the cell as inactive zymogens. Upon exposure to an apoptotic signal 
they are activated via cleavage (executioner caspases) or oligomerization (initiator 
caspases) (Adams, 2003).  In S. cerevisiae, the single metacaspase gene, YCA1, has been 
implicated in cell death pathways in response to a variety of chemicals and stresses 
(Guaragnella et al., 2006; Herker et al., 2004; Madeo et al., 2002; Mazzoni and Falcone, 
2008). We constructed strains of alternate het-c* pin-c* haplotype containing deletions of 
predicted metacaspase genes (!NCU02400 and !NCU09882) and strains of alternate het-
c* pin-c* haplotype containing deletions of both predicted metacaspase genes 
(!NCU02400 !NCU09882) (Table 1-1). However, all the het-c* pin-c* !NCU09882, 
!NCU02400 and !NCU09882 !NCU02400 heterokaryons showed a typical HI 
phenotype with cell death percentages similar to a wild-type incompatible heterokaryon 
(Fig. 1-6). These data indicate that metacaspases are not required for PCD during HI in N. 
crassa. 

We also tested whether deletions of the apoptosis inducing factor (AIF) homolog 
in N. crassa (NCU05850) affected HI or cell death.  In metazoans, AIFI is released from 
mitochondria during apoptosis, and is predicted to act in the caspase-mediated apoptotic 
pathway (Eisenberg et al., 2007; Modjtahedi et al., 2006). Mutations in NCU05850 (!aif-
1) result in strains that show resistance to phytosphingosine-induced cell death (Castro et 
al., 2008), while aif-1 deletion strains in Aspergillus nidulans are more sensitive to 
farnesol-induced cell death (Savoldi et al., 2008). Heterokaryons carrying homozygous 
!aif-1 deletions, but of alternate het-c pin-c haplotype showed an identical phenotype to a 
wild-type incompatible heterokaryon (Fig. 1-6). These data indicate that major 
components of the apoptotic pathway are not required for cell death during HI, indicating 
a novel and perhaps fungal-specific PCD pathway is functioning during nonself 
recognition and HI in filamentous ascomycete fungi.  
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Discussion 
In this study, we assessed transcriptional alterations associated with HI and PCD 

in N. crassa and from these data evaluated the role of various genes/processes implicated 
in HI and PCD. Analysis of the induction of HI in N. crassa has a number of advantages 
over studies of PCD in other organisms. First of all, the induction of HI and PCD is a 
very rapid response (Biella et al., 2002; Garnjobst and Wilson, 1956; Glass and Kaneko, 
2003; Sbrana et al., 2007). For both metazoan apoptosis and plant-induced PCD, a 
significant time lag occurs between induction and cell death (Adams, 2003; Reape et al., 
2008; Reed, 2000).  Second, PCD induced during HI does not require the application of 
exogenous substances.  Thus, studies on HI are in contrast to many studies of apoptosis in 
S. cerevisiae and other filamentous fungi where responses to treatment with toxic 
metabolites are evaluated (for reviews, see (Jin and Reed, 2002; Lu, 2006; Ramsdale, 
2008)). In the literature, controversy exists over whether cell death in S. cerevisiae is a 
process with real similarities to apoptosis in metazoan cells (Modjtahedi et al., 2006; 
Vachova and Palkova, 2007; Vercammen et al., 2007), primarily because of the difficulty 
of assessing mechanisms of cell death following exposure to toxic compounds and 
because of secondary effects of mutations in genes that affect the physiology of cells 
responding to exposure to death-inducing agents.  

Mutations in the S. cerevisiae metacaspase gene YCA1 results in strains that are 
resistant to cell death induced by a variety of stresses/chemicals (Guaragnella et al., 2006; 
Herker et al., 2004; Khan et al., 2005; Madeo et al., 2002; Mazzoni and Falcone, 2008). 
However, strains containing mutations in the two predicted metacaspase genes 
(!NCU02400, !NCU09882 and !NCU02400 !NCU09882) and an AIF1 (!NCU05850) 
homolog did not affect any phenotypic aspects associated with HI in N. crassa. Although 
HI displays some downstream characteristics of apoptosis observed in metazoans 
(Jacobson et al., 1998; Leslie and Zeller, 1996; Marek et al., 2003), the induction of death 
via nonself recognition and HI may occur by a filamentous fungal-specific process.  
Many genes required for HI in filamentous fungi encode proteins containing a HET 
domain (PF06985), including PIN-C (Kaneko et al., 2006). HET domains are ubiquitous 
in the genomes of filamentous ascomycete species, but are notably absent from all other 
eukaryotic and prokaryotic species.  Importantly, the over-expression of just the HET 
domain is sufficient to induce an HI-like phenotype in P. anserina (Paoletti and Clave, 
2007). Thus, the filamentous ascomycete-specific HI pathway is an attractive system to 
consider for development of novel fungal-specific drugs for plant and human filamentous 
ascomycete pathogens.   

Expression profiling not only provided insight into the physiological processes 
occurring during the induction of cell death, but also the cellular response in hyphal 
compartments of the colony that survive. The transcriptional response to HI induction 
overlapped significantly with the transcriptional profile for PHS-induced cell death for 
both up- and down-regulated gene sets, suggesting a common cellular response to the 
induction of cell death/cell survival. However, the HI and PHS datasets overlapped 
significantly only with the downregulated gene set from 3AT treatment, which likely 
represents a general response to a broad range of stresses in N. crassa. The up-regulation 
of genes for the synthesis and signaling pathways of phosphatidyl inositol as well as the 
Ca2+ signaling pathways indicate that these two processes may be coordinately regulated 
during HI. Little is known about phosphatidyl inositol signaling in N. crassa, although 
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there is evidence for IP3-activated Ca2+ release from vacuoles (Cornelius et al., 1989; 
Silverman-Gavrila and Lew, 2002). We hypothesize that N. crassa responds to HI by 
increasing phosphatidyl inositol synthesis and modification that eventually promote Ca2+ 
release from the vacuole, which further stimulates the activity of Ca2+ binding proteins 
and other Ca2+ dependent processes involved in incompatibility. In other systems, IP3 
dependent Ca2+ signaling has been implicated in both cell survival and cell death 
pathways (Rong and Distelhorst, 2008).  

Septal plugging is associated with HI, occurring within 5 min of fusion between 
incompatible strains (Biella et al., 2002; Garnjobst and Wilson, 1956; Glass and Kaneko, 
2003; Newhouse and Macdonald, 1991; Sbrana et al., 2007). Catastrophic injury of 
hyphae in filamentous ascomycete species results in the rapid plugging of septa by the 
Woronin body; strains containing mutations in the gene, hex-1, encoding the crystalline 
body core of the Woronin body, show extensive cytoplasmic bleeding (Jedd and Chua, 
2000; Markham and Collinge, 1987; Tenney et al., 2000). In this study, we observed 
DCF fluorescence associated with Woronin bodies during HI. Woronin bodies are a 
modified peroxisome (Jedd and Chua, 2000; Liu et al., 2008; Tenney et al., 2000) and 
ROS production has been associated with peroxisomes in a wide variety of organisms 
(Schrader and Fahimi, 2006). In this study, genes encoding NADPH oxidase, 
glutaredoxin, and cytochrome c also increased in relative expression during HI induction.  
These enzymes are typically involved in ROS responses within the cell (Eisenberg et al., 
2007; Takemoto et al., 2007). These results suggest that ROS are generated during 
induction of HI and may be a downstream effector of PCD.  

It is likely that upon nonself recognition and HI, activation of multiple cell death 
and cell survival pathways is induced. In this case, it is unlikely that most single gene 
deletions would have a large effect on the HI phenotype. However, mutations in two 
genes NCU06177 (a PKC homolog) and NCU05693 (a GTPase) significantly increased 
cell death in het-c* pin-c* heterokaryons.  It is likely that these genes may be involved in 
promoting cell survival in cells adjacent to the dying compartments during HI. In P. 
anserina, genes encoding proteins involved in autophagy were identified as being 
preferentially expressed during HI (Pinan-Lucarre et al., 2003b). Similar to the 
!NCU06177 and !NCU05693 mutants, mutations in genes essential for autophagy in P. 
anserina resulted in strains showing accelerated cell death during HI (Pinan-Lucarre et 
al., 2005). Future experiments will delineate the roles of these pathways on cell death and 
cell survival during HI in N. crassa.   
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Table 1-1.  List of strains used in this chapter.   

Strain Name Strain Genotype Reference / Origin 
Xa3 het-c2 pin-c2 arg-5; pan-2 A (Xiang and Glass, 2002) 
XK81 het-c2 pin-c2m thr-2 (Kaneko et al., 2006) 
FGSC 456 het-c1 pin-c1; his-5 A FGSC 
JH1 het-c2 pin-c2 thr2; arg-5 A C9-2 x Xa3 
R15-7 his-3; het-c1 pin-c1 a FGSC 4200 x FGSC 6103 
FGSC 9537 het-c1 pin-c1; Dip A FGSC 
R23-20 his-3; Dip a  FGSC 9537 x R15-7 
52.2.1 his-3; het-c1 pin-c1; pp-1 a A. Fleissner (unpublished) 
6.2.1 his-3; het-c1 pin-c1; mak-2 al-2 A A. Fleissner (unpublished) 
KD06-15 his-3; het-c2 pin-c2 thr2; pan-2 A (Dementhon et al., 2006) 
KD02-15 his-3; pyr-4 A (Dementhon et al., 2006) 
C9-2 het-c2 pin-c2 thr2 a (Smith et al., 2000) 
FGSC 6103 his-3; het-c1 pin-c1 A FGSC 
FGSC 11342 !NCU01994; het-c1 pin-c1  a FGSC 
FGSC 11131 het-c1 pin-c1; !NCU03905 a FGSC 
FGSC 11900 het-c1 pin-c1; !NCU05850 a FGSC 
FGSC 16018 het-c1 pin-c1; !NCU02400 a FGSC 
FGSC 11372 het-c1 pin-c1; !NCU06205 a FGSC 
FGSC 11265 het-c1 pin-c1; !NCU9882 A FGSC 
 aif-1 deletion strains  
R21-10 his-3; het-c1 pin-c1; !NCU05850 a FGSC 11900 X FGSC 6103 
R21-11 het-c1 pin-1; pan2; !NCU05850 a FGSC 11900 X KD06-15 
R21-12 het-c2 pin-c2 thr-2; !NCU05850 a FGSC 11900 X KD06-15 
 metacaspase deletion strains  
R21-13  his-3; het-c1 pin-c1; !NCU02400 a  !NCU02400; !NCU09882 a x 

KD02-15 
R21-14 het-c1 pin-c1; pan-2; !NCU02400 a 16018 x KD06-15 
R21-15 het-c2 pin-c2 thr-2; !NCU02400 a  16018 x KD06-15 
R23-15 his-3; het-c1 pin-c1; !NCU02400 A  16018 x KD06-15 
R21-20 his-3; het-c1 pinc1; !NCU02400; 

!NCU09882 A  
!NCU02400; !NCU09882 a x 
KD02-15 

R21-21 het-c1 pin-c1 pyr4; !NCU02400; 
!NCU09882 A 

!NCU02400; !NCU09882 a x 
KD02-15 

R21-22 het-c2 pin-c2 thr2; !NCU02400; 
!NCU09882 A 

!NCU02400; !NCU09882 a x 
C9-15 

R23-16 het-c1 pin-c1 pyr4; !NCU02400; 
!NCU09882 a 

!NCU02400; !NCU09882 a x 
KD02-15 

R21-16 his-3; het-c1 pin-c1; !NCU09882 a !NCU02400; !NCU09882 a x 
KD02-15 

R21-17 het-c1 pin-c1 pyr-4; !NCU09882 a   !NCU02400; !NCU09882 a x 
C9-15 

R21-18 het-c2 pin-c2 thr-2; !NCU09882 a   !NCU02400; !NCU09882 a x 
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C9-15 
R23-22 het-c1 pin-c1 thr2; !NCU09882 a !NCU02400; !NCU09882 a x 

C9-15 
R23-17 het-c1 pin-c1 pyr4; !NCU09882 a !NCU02400; !NCU09882 a x 

KD02-15 
R23-18 het-c1 pin-c1 pyr4; !NCU09882 a !NCU02400; !NCU09882 a x 

KD02-15 
R23-19 his-3; het-c1 pin-c1 pyr4; !NCU09882 A !NCU02400; !NCU09882 a x 

KD02-15 
 phosphatidyl inositol, Ca2+, and highly 

upregulated deletion strains  
 

R22-55 his-3; het-c1 pin-c1; !NCU01047 a FGSC 16541 x KD02-10 
R22-56 het-c2 pin-c2 thr-2; !NCU01047 a FGSC 16541 x C9-2 
R22-57 his-3; het-c1 pin-c1; !NCU04379 A FGSC 11404 x KD02-10 
R22-58 het-c2 pin-c2 thr-2; !NCU04379 A FGSC 11404 x C9-2 
R22-59 his-3; het-c1 pin-c1; !NCU06245 A FGSC 11411 x KD02-15 
R22-60 het-c2 pin-c2 thr-2; !NCU06245 A FGSC 11411 x C9-15 
R23-01 his-3; het-c1 pin-c1; !NCU06877 a FGSC 20215 x KD02-10 
R23-02 het-c2 pin-c2 thr-2; !NCU06877 a FGSC 20215 x C9-2 
R23-03 his-3; het-c1 pin-c1; !NCU10397 a FGSC 19786 x KD02-10 
R23-04 het-c2 pin-c2 thr-2; !NCU10397 a FGSC 19786 x C9-2 
R23-05 his-3; het-c1 pin-c1; !NCU06177 a FGSC 11536 x KD02-10 
R23-06 het-c2 pin-c2 thr-2; !NCU06177 a FGSC 11536 x C9-2 
R23-07 his-3; het-c1 pin-c1; !NCU06366 a FGSC 11408 x KD02-10 
R23-08 het-c2 pin-c2 thr-2; !NCU06366 a FGSC 11408 x C9-2 
R23-09 his-3; het-c1 pin-c1; !NCU04554 a FGSC 12967 x KD02-10 
R23-10 het-c2 pin-c2 thr-2; !NCU04554 a FGSC 12967 x C9-2 
R23-11 his-3; het-c1 pin-c1; !NCU05309 a FGSC 13569 x KD02-10 
R23-12 het-c2 pin-c2 thr-2; !NCU05309 a FGSC 13569 x C9-2 
R23-13 his-3; het-c1 pin-c1; !NCU05693 A FGSC 13496 x KD02-15 
R23-14 het-c2 pin-c2 thr-2; !NCU05693 A FGSC 13496 x C9-15 
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Table 1-2.  Percentage of dead hyphal compartments in the compatible (Xa-3 + XK81) 
and TS incompatible (XK81 + FGSC 456) heterokaryons. 
 

 compatible TS incompatible 
Time point heterokaryon heterokaryon 

0 min 8.4% 11.6 % 
15 min 15.4% 20.7 % 
30 min 17.1% 32.9 % 
45 min 14.0% 31.5 % 
1 hour 10.0% 37.1 % 
8 hours 7.8% 22.4 % 
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Table 1-3.  Genes tested for function in HI  
 

Gene 
Name/ID† MIPS-defined Function 

Fold induction at 30 
min. 

 Phosphatidyl inositol related genes  
NCU01047 related to inositol polyphosphate 5-phosphatase 

ocrl-1 
3.23 

NCU04379* probable regulator of phosphatidylinositol-4-
OH kinase protein 

6.92 

NCU06245* related to 1-phosphatidylinositol-4,5-
bisphosphate phosphodiesterase (phospholipase 
C) 

2.67 

NCU06877 related to phosphatidylinositol transfer protein 2.22 
   NCU10397 related to phosphatidylinositol 4-kinase - 

 Calcium related genes  
NCU06177 related to calcium/calmodulin dependent 

protein kinase C 
3.33 

NCU06366* related to vacuolar Ca2+/H+ antiporter 2.03 
 Highly upregulated genes  

NCU04554* probable endochitinase class V precursor 34 
NCU05309* related to Cut9 interacting protein scn1 62 
NCU05693* related to RBTMx2 protein 36 

†Gene name/ID from Borkovich et al., 2004 and the Broad Institute 
(http://www.broad.mit.edu/annotation/genome/neurospora/Home.html) 
* Genes up-regulated following exposure to PHS(Videira et al., 2009).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



33 

Table 1-4.  Predicted homologs of apoptotic genes that increase in relative expression 
level during HI  
 

Protein† Name/ID‡ MIPS-defined Function largest fold induction (time) 
Cyc1p NCU01808 cytochrome c 2.4 (8 hr) 

Yca1p 
NCU09882*; 
NCU02400 

related to metacaspase 2; probable 
caspase 

 6.3 (30 min)  
4.0 (45 min) 

Hel10p NCU04928  conserved hypothetical protein 2.9 (1 hr) 

Uth1p NCU02668 
related to cell cycle regulation and 

aging protein 
2.1 (45 min) 

 
FadA/GpaA  NCU06493 GNA-1 G protein alpha chain 

4.4 (1 hr) 

Ste4p/CGB1 NCU00440 Gnb-1 g protein beta subunit 2.3 (45 min) 

Lag1p NCU00008 
probable longevity-assurance 

protein LAG1 
2.9 (1 hr) 

Ppa1p NCU09747 
probable vacuolar ATP synthase 

22 kDa proteolipid subunit 
2.2 (1 hr) 

TEL1 NCU00247 hypothetical protein 3.1 (45 min) 

HSP70 NCU09602 
HSP70 heat shock protein 70 

(hsp70) 
 2.1 (45 min) 

†Predicted apoptotic and PCD homologs according to Fedorova et al., 2005.   
‡Gene name/ID from Borkovich et al., 2004 and the Broad Institute 
(http://www.broad.mit.edu/annotation/genome/neurospora/Home.html). 
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Fig. 1-1. het-c and pin-c genetic interactions during HI. (a) Interactions between het-c 
and pin-c are required for nonself recognition (arrows), while interactions between het-c1 
and het-c2 contribute to the severity of the HI phenotype(Kaneko et al., 2006). The het-
c2-pin-c1 interaction is naturally temperature-sensitive (shown by dotted arrows). (b) 
Heterokaryons carrying identical alleles at het-c and pin-c show no genetic interactions 
and are fully compatible at all temperatures (Panel b, plates 1 and 2; (FGSC 4564 + 
FGSC 6103)). Heterokaryons of alternate het-c pin-c haplotype (het-c1 pin-c1 + het-c2 
pin-c2) are incompatible at all temperatures (b, plates 3 and 4; (FGSC 4564 + JH1)). The 
TS incompatible heterokaryon (het-c1 pin-c1 + het-c2 pin-c2m) is fully compatible at 
34°C, but is incompatible at 20°C (b, plates 7 and 8; (XK81 + FGSC 456)). Plate 5 and 6 
are a compatible heterokaryon (het-c2 pin-c2 +het-c2 pin-c2m; (XK81 + Xa-3)).  
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Fig. 1-2.  Macroscopic and microscopic characteristics of HI.  (a) Growth of a 
heterokaryon between (XK81 + FGSC 456) (temperature-sensitive incompatible, I row) 
compared to growth of a heterokaryon between (XK81 + Xa-3) (compatible; C row) 
grown at permissive temperature for HI (20°C).  Both heterokaryons were grown at 34°C 
for 16 hrs (0 min) and then transferred to 20°C and photographs of heterokaryons 
growing on petri dishes were taken at time points indicated following shift to 20°C. 
Arrow shows conidiation observed in the compatible heterokaryon after 8 hr, while the 
TS inc heterokaryon shows no growth or conidiation during the same time period. (b) 
DIC micrograph of hyphae from the TS inc (I row) and compatible (C row) heterokaryons 
stained with the vital dye methylene blue and photographed prior to transfer (0 min) and 
at noted time points after transfer to 20 °C.  
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Fig. 1- 3.  Functional categories of up- and downregulated genes during HI.  (a) 
Closed-circuit experimental design used for microarray analysis. Donuts represent 
sampled cultures, arrows represent hybridizations where the arrowhead points to the 
sample labeled with Cy3 and the tail points to the sample labeled with Cy5.  
green=compatible heterokaryon (XK81 + Xa-3), orange=TS inc heterokaryon (XK81 + 
FGSC 456). Time points of analysis are indicted below. (b) Functional categories of 
genes that are upregulated in the TS inc heterokaryon at time points before and after 
transfer to 20°C. (c) Functional categories of genes that were downregulated in the TS inc 
heterokaryon at time points before and after transfer to 20°C.  Asterisks indicate 
statistically over-represented functional categories (red asterisks indicate p<0.01, black 
asterisks indicate p<0.05).  (d) Key for functional categories shown in (b) and (c).  
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Fig. 1-4.  Effect of deletion mutations on the induction and phenotype of HI.   
(a) Cell death percentages in heterokaryons carrying homozygous deletions of indicated 
genes, but of alternate het-c pin-c haplotype compared to cell death in a wild-type 
incompatible heterokaryon. (b) Cell death percentages in wild type (FGSC 6103), !pp-1, 
and !mak-2 transformants bearing het-c1, het-c2 or pBM61 integrated at the his-3 locus. 
Numbers are an average of 10 plates, and for each plate 50-100 cells were counted.   
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Fig. 1-5.  ROS are produced during HI and are associated with Woronin bodies. (a) 
As assessed by DCF fluorescence, the presence of ROS was infrequent in a compatible 
heterokaryon (c; XK81 + Xa-3). DCF fluorescence was observed when HI was induced 
in the TS inc heterokaryon (i; XK81 + FGSC 456). DCF fluorescence was within discrete 
hyphal compartments, indicating that the septal pores were plugged in these 
compartments. (b) Bright dots of fluorescence co-localized with Woronin bodies (WB) 
(arrow heads). WB are visible in the DIC images (distinguished by their hexagonal 
shape) and fluoresced brightly when stained with DCF. (c) Fluorescent WBs were only 
occasionally associated with plugged septa (merged image in inset). (d) Cell death and 
DCF fluorescence was quantified in strains Xa-3 (WT) and XK-81 (data not shown) at 
34°C and 20°C.  Data for XK-81 did not differ statistically from that of Xa-3. No 
fluorescent WBs were observed. Cell death and DCF fluorescence was quantified in the 
compatible heterokaryon (Xa-3 + XK81) and the TS inc heterokaryon (XK81 + FGSC 
456) at 20 °C. The number of dead hyphal compartments with fluorescent WB and how 
often fluorescent WB were associated with septa was quantified in the compatible (Xa-3 
+ XK81) and TS inc (XK81 + FGSC 456) heterokaryons. DCF staining indicated an 
almost complete overlap between compartments that were dead, fluorescent, contained 
fluorescent WB, and were plugged. However, less than 5 % of the plugged compartments 
showed fluorescent WB at the septa.  
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Fig. 1-6. The effect of the deletion of predicted cell death genes on HI.  (a) 
Heterokaryons carrying homozygous deletions of !aif-1 (NCU05850) but of alternate 
het-c pin-c haplotype showed a typical macroscopic HI phenotype and WT levels of cell 
death. (b and c) Heterokaryons carrying homozygous deletions of predicted metacaspase 
genes (NCU09882 or NCU02400) but of alternate het-c pin-c haplotype show 
macroscopic and microscopic phenotype indistinguishable from a WT incompatible 
heterokaryon. (d) A heterokaryon between two strains carrying homozygous deletions of 
both predicted metacaspase genes (NCU09882 and NCU02400), but of alternate het-c 
pin-c haplotype show a typical HI phenotype and cell death percentages. 
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Fig. 1-S1. Confirmation of microarray data by Q-RT-PCR. Several genes from the 
microarray data were selected to be confirmed by Q-RT-PCR. In particular, we selected 
genes predicted to be involved in cell death (NCU09882), MAPK signaling (ste-12, mak-
2), inositol metabolism and signaling (NCU02175, NCU06245, NCU06315, NCU00896), 
calcium signaling and transport (NCU04736, NCU06177, NCU09123), and highly up-
regulated genes (NCU04554, NCU05309, and NCU05693). The data for two genes, 
NCU05309 and NCU05693, are shown separately due to a difference in scale. Q-RT-
PCR was performed as described in the methods.  
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Chapter 2: Meiotic regulators Ndt80 and Ime2 have different roles in 
Saccharomyces and Neurospora. 
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Abstract 
Meiosis is a highly regulated process in eukaryotic species. The filamentous 

fungus Neurospora crassa was previously shown to be missing homologs of a number of 
meiotic initiation genes conserved in Saccharomyces cerevisiae, but has three homologs 
of the well-characterized middle meiotic transcriptional regulator NDT80. In this study, I 
evaluated the role of all three NDT80 homologs for formation of female reproductive 
structures, sexual development and meiosis. I found that none of the NDT80 homologs 
were required for meiosis and even the triple mutant was unaffected.  However, strains 
containing mutations in NCU09915 (fsd-1) were defective in female sexual development 
and ascospore maturation. vib-1 was a major regulator of protoperithecial development in 
N. crassa, and strains carrying deletions of both vib-1 (NCU03725) and fsd-1 exhibited a 
synergistic effect on the timing of female reproductive structure (protoperithecia) 
formation. I further evaluated the role of the N. crassa homolog of IME2, a kinase 
involved in initiation of meiosis in S. cerevisiae. Strains containing mutations in ime-2 
showed unregulated development of protoperithecia. Genetic analysis indicated that 
mutations in vib-1 were epistatic to ime-2, suggesting IME-2 may negatively regulate 
VIB-1 activity. Our data indicates that the IME2/NDT80 pathway is not involved in 
meiosis in N. crassa, but rather regulates the formation of female reproductive structures. 
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 Introduction 
Mating and meiosis in fungi entail a complex, highly regulated developmental 

process.  Nutritional cues, as well as layers of transcriptional and translational regulation 
accompany the initiation and completion of meiosis.  Previous characterization of fungal 
meiosis focused primarily on the yeasts Saccharomyces cerevisiae and 
Schizosaccharomyces pombe, in which a cascade of transcriptional activity controls 
progression through early, middle, and late meiotic events (Kassir et al., 2003; 
Yamamoto, 1996). However, genome sequencing data shows that many filamentous 
fungi are missing key components of the meiotic regulatory machinery present in S. 
cerevisiae and S. pombe (Borkovich et al., 2004; Butler et al., 2009; Donaldson and 
Saville, 2008; Galagan et al., 2005). For example, the Neurospora crassa genome 
contains homologs of S. cerevisiae meiotic regulators such as IME2, RAD17 and two of 
the CLB genes, yet homologs to IME1, IME4, UME6, and SUM1 are absent (Borkovich 
et al., 2004). Further, even though homologs to meiotic genes are conserved, their 
functions have diverged (Bayram et al., 2009; Chen et al., 2004; Katz et al., 2006; Xiang 
and Glass, 2002).   

One such example is the S. cerevisiae meiotic transcription factor NDT80.  Ndt80 
belongs to the Ig-fold family of transcription factors (Lamoureux et al., 2002; Montano et 
al., 2002) and regulates the prophase to metaphase transition in S. cerevisiae (Chu and 
Herskowitz, 1998; Hepworth et al., 1998; Pak and Segall, 2002b; Tung et al., 2000). 
Ndt80 controls the expression of approximately 150-200 genes that regulate meiotic 
progression and spore formation (Chu et al., 1998; Chu and Herskowitz, 1998). NDT80 
expression is activated during mating by the transcriptional regulator Ime1, the protein 
kinase Ime2, and by Ndt80 itself (Chu and Herskowitz, 1998; Sopko et al., 2002). 

One of the three NDT80 homologs (vib-1) in the filamentous ascomycete species 
N. crassa is required for heterokaryon incompatibility (HI). HI is a nonself recognition 
mechanism that is ubiquitous among filamentous ascomycete species (Aanen et al., 2009; 
Dementhon et al., 2006; Saupe, 2000). Hyphal fusion between strains that differ in allelic 
specificity at nonself recognition loci (called het loci) results in rapid 
compartmentalization and death of the fusion cell. Mutations in vib-1 suppress cell death 
caused by allelic differences at a number of het loci (Dementhon et al., 2006; Xiang and 
Glass, 2002; Xiang and Glass, 2004). HI has been likened to a fungal immune system 
(Paoletti and Saupe, 2009) and has been shown to be important for limiting the spread of 
mycoviruses and senescence plasmids throughout fungal populations (Debets et al., 1994; 
van Diepeningen et al., 1997).  

Two additional homologs of NDT80, NCU09915 and NCU04729, are present in 
the N. crassa genome (Borkovich et al., 2004). Here, I investigated whether NCU09915 
and NCU04729 were involved in HI, and whether any of the three NDT80 homologs 
retained meiotic function in N. crassa. The N. crassa sexual cycle (Fig. 2-1) differs quite 
significantly from that of S. cerevisiae (Raju, 1980, 2009). Although sexual cycle mutants 
have been molecularly characterized (Burns et al., 2010; Debuchy et al., 2010; Poggeler 
et al., 2006) and homologs to known sexual development genes have been identified via a 
computational approach (Borkovich et al., 2004), a complete picture of the meiotic 
signaling cascade N. crassa is still largely unknown. Our studies indicate that although 
the NDT80 and IME2 homologs have a role in female sexual development in N. crassa, 
strains with mutations in these genes are unaffected in meiotic progression.  
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Materials and Methods 
N. crassa strains and growth conditions:  Strains used in this study are listed in 

Table 2-1.  FGSC 11308, FGSC 11309, FGSC 12180, FGSC 12534, FGSC 17936, and 
FGSC 17937 were constructed by the Neurospora program project grant (Colot et al., 
2006) and obtained from the FGSC (McCluskey, 2003). Strains were grown on Vogel’s 
minimal medium (Vogel, 1956) with supplements as required, and were crossed on 
Westergaards medium (Westergaard and Mitchell, 1947). Heterokaryons were forced by 
plating strains with complementary auxotrophic markers on minimal media. Tubes used 
to measure aerial hyphae extension were prepared similar to Colot, et al. (2006). For 
quantification of protoperithecial formation, strains were grown on 2% water agar or 
Vogel’s minimal media (Vogel, 1956) for 7-10 days on 35 x 10mm plates and ten plates 
were inoculated per strain. Protoperithecia were counted using a stereomicroscope; 
numbers are an average of 2-3 experimental replicates (20-30 plates total).  Statistical 
significance was calculated by performing unpaired t-tests using Microsoft Excel. 

Phylogenetic analysis:  Identification of homologs was done using BLAST 
(Altschul et al., 1990) searches of fungal genomes, as well as for fungal genes annotated 
as having an Ndt80 DNA binding domain.  Sequences were aligned using ClustalW2 
(Thompson et al., 2002) and viewed using BioEdit (Hall, 1999). The DNA binding 
domain (DBD) sequence was used to construct the phylogenetic tree as NDT80 homologs 
are quite divergent outside the DBD.  The best-fit nucleotide substitution model for the 
alignment was HKY with gamma substitution rates, estimated using FINDMODEL (Tao 
et al., 2005). Phylogenetic trees were created using MRBAYES 3.1 (Ronquist and 
Huelsenbeck, 2003) with 4 separate chains run for 500,000 generations. I used a burn-in 
value of 1000 and trees were sampled every 100 generations.  Trees were viewed using 
NJplot (Perriere and Gouy, 1996). 

Fertilization assay:  Fertilization assays were performed as previously described 
(Bistis, 1981; Fleissner et al., 2005). Either a !NCU09915 strain (FGSC 12534) or a 
wild-type strain (FGSC 2489) were used as the female and a histone H1-GFP labeled 
strain (N2283) (Freitag et al., 2004) was used as the male. Microconidial histone HI-GFP 
fluorescence was monitored approximately every 10-20 hours, and 90-100 trichogynes 
were examined for each strain.  Percent fusion was calculated as the number of successful 
trichogyne fusions at one time point compared to the total number of trichogynes 
examined.   
 Cell death assays:  Cell death was assayed with the vital dye methylene blue.  
Forced heterokaryons were grown on minimal media for two days, transferred to minimal 
media overlaid with cellophane, and grown for an additional 2-3 days.  Pieces of the 
cellophane were cut out and stained with 0.003% methylene blue for 1-2 minutes.  
Heterokaryons were examined by light microscopy for cell death. Approximately 20 
images were taken for each heterokaryon and the number of cells stained with methylene 
blue was divided by the total number of cells. Numbers are an average of two replicates. 
 RNA extraction:  RNA extractions were performed using the TRIzol method 
(Invitrogen). For extracting perithecial RNA, female strains were inoculated onto 
cellophane laid over Westergaards plates. After fertilization and perithecial devlopment, 
the entire sheet of cellophane was removed and homogenized using a 6770 Freezer/Mill 
from SPEX CertiPrep Group. Homogenization cycling conditions used were 3 cycles of: 
1 min pre-cool, 1 min run time, 1 min cool time with a speed of 15 CPS.  TRIzol was 
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added to the homogenized perithecial tissue and divided up into 2 ml aliquots.  Samples 
were further homogenized by adding 0.3 g of 0.5 mm silica beads and bead-beating on 
maximum speed for 1.5 min (Mini-BeadBeater-8, Biospec Products). Extracted RNA was 
treated with Ambion Turbo DNase for 30 min at 37° and cleaned using a Qiagen RNeasy 
kit. RNA sample quality was assessed via gel electrophoresis and a NanoDrop 
spectrophotometer (Thermo Scientific). 
 Quantitative Reverse Transcription PCR (Q-RT-PCR):  Strains were 
inoculated onto slant tubes and grown at 25° for 1 week in constant light.  Conidia were 
inoculated Westergaards plates, which were grown at 25° in constant light for 
approximately 1 week (until protoperithecia were visible).  Samples were collected 
before fertilization (time 0) and at 3, 5, 7, and 10 days later.  RNA from 2 independent 
extractions for each treatment was pooled, and 75 ng of RNA was used as template in 
each Q-RT-PCR reaction.  Q-RT-PCR was carried out using either a Qiagen QuantiTect 
SYBR Green RT-PCR kit (Fig. 2-7) or an EXPRESS One-Step SYBR GreenER kit 
(Invitrogen) (Fig. 2-S2), and an ABI 7300 real-time PCR system machine.  Reactions 
were set up according to the manufacturer. Results were analyzed using ABI 7300 system 
software, version 1.3.0.  For all experiments, Q-RT-PCR reactions were done in 
triplicate, actin was used as the endogenous control, and relative expression data were 
normalized to wild-type.   
 Microarray hybridizations:  Microarray construction and array hybridizations 
were performed according to Tian et al. (2007).  Equal amounts of DNase treated RNA 
(between 10-20 µg) were used for cDNA synthesis using the ChipShot Indirect cDNA 
Synthesis kit (Promega), performed according to the manufacturer.  Hybridizations were 
performed using ProntoPlus kits (Promega) according to the manufacturer.  Slides were 
scanned using an Axon GenePix 4000B scanner, and GenePix Pro 6 software (Molecular 
Devices Corporation) was used to analyze spot intensity in addition to manual edits.  
Data from 2 biological replicates was analyzed using BAGEL (Bayesian Analysis of 
Gene Expression Levels) (Townsend and Hartl, 2002) and genes with significantly 
different expression levels greater than 1.5 between wild-type and the homozygous 
deletion cross were analyzed.  Expression patterns for ten genes from the microarray 
results were confirmed using Q-RT-PCR from an independent experiment.  
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Results 
Multiple homologs of NDT80 are present in ascomycete genomes:  The S. 

cerevisiae genome contains a single copy of NDT80, however, many filamentous 
ascomycete genomes contain 2-3 NDT80 homologs (Table S1). Phylogenetic analysis 
revealed that NDT80 homologs fall into three well supported groups within the 
Sordariomycetes (Fig. 2-2), each containing a single N. crassa NDT80 homolog 
(NCU03725 (vib-1) clade; NCU04729 clade; NCU09915 clade).  S. cerevisiae NDT80 
forms an outgroup to other NDT80 homologs, but groups more closely with the clade 
containing NCU09915.  Of these homologs, only vib-1 (NCU03725) and an Aspergillus 
nidulans homolog of vib-1, xprG ((Katz et al., 2006); ANID_01414; Fig. 2-2), have been 
characterized. vib-1 mutants suppress HI, display altered conidiation patterns and, similar 
to the xprG mutant, vib-1 mutants are deficient in protease secretion under nutrient 
limited conditions (Dementhon et al., 2006).  

Phenotypic analysis of NDT80 homologs revealed that mutations in vib-1 and 
NCU09915 affect protoperithecial development:  First, I investigated whether strains 
containing deletion mutations in NCU09915 or NCU04729 (Colot et al., 2006) showed 
similar vegetative phenotypes to that of !vib-1 strains.  vib-1 loss-of-function mutants 
(FGSC 11309; see Table 1 for strain list) exhibit pinkish, deregulated conidiation with 
decreased aerial hyphae extension (Dementhon et al., 2006; Xiang and Glass, 2002). 
Deletion strains of NCU04729 (FGSC 12180), NCU09915 (FGSC 12534), or a double 
mutant (!NCU04729 !NCU09915; D49.5) showed no visible vegetative phenotype with 
respect to conidiation and aerial hyphae formation, and a triple deletion strain 
(!NCU04729 !NCU09915 !vib-1; D49V.17) looked macroscopically identical to the 
vib-1 mutant (Fig. 2-3A-L).      
 vib-1 mutations suppress programmed cell death due to HI (Xiang and Glass, 
2002).  het incompatible strains can be forced to grow as a heterokaryon by using 
complementary auxotrophic markers.  Incompatible heterokaryons are severely inhibited 
in growth rate, are aconidial and have a high percentage of dead hyphal compartments.  
To assess whether mutations in NCU09915 and/or NCU04729 might affect/suppress HI, I 
constructed !NCU09915 and !NCU04729 deletion strains carrying complementary 
auxotrophic markers of either identical or incompatible het-c pin-c haplotype (Table 1). 
Wild-type incompatible heterokaryons had a death percentage of 30.3%, while 
heterokaryons of identical het-c pin-c specificity (compatible heterokaryons) showed 2% 
cell death across a colony (Fig. 2-3M-N).  Incompatible heterokaryons carrying vib-1 
deletions were suppressed for HI (Fig. 2-3P) and showed cell death rates of 1.7%. 
However, heterokaryons carrying homozygous deletions of NCU04729 or NCU9915 
showed no effect on HI or cell death.  The !NCU04729 and !NCU09915 incompatible 
heterokaryons exhibited a cell death rate of 29.5% and 26.7%, respectively. Incompatible 
and compatible !NCU04729 !NCU9915 double mutant heterokaryons also looked 
identical to wild type incompatible and compatible heterokaryons (Fig. 2-3Q-R) and had 
cell death rates of 34% and 5.9%, respectively.  
 Although I could not detect any phenotype of !NCU04729 or !NCU09915 
deletion strains on minimal media, both !vib-1 and !NCU09915 strains showed a defect 
for formation of female reproductive structures (protoperithecia) when grown under 
nitrogen poor conditions, which induces formation of these structures (Hirsh, 1954; 
Westergaard and Mitchell, 1947). Protoperithecia are spherical hyphal structures with 
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specialized hyphae called trichogynes that are attracted to and fuse with a partner cell of 
the opposite mating type (Fig. 2-1).  The !vib-1 mutant showed a ~80% reduction in the 
number of protoperithecia formed in a colony, while the !NCU09915 mutant showed a 
~60% reduction.  A double mutant (!NCU09915 !vib-1; D9V.18) formed very few 
female reproductive structures (Fig. 2-4A).   

In a wild type strain, protoperithecia generally form approximately 5-7 days post-
inoculation on nitrogen poor medium.  The !vib-1 and !NCU04729 strains showed a 
similar timing for development of protoperithecia.  Strains containing a deletion of 
NCU09915 were slightly delayed in the development of female reproductive structures 
(Fig. 2-4B, p<0.001), a phenotype that could be complemented in a heterokaryon with a 
strain (FGSC 4564) containing a wild-type copy of NCU09915. The !vib-1 !NCU09915 
strain showed a significant delay in formation of the few protoperithecia observed in 
these strains (Fig. 2-4B, p<0.01); no additional delay was observed in the triple mutant 
(!vib-1 !NCU09915 !NCU04729).   The delayed protoperithecial development in the 
double and triple mutants was also complemented in a heterokaryon with FGSC 4564.   
 NCU09915 deletion strains are female sterile:  NDT80 mutants in S. cerevisiae 
are blocked at the prophase to metaphase transition, arrest at pachytene, and do not 
sporulate (Xu et al., 1995). Thus, I investigated strains with mutations in vib-1 or its 
paralogs for sexual cycle defects. Homozygous !vib-1 and !NCU04729 strains crossed 
successfully and looked identical to wild-type crosses (Fig. 2-5A-C).  However, although 
the !NCU09915 strain formed visibly normal-looking protoperithecia, these did not 
develop into mature perithecia upon fertilization (Fig. 2-5D). I therefore refer to 
NCU09915 as female sexual development-1 (fsd-1). These data suggested that perhaps 
fsd-1 was an ortholog of NDT80 and might regulate meiosis in N. crassa.  However, the 
fsd-1 homozygous deletion crosses arrested well before pachytene(Raju, 1980) and did 
not form croziers or any other distinguishable ascogenous tissues (data not shown).  I 
therefore interrogated the !fsd-1 mutant at several steps during the sexual cycle to 
determine where the block in sexual development occurred.   

To evaluate whether the !fsd-1 mutant had normal mating behavior, I performed 
a fertilization assay (Bistis, 1981; Fleissner et al., 2005). The !fsd-1 mutant successfully 
fused with and accepted nuclei from conidia of the opposite mating type in a manner 
indistinguishable from a wild-type cross (Fig. 2-S1). Thus, the !fsd-1 mutant showed no 
defect in fertilization.  
Next, I assessed whether the sexual development defect of the !fsd-1 mutant could be 
complemented in a heterokaryon with a strain that can form female reproductive 
structures, but cannot participate in a cross. The FGSC 4564 “helper” strain has a 
mutation in its mating type gene and is able to complement strains with defects in female 
reproductive structures/perithecial formation, but cannot complement mutations in genes 
required for ascogenous hyphae development or meiosis (Perkins, 1984; Raju and Leslie, 
1992). A heterokaryon between FGSC 4564 and !fsd-1 crossed normally, indicating that 
mutations in !fsd-1 specifically affect development of female reproductive structures 
post-fertilization (Fig. 2-5E).  An !fsd-1 !vib-1 !NCU04729 strain was also female 
sterile (data not shown), a defect that was complemented in a heterokaryon with the 
helper strain (Fig. 2-5F). 
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!fsd-1 homozygous deletion crosses show a defect in spore maturation:  
Mutations in NDT80 block progression through meiosis.  Homozygous !fsd-1 crosses 
(using the !fsd-1 + FGSC 4564 as a female) underwent normal meiotic progression.  
Rosettes of asci in the !fsd-1 homozygous crosses formed at a similar time to wild-type 
and had an indistinguishable morphology (Fig. 2-6B).  However, the !fsd-1 homozygous 
crosses exhibited a decreased number of mature ascospores (Fig. 2-6A, p<0.05) with 
~50% of the ascospores being white. White ascospores indicate either aneuploidy 
(Perkins, 1974) or defective spore maturation.  To assess whether aneuploidy (and thus a 
meiotic defect) caused the increase in white ascospores in !fsd-1 homozygous crosses, I 
used a similar method to HM Foss, et al. (1993) that utilizes the albino mutation to 
visualize aneuploidy events. Albino-1 (al-1) mutants have white asexual spores (conidia).  
Homozygous !fsd-1 crosses were performed where one parent carried the al-1 mutation.  
If ascospore progeny have duplications of the al-1 gene due to aneuploidy, these sexual 
progeny will break down into haploid albino (white) and wild-type (orange) colonies.  
However, all progeny from the homozygous !fsd-1 crosses gave rise to either all white or 
all orange colonies.  Thus, the increase in white ascospores observed in !fsd-1 crosses is 
likely due to mis-regulation of spore maturation genes.   

To test this hypothesis, I used whole genome microarrays (Kasuga et al., 2005; 
Tian et al., 2007) to assess transcriptional differences between a homozygous !fsd-1 
cross versus a wild-type cross during spore maturation/melanization, which occurs ~7 
days post-fertilization (Raju, 1980). RNA was harvested from 7 day old perithecia to use 
for microarray analysis and genes that showed >1.5 fold increase in relative expression 
level in the wild-type cross as compared to the homozygous deletion cross are listed in 
Table 2 (microarray data available at the Filamentous Fungal Gene Expression Database 
((Zhang and Townsend, 2010); experiment ID 49; 
http://bioinfo.townsend.yale.edu/browse.jsp).  Of the 28 genes in Table 2, 10 were 
confirmed by Q-RT-PCR (Fig. 2-S2).  Several of the genes exhibiting lower expression 
in the homozygous fsd-1 deletion mutant cross have annotations that are consistent with a 
spore maturation phenotype. For example, NCU06905 is annotated as a 
tetrahydroxynaphthalene (THN) reductase, which may be involved in melanin 
biosynthesis (Bell and Wheeler, 1986). Although there is no experimental evidence that 
N. crassa produces DHN melanins, it does contain homologs of the necessary enzymes 
for this pathway (Langfelder et al., 2003). NCU01108 is annotated as being similar to a 
plant “seed maturation protein pm25” and a deletion strain show decreased pigmentation 
in vegetative hyphae (Broad Institute, 
http://www.broadinstitute.org/annotation/genome/neurospora/MultiHome.html).  In 
addition, several genes previously shown to be involved in sexual development either in 
N. crassa or other fungi exhibited decreased expression levels in !fsd-1 crosses, 
including NCU05651 (Nowrousian and Cebula, 2005), NCU05858 (Goodrich-Tanrikulu 
et al., 1998), and NCU09559 (Ni and Yu, 2007). The majority of the genes that were 
identified, however, are hypothetical.   

In addition to genes involved in meiotic progression, Ndt80 also regulates genes 
involved in spore maturation (Chu et al., 1998; Chu and Herskowitz, 1998), suggesting 
that this feature may be conserved between Ndt80 and FSD-1. However, only 6 of the 28 
genes in Table 2 had homologs in the S. cerevisiae genome (Saccharomyces Genome 
Database; http://www.yeastgenome.org/) and none were present in the NDT80 profiling 
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data set ((Chu et al., 1998), NCBI GEO #GDS104). These observations suggest that this 
pathway has diverged in yeast versus filamentous fungi.  

fsd-1 is upregulated during meiosis, but this regulation is not dependent on 
ime-2:  In S. cerevisiae, transcription of NDT80 is activated by IME1 and, indirectly, by 
IME2 (Chu and Herskowitz, 1998; Hepworth et al., 1998). Once expressed, Ndt80 
activates its own expression through a positive feedback loop (Chu and Herskowitz, 
1998). The N. crassa genome does not contain an IME1 homolog, but does have one 
homolog of IME2 (NCU01498) (Borkovich et al., 2004). IME2 is a serine-threonine 
protein kinase that regulates the expression and activity of many early and late meiotic 
genes; ime2 mutants do not sporulate (Honigberg, 2004; Smith and Mitchell, 1989). In 
contrast to S. cerevisiae ime2 mutants, homozygous crosses between N. crassa strains 
containing a deletion in NCU01498 (ime-2) were fertile and exhibited no sexual cycle 
defects (Fig. 2-7A). I evaluated whether fsd-1 expression was regulated by IME-2 in a 
wild-type cross versus an !ime-2 homozygous cross.  Over a 10-day time course, the 
developmental progression of both crosses was identical (data not shown).  We observed 
an increase in expression level of fsd-1 during sexual development (Fig. 2-7B), consistent 
with its role in spore maturation.  However, in an !ime-2 homozygous deletion cross, the 
expression pattern of fsd-1 was identical to that in a wild-type cross.  In addition, the 
deletion of fsd-1 had no effect on ime-2 expression.  Thus, in N. crassa there is no 
evidence that the homologs of IME2 or NDT80 regulate meiosis.   
 ime-2 is a negative regulator of protoperithecial formation:  Though ime-2 
deletion strains were unaffected in sexual development, I observed that !ime-2 strains 
produced significantly more protoperithecia than wild-type (Fig. 2-8), suggesting that 
IME-2 negatively regulates protoperithecial development.  In addition, !ime-2 strains 
formed abundant protoperithecia on minimal media, conditions that repress 
protoperithecial development in wild-type.  These protoperithecia were fully functional, 
could be crossed, and formed ascospore progeny (data not shown).  These data suggested 
that IME-2 may regulate VIB-1 or FSD-1, because !vib-1 and !fsd-1 mutants showed a 
reduction in the number of protoperithecia (Fig. 2-4A, Fig. 2-8).  Although the !fsd-1 
mutants showed a reduction in numbers of protoperithecia formed, the !ime-2 !fsd-1 
mutant (D9I.7) looked identical to the !ime-2 mutant itself (many protoperithecia).  
However, unlike the !ime-2 !fsd-1 mutants, the !ime-2 !vib-1 strain (DVI.4) exhibited 
!vib-1 levels of protoperithecial formation (few perithecia).  The triple deletion strain 
(!ime-2 !vib-1 !fsd-1; D9VI.5) also had a similar phenotype to the !vib-1 mutant itself. 
These data indicate that mutations in vib-1 are epistatic to ime-2 and suggest that IME-2 
may regulate VIB-1 activity. Mutations in ime-2 alone did not affect the timing of 
protoperithecial development, nor did they affect the delayed protoperithecial phenotype 
of the !fsd-1 !vib-1 strain (compare !fsd-1 !vib-1 in Fig. 2-4B to !ime-2 !vib-1 !fsd-1 
in Fig. 2-8).  Thus, interplay between FSD-1, VIB-1 and IME-2 acts as a major 
regulatory circuit for protoperithecial formation in N. crassa (Fig. 2-9). 
 
 
 
 



52 

Discussion 
 Meiosis and sporulation in fungi requires a sequential step of committed events 
that are highly regulated. In this study, I characterized the three N. crassa homologs of 
the S. cerevisiae meiotic regulator NDT80.  Ndt80 binds to the middle sporulation 
element (MSE) and activates expression of middle meiotic genes (Chu et al., 1998; Chu 
and Herskowitz, 1998); cells lacking Ndt80 arrest at pachytene, prior to nuclear division 
in meiosis I (Xu et al., 1995). From our data, it is clear that none of the NDT80 homologs 
in N. crassa are required for meiosis, as even the triple mutant (!vib-1 !fsd-1 
!NCU04729) showed normal meiotic progression.  Although the !fsd-1 mutant failed to 
generate mature perithecia following fertilization, this defect was restored in a 
heterokaryon with a strain (FGSC 4564) that is able to complement female reproductive, 
but not meiotic, defects (Perkins, 1984). However, homozygous crosses between strains 
containing deletion mutations in fsd-1 (NCU09915), the closest homolog to NDT80 (Fig. 
2-2), showed a high percentage of white ascospores.  These defects are apparently due to 
mis-regulation of genes associated with spore maturation, rather than a consequence of 
meiotic defects. Thus, fsd-1 has both early and late roles in sexual development.  Ndt80 
also regulates genes involved in sporulation/spore maturation in S. cerevisiae (Chu et al., 
1998; Chu and Herskowitz, 1998). However, I did not detect an overlapping gene set 
involved in spore maturation between S. cerevisiae and N. crassa, suggesting that the 
target genes involved in these two processes may have substantially diverged.  This 
hypothesis is supported by differences in sexual spore features in these two species. 

Although not required for meiosis, I identified a role for NDT80 homologs in the 
production of female reproductive structures in N. crassa, which are not formed in yeast 
species such as S. cerevisiae, S. pombe or C. albicans.  Mutations in both vib-1 and fsd-1 
affected the timing and development of female reproductive structures prior to 
fertilization, while for NCU04729, no phenotype or overlap in function with either fsd-1 
or vib-1 was detected. vib-1 and fsd-1 have a synergistic interaction with respect to 
initiation of protoperithecial formation. The initiation of protoperithecial development in 
N. crassa is regulated by the availability of nitrogen (Hirsh, 1954; Westergaard and 
Mitchell, 1947). vib-1 has previously been implicated in nutrient sensing and protease 
secretion in response to nitrogen starvation (Dementhon et al., 2006). I hypothesize that 
the nutrient sensing by VIB-1 and FSD-1 is important for the initiation of protoperithecial 
formation, and that fsd-1 can compensate for lack of vib-1 function.  Interestingly, ndt80! 
mutants that are blocked in pachytene can revert to mitotic growth if nutrients are 
replenished (Xu et al., 1995). These data are consistent with the hypothesis that sensing 
nutritional signals may be a conserved feature of Ndt80 and its homologs (Katz et al., 
2006). In addition to effects on the initiation of protoperithecial development, both vib-1 
and fsd-1 mutants showed a significant decrease in numbers of protoperithecia produced 
per colony, particularly !vib-1 mutants, suggesting that VIB-1 and FSD-1 are also 
involved in the development of female reproductive structures (Fig. 2-9).   

Surprisingly, a deletion strain of the protein kinase ime-2, a major positive 
regulator of meiosis in S. cerevisiae, was fertile.  In S. cerevisiae, Ime2 activates NDT80 
expression by phosphorylation of the repressor Sum1, thereby removing Sum1 from 
NDT80 promoters and allowing NDT80 expression (Ahmed et al., 2009; Pak and Segall, 
2002a).  In N. crassa, !ime-2 mutants were unaffected in expression of fsd-1 during 
development of asci and ascospores.  This data, in conjunction with the fact that N. 
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crassa is missing homologs of several key, early meiotic initiation genes indicates that 
the early steps of meiotic regulation in N. crassa have diverged significantly from that of 
S. cerevisiae.  However, the ime-2 deletion strain constitutively produced protoperithecia, 
and produced several hundred-fold more protoperithecia per colony than a wild-type 
strain. These data indicate that, like vib-1 and fsd-1, ime-2 is involved in the regulation of 
female reproductive structure development, and functions as a negative regulator. I 
hypothesize that the ime-2 mutant fails to respond to the presence of nitrogen in the 
media and constitutively makes protoperithecia under conditions where nitrogen would 
normally suppress development of these structures. In S. cerevisiae, Ime2 positively 
regulates Ndt80 via phosphorylation (Sopko et al., 2002). It is possible that regulatory 
interactions between IME-2 and the NDT80 homologs, VIB-1 and FSD-1, are conserved 
in N. crassa. This hypothesis is supported by our data showing the phenotype of the 
!ime-2 strain (constitutive production of protoperithecia) is suppressed in a !vib-1 
mutation, while the !ime-2 !fsd-1 mutant showed an identical phenotype to !ime-2 
mutants. Future experiments will test whether IME-2 directly regulates VIB-1 by 
phosphorylation (Fig. 2-9). 

The NDT80 cascade regulating meiotic function in S. cerevisiae has also diverged 
in other fungi, even in closely-related species such as Candida albicans. In C. albicans, 
CaNdt80 controls the expression of CDR1, a drug efflux pump that contributes to 
resistance against certain antifungal compounds (Chen et al., 2004), in addition to genes 
involved in filamentous growth (Sellam et al., 2010; Sellam et al., 2009). Like many 
other NDT80 homologs, including those in N. crassa, the DNA binding domain of 
CaNdt80 is similar to Ndt80 but the rest of the protein is divergent (Wang et al., 2006). In 
A. nidulans, the NDT80 homolog xprG (ANID_01414; Fig. 2-2) controls the production 
of proteases upon nutrient starvation (Katz et al., 2006), similar to vib-1 (Dementhon et 
al., 2006).  xprG is regulated by two hexokinases; it is unknown whether these kinases 
have a regulatory role for other NDT80 homologs (Bernardo et al., 2007; Katz et al., 
2000). In A. nidulans, the IME2 homolog, imeB, is involved in the sexual cycle by 
negatively regulating cleistothecial (fruiting sexual structure) production in response to 
light cues (Bayram et al., 2009). In addition, imeB is required for expression of the 
sterigmatocystin mycotoxin gene cluster. Many of these developmental programs in fungi 
respond to nutritional cues. These observations suggest that light/nutritional conditions 
may regulate NDT80 homologs in diverse fungi, perhaps via IME2 homologs, but that the 
output pathway can vary and can include developmental programs such as sexual 
development, conidiation and filamentous growth, as well as protease secretion and 
mycotoxin production.  

By comparative genomics, it is apparent that that the machinery for regulatory 
aspects of meiosis is not conserved in fungi, including N. crassa (Borkovich et al., 2004), 
Candida spp. (Butler et al., 2009; Tzung et al., 2001), S. pombe (Mata and Bahler, 2003; 
Mata et al., 2002), Aspergillus spp. (Galagan et al., 2005) and Ustilago maydis 
(Donaldson and Saville, 2008). For example, genes encoding the major transcriptional 
regulator of meiosis in S. cerevisiae, Ime1, are absent in many fungal species. Ime1 
integrates nutritional and cell cycle signals to initiate meiosis by regulating expression of 
early meiotic genes (Honigberg and Purnapatre, 2003), including transcription of IME2.  
In addition, homologs of the Ndt80 regulator, Sum1, are absent in many fungal species; 
Sum1 binds to MSEs and represses expression of middle meiotic genes via competition 
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with Ndt80 (Pierce et al., 2003). The absence of these meiotic regulatory genes indicates 
that different fungi may differentially regulate the sequential steps associated with sexual 
development and meiosis. Fungi have a diverse array of mechanisms for undergoing 
sexual development, and in S. pombe, it was found that species-specific genes were more 
likely to be up-regulated during complex developmental process such as mating and 
meiosis as compared to vegetative growth (Mata and Bahler, 2003). Variation in meiotic 
gene content between different fungi suggests this process highly specialized for each 
species (Sherwood and Bennett, 2009), and that as species diverge and develop specific 
sexual structures and regulatory cues, their meiotic machinery becomes modified as well. 
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Table 2-1. List of strains used in this chapter 
 

Strain Name Genotypea Origin or Reference 
FGSC 2489 A FGSC 
FGSC 6103 his-3; A FGSC 
FGSC 4564 ad-3B cyh-1 am1 FGSC 
R15-7 his-3; a (Dementhon et al., 2006) 
N2283 his-3::Pccg-1-hH1-sgfp a (Freitag et al., 2004) 
C9-2 het-c2 pin-c2 thr-2 a (Smith et al., 2000) 
C9-15 het-c2 pin-c2 thr-2 A (Smith et al., 2000) 
FGSC 11308 !vib-1 a FGSC 
FGSC 11309 !vib-1 A FGSC 
FGSC 12180 !NCU04729 a FGSC 
FGSC 12534 !NCU09915 A FGSC 
FGSC 17936 !ime-2 a FGSC 
FGSC 17937 !ime-2 A FGSC 
KD13-21 his-3; !vib-1 A (Dementhon et al., 2006) 
KD13-51 !vib-1; pan-2 A (Dementhon et al., 2006) 
KD13-33 !vib-1; pan-2 a (Dementhon et al., 2006) 
KD13-01 het-c2 pin-c2 thr-2; !vib-1 a (Dementhon et al., 2006) 
KD13-23 his-3; het-c2 pin-c2; !vib-1; pan-2 

A 
(Dementhon et al., 2006) 

D49.5 !NCU09915; !NCU04729 a FGSC 12180 x FGSC 12534 
D9V.8b his-3; !NCU09915; !vib-1 A KD13-23 x D49.5 
D9V.12b !NCU09915; !vib-1; pan-2 a KD13-23 x D49.5 
D9V.18b !NCU09915; !vib-1 a KD13-23 x D49.5 
D49V.2b his-3; !NCU09915; !vib-1; 

!NCU04729 A 
KD13-23 x D49.5 

D49V.17b !NCU09915; !vib-1; !NCU04729 
a 

KD13-23 x D49.5 

D9.4 his-3; !NCU09915 a FGSC 12534 x R15-7 
D9.1 het-c2 pin-c2 thr-2; !NCU09915 a FGSC 12534 x C9-2 
D4.3 his-3; !NCU04729 A FGSC 12180 x FGSC 6103 
D4.9 het-c2 pin-c2 thr-2; !NCU04729 A FGSC 12180 x C9-15 
D49.10 his-3; !NCU09915; !NCU04729 A D49.5 x FGSC 6103 
D49.01 his-3; !NCU09915; !NCU04729 a D49.5 x FGSC 6103 
D49.33 thr-2; !NCU09915; !NCU04729 A D49.5 x C9-15 
D49.28 het-c2 pin-c2 thr-2; !NCU09915; 

!NCU04729 a 
D49.5 x C9-15 

D9I.7 !ime-2; !NCU09915 A FGSC 12534 x FGSC 17936 
DVI.4 !ime-2; !vib-1 a FGSC 11309 x FGSC 17936 
D9VI.5 !ime-2; !NCU09915; !vib-1 A DVI.4 x FGSC 12534 

astrains are of het-c1 pin-c1 genotype unless otherwise indicated 
bhet-c pin-c genotypes of these strains were not tested 
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Table 2-2. List of genes downregulated in an !fsd-1 (!NCU09915) homozygous cross 
compared to a wild-type cross 

 
Gene ID 

Annotation 
 (Broad Institute) 

 
FunCat (MIPS)b 

NCU09559a trehalose synthase (ccg-9)  Metabolism; Energy; Cell type 
differentiation; Cell rescue, defense 
and virulence 

NCU05858a related to linoleate diol synthase Metabolism 
NCU06905a probable tetrahydroxynaphthalene 

reductase 
Metabolism 

NCU09041a probable L-xylulose reductase Metabolism 
NCU10997a con-8 Cell type differentiation 
NCU04334a probable heat shock protein 10 Protein fate; Cell rescue, defense and 

virulence  
NCU04421a annexin XIV ANX-14 Cellular transport; Interaction with the 

environment 
NCU04603a related to rasp f7 allergen Subcellular localization 
NCU05651a related to lectin Subcellular localization; Classification 

not-yet clear cut 
`   

NCU01108a related to seed maturation protein pm25 Classification not yet clear-cut 
NCU02329 conserved hypothetical protein Unclassified Proteins 
NCU05191 conserved hypothetical protein Unclassified Proteins 
NCU09196 conserved hypothetical protein Unclassified Proteins 
NCU00716 putative protein Unclassified Proteins 
NCU00878 putative protein Unclassified Proteins 
NCU02170 putative protein Unclassified Proteins 
NCU02944 putative protein Unclassified Proteins 
NCU03253 hypothetical protein Unclassified Proteins 
NCU05229 hypothetical protein Unclassified Proteins 
NCU05490 hypothetical protein Unclassified Proteins 
NCU06434 putative protein Unclassified Proteins 
NCU07345 putative protein Unclassified Proteins 
NCU07363 putative protein Unclassified Proteins 
NCU08095 hypothetical protein Unclassified Proteins 
NCU08282 putative protein Unclassified Proteins 
NCU08654 hypothetical protein Unclassified Proteins 
NCU09851 hypothetical protein Unclassified Proteins 
NCU09926 hypothetical protein Unclassified Proteins 

a indicates genes selected to be confirmed by Q-RT-PCR 
bFunctional categories predicted from MIPS (http://www.helmholtz-muenchen.de/en/ibis) 
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Table 2-S1. List of fungal NDT80 homologs 

 
Species 

Number 
of 

NDT80 
homologs 

 
Gene ID 

 
Source for sequences 

used in Fig. 2-2 

Neurospora crassa 3 NCU03725, NCU04729, 
NCU09915 

Broad Institutea 

Podospora anserina 3 Pa_2_9470, Pa_4_8710, 
Pa_1_22920 

http://podospora.igmors.u-
psud.fr/ 

Chaetomium 
globosum 

2 CHGG_02523, CHGG_03914 Broad Institutea 

Magnaporthe grisea 3 MGG_00729, MGG_00622, 
MGG_01475 

Broad Institutea 

Fusarium 
graminearum 

3 FGSC_7157, FGSC_8397, 
FGSG_09709 

 

Nectria 
haematococca 

3 NHAE_EEU44303, 
NHAE_EEU46886, 
NHAE_EEU40284 

 

Botryotinia 
fuckeliana 

3 BC1G_00547, BC1G_00333, 
BC1G_11604 

 

Aspergillus oryzae 2 AO090103000018, 
AO090011000646 

 

Aspergillus clavatus 2 ACLA_057380, ACLA_068960  
Neosartorya fischeri 2 NFIA_096760, NFIA_085330  

Aspergillus flavus 1 AFLA_012100  
Aspergillus 
fumigatus 

2 AFUA_8G04050, AFUA_1G00580  

Aspergillus nidulans 2 ANID_01414, ANID_6015 Broad Institutea 
Aspergillus niger 3 An16g09130, An16g05190, 

An12g01840 
Accession Numbers:  

XM_001398173, 
XM_001397790, 
XM_001395233 

Aspergillus terreus 2 ATEG_00017, ATEG_04426  
Penicillium 

chrysogenum 
3 Pchr 8303965, Pchr 8307369, Pchr 

8315995 
 

Talaromyces 
stipitatus 

4 TSTA 108960, TSTA 122060, 
TSTA 053280, TSTA 122410 

 

Microsporum canis 2 EEQ31782, EEQ31742  
Coccidioides 

posadasii 
2 EER29657, EER25737  

Unicinocarpus reesii 1 UREG 02151  
Schlerotinium 
sclerotiorum 

3 SSIG_00692, SSIG_04059, 
SSIG_14485 

 

Saccharomyces 
cerevisiae 

1 NDT80 SGDb 
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Candida albicans 3 CaNDT801, CaNDT802, 
CaO19.7521 

 

Candida lusitaniae 3 CLUG 04000, CLUG 00404, 
CLUG 05634 

 

Candida glabrata 1 CAG62312.1  
Ashbya gossipii 1 AGR347W  

Kluveromyces lactis 1 KLLA0F24420p  
Yarrowia lipolytica 2 YlipYALI0D24860p, 

YlipYALI0B14773p 
 

Debaryomyces 
hansenii 

2 DEHA2E18304p, DEHA2A07282p  

Pichia guilliermondii 3 PGUG 00339, PGUG 01255, 
PGUG 02096 

 

Pichia pastoris 1 PAS 0362  
Schizosaccharomyces 

pombe 
0 -  

Coprinus cinereus 0 -  
Phanarochaete 
chysosporium 

0 -  

Ustilago maydis 1 UM02775  
aBroad Institute Fungal Genome Inititative 

(http://www.broadinstitute.org/science/projects/fungal-genome-initiative/fungal-genome-
initiative) 

bSaccharomyces Genome Database (http://www.yeastgenome.org/) 
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Fig. 2-1. Sexual cycle of N. crassa.  Protoperithecia form during nitrogen starvation and 
can be fertilized by conidia or hyphal fragments from the opposite mating type.   Upon 
fertilization, parental nuclei remain apart and only undergo karyogamy after crozier 
structures have formed.  Once karyogamy occurs and meiosis is complete, progeny 
undergo an additional mitosis, resulting in eight progeny (ascospores) in each ascus.  
Several hundred asci are present in each perithecium.  Eventually, ascospores are shot 
from the perithecia and germinate, forming new, homokaryotic colonies.  This figure was 
adapted and modified from (Fleissner and Glass, 2006). 
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Fig. 2-2. Bayesian consensus tree showing phylogenetic relationships of NDT80 
fungal homologs. A Bayesian tree for the Ndt80 binding domain in fungi was created 
using MRBAYES 3.1 (Ronquist and Huelsenbeck, 2003). Numbers above the nodes 
indicate posterior probabilities from the consensus tree, and the scale bar indicates the 
number of substitutions per nucleotide site. Gene locus name or accession number for 
each sequence is indicated in parentheses (see Table S1 for additional information on 
sequence sources). 
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Fig 2-3. Mutants in NCU09915 (fsd-1) and NCU04729 do not exhibit vegetative 
phenotypes, unlike vib-1.  !vib-1 (B, H; FGSC 11309), !NCU04729 (C, I; FGSC 
12180), and !NCU09915 (D, J; FGSC 12534) strains were grown on minimal media and 
compared with wild type (A, G; FGSC 2489). Only !vib-1 mutants display deregulated, 
pink conidiation. A !NCU04729 !NCU09915 mutant (E, K; D49.5) looks identical to 
wild type, and a triple mutant of all three paralogs (F, L; D49V.17) looks identical to the 
!vib-1 mutant. Deletion strains of vib-1 (H) or the triple mutant (L) had decreased aerial 
hyphae formation.  Deletions in NCU09915 or NCU04729 do not suppress heterokaryon 
incompatibility. Wild-type compatible (M; FGSC 4564 + FGSC6103) and incompatible 
(N; FGSC 4564 + C9-15) heterokaryons are shown for reference compared to !vib-1 
compatible (O; KD13-21 + KD13-51) and incompatible (P; KD13-33 + KD13-01) 
heterokaryons.  Compatible (Q; D49.10 + D49.33) and incompatible (R; D49.01 + 
D49.28) heterokaryons of a !NCU04729 !NCU09915 double mutant look identical to 
wild-type compatible and incompatible heterokaryons. 
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Figure 2-4. vib-1 and NCU09915 (!fsd-1) mutants have defects in protoperithecial 
formation. (A) Mutant strains were evaluated for the numbers of protoperithecia formed.  
(B) Length of time required post-inoculation for protoperithecia formation. A !fsd-1 
!vib-1 mutant (D9V.18) took almost twice as long as wild type or single mutants to 
initiate protoperithecia formation. The triple mutant (D49V.17) looked identical to strain 
D9V.18.  This defect can be complemented in a heterokaryon with the helper strain, 
FGSC 4564. 
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Fig. 2-5. fsd-1 is necessary for sexual development, but not for meiosis.  Homozygous 
crosses were performed for WT (A; FGSC 2489 x R15-7), !vib-1 (B; FGSC 11309 x 
FGSC 11308), !NCU04729 (C; FGSC 12180 x D4.3), and !fsd-1 (D; FGSC 12534 x 
D9.4). Successful crossing is indicated by the formation of black perithecial structures, 
which are absent for the !fsd-1 cross (D). This phenotype could be complemented in a 
heterokaryon with the helper strain, FGSC 4564 (E; (FGSC 4564 + D9.4) x FGSC 
12534). !fsd-1 !vib-1 homozygous and !fsd-1 !vib-1 !NCU04729 homozygous crosses 
exhibited an identical phenotype to !fsd-1 homozygous crosses, and could be 
complemented using FGSC 4564 (F; triple deletion strain cross shown; (FGSC 4564 + 
D49V.2) x D49V.17).  (Scale bar = 1 cm). 
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Fig. 2-6. Homozygous !fsd-1 deletion crosses exhibit a spore maturation defect.    
(A) Homozygous crosses of WT (FGSC 2489 x R15-7), !vib-1 (FGSC 11308 x FGSC 
11309), !NCU04729 (FGSC 12180 x D4.3), !fsd-1 ((FGSC 4564 + D9.4) x FGSC 
12534), !vib-1 !fsd-1 ((FGSC 4564 + D9V.12) x D9V.8), and !vib-1 !fsd-1 
!NCU04729 ((FGSC 4564 + D49V.2) x D49V.17) were assessed for the percentage of 
black versus white spores.  Any cross containing a deletion of NCU09915 exhibited a 
reduction to only 50% black ascospores.  (B) Squashes of perithecia from 10-14 days 
post-fertilization are shown below the corresponding cross from (A).  (Scale bar = 65 
µm). 
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Fig. 2-7. Mutations in ime-2 do not affect meiosis or fsd-1 expression. (A) The 
phenotype of an !ime-2 strain (FGSC 17936) looks similar to wild-type (FGSC 2489) as 
shown in flasks, in perithecial squashes, and in perithecia formation.  Scale bar = 65 µm.  
(B) Quantitative-RT-PCR during a time course of sexual development (from 0-10 days 
post-fertilization) showing that fsd-1 expression is unaffected in an !ime-2 homozygous 
cross.  Wild-type cross: FGSC 2489 x R15-7, !ime-2 cross: FGSC 17936 x 17937, and 
!fsd-1: (D9.4 + FGSC 4564) x FGSC 12534. 
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Fig. 2-8. ime-2 negatively regulates protoperithecial formation.  The number of 
protoperithecia formed on water agar was evaluated for wild type (FGSC 2489) and for 
deletion strains (!ime-2, FGSC 17937; !vib-1, FGSC 11308; !fsd-1, FGSC 12534; 
!ime-2 !fsd-1, D9I.7; !ime-2 !vib-1, DVI.4 and !ime-2 !vib-1 !fsd-1, D9V1.5), and are 
shown on the left y-axis and by grey bars. The number of protoperithecia was also 
evaluated for wild type and the ime-2 deletion strain on minimal media.  Number of 
protoperithecia formed for wild type was set to 100% and averaged 25/plate on water 
agar, and 6/plate on minimal media. The timing of protoperithecia formation was also 
evaluated for these strains, and is shown on the right y-axis and by black lines. 
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Fig. 2-9. Model for genetic interaction of vib-1, fsd-1 and ime-2. See text for details.   
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Fig. 2-S1. Trichogyne assay for wild-type and !NCU09915 crosses.  Trichogyne 
assays over a time-course of 24-65 hours revealed that the NCU09915 deletion strain is 
not defective for trichogyne-microconidium fusion, as fusion levels for the mutant are 
not significantly different from wild-type throughout the time-course.   
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Fig. 2-S2. Q-RT-PCR confirmation of microarray data. Ten genes were selected from the 
microarray dataset to be confirmed independently via Q-RT-PCR; all ten of these genes 
were significantly up-regulated in a wild-type cross compared to a cross homozygous for 
an NCU09915 deletion, and the Q-RT-PCR data confirms this result.  In addition, the Q-
RT-PCR data confirms that although the female of the homozygous deletion cross was 
present as a heterokaryon with the helper strain, no NCU09915 RNA is present in the 
perithecial tissue of this cross.  
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Chapter 3: Genetic interactions between the transcription factor VIB-1 and an 
IME2 homolog cause nonself recognition and cell death in Neurospora crassa  
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Abstract 
Kinase cascades and the modification of proteins by phosphorylation is a major 

mechanism of cellular signaling, and evolution of these signaling pathways can 
contribute to new developmental or environmental response pathways. The Ime2 kinase 
has been well characterized for its role in S. cerevisiae meiosis, but its function appears to 
have diverged in filamentous fungi. In fact, I found that the Neurospora crassa IME2 
homolog interacts genetically with the transcription factor vib-1 during self/nonself 
recognition. Mutations in vib-1 suppress cell death due to nonself recognition events, 
however, a double mutant of ime-2 and vib-1 exhibits wild type cell death levels. In 
addition, vib-1 mutants do not produce extracellular proteases, and this phenotype also 
reverts to wild type levels in a vib-1 ime-2 double mutant. Further, mass spectrometry 
analysis revealed that the VIB-1 protein is phosphorylated at several sites, including a site 
that is a perfect match for the Ime2 consensus. Finally, I identified a role for ime-2 in 
affecting the post-translational processing and localization of a mitochondrial matrix 
protein. The genetic and biochemical data for ime-2 and vib-1 suggest IME-2 is likely a 
negative regulator of VIB-1 (and thus of HI), and I propose a model that an additional 
cell death pathway may exist in N. crassa that functions redundantly with that of vib-1-
induced cell death. 
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Introduction 
 Cell-cell signaling via kinase cascades is a crucial mechanism for communication 
within and between organisms. Protein kinases are one of the largest protein families in 
eukaryotes, and as much as 30% of eukaryotic genomes are thought to be phosphorylated 
(Deshmukh et al., 2010; Moses and Landry, 2010). Though kinases have constrained 
target specificities, these proteins are often structured in a modular way, such that they 
can evolve new functions via interaction with scaffolds, adapters or docking proteins 
(Bhattacharyya et al., 2006). Modular domain structure in kinases contributes to the 
evolvability of kinase cascades, allowing these pathways to adapt as an organism evolves 
new developmental or signaling pathways (Bhattacharyya et al., 2006). In addition, 
duplication of kinase targets can result in reciprocal loss of phosphorylation sites and 
sub-functionalization of these targets, and/or a gain of new phosphorylation sites, 
resulting in neo-functionalization (Amoutzias et al., 2010). Thus, changes in kinase 
structure, along with target duplication and divergence, can impact the structure and 
signaling output of kinase signaling.  

In general, the major classes of kinases are conserved in across fungal species. 
However, there is some evidence for kinase duplication, family expansion, and 
differences in domain organization, suggesting that fungi can change their kinase 
signaling pathways to accommodate changes in environment or development (Kosti et 
al., 2010). Recently, I reported genetic evidence that the Ime2 and Ndt80 meiotic 
regulatory pathway, which has been well-characterized in yeast, is regulated differently 
in the filamentous fungus Neurospora crassa (Hutchison and Glass, 2010). Ime2 is a 
serine/threonine protein kinase that was first identified and extensively characterized in 
the yeast Saccharomyces cerevisiae (Smith and Mitchell, 1989). Nutritional signals for 
meiosis converge at Ime1, a transcriptional regulator of Ime2, as well as Ime2 itself to 
coordinate meiotic initiation (Honigberg and Purnapatre, 2003; Kassir et al., 2003). Ime2 
has both early and late roles in meiosis, including initiation of meiosis, meiotic 
replication, meiotic divisions I and II, and spore formation (Benjamin et al., 2003; 
Honigberg, 2004). One of the major roles of Ime2 is to activate the expression and 
activity of the major middle meiotic transcription factor NDT80 (Pak and Segall, 2002a; 
Shin et al., 2010; Sopko et al., 2002). In N. crassa, there are three Ndt80 homologs. In a 
previous study, I showed that N. crassa IME-2 was not necessary for completion of 
meiosis, and did not regulate the transcription and activity of the closest NDT80 homolog 
(fsd-1). Instead, I observed a genetic interaction between ime-2 and another one of the 
NDT80 homologs, vib-1; vib-1 is a transcription factor that, when mutated, suppresses 
cell death due to heterokaryon incompatibility (Xiang and Glass, 2002). 

In filamentous fungi, individual hyphae can fuse and form interconnected 
networks (Fleissner et al., 2008). However, a nonself recognition mechanism, termed 
heterokaryon incompatibility, exists such that fusion only occurs between individuals that 
are identical at all nonself recognition (het) loci (Aanen et al., 2010). In N. crassa, there 
are eleven het loci, and differences at any one of these eleven loci is sufficient to restrict 
heterokaryon formation (Aanen et al., 2010). If two individuals are genetically identical 
and fuse, they can form a “compatible” heterokaryon. However, if individuals are 
genetically different at any one of eleven het loci fusions result in compartmentalization 
of the fusion cell, and rapid cell death; these individuals are referred to as “incompatible.” 
Mutations in vib-1 suppress cell death due to heterokaryon incompatibility (HI) (Xiang 
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and Glass, 2002). In addition, mutations in vib-1 affect the production of extracellular 
proteases upon nitrogen or carbon starvation, and vib-1 is also necessary for the 
expression of several genes known to be involved in cell death due to HI (Dementhon et 
al., 2006). Finally, vib-1 mutants form significantly fewer protoperithecia than wild type; 
protoperithecia are round, hyphal masses that form upon nitrogen starvation and can be 
fertilized by a strain of opposite mating type. Interestingly, though ime-2 is epistatic to 
vib-1 with respect to protease production, vib-1 is epistatic to ime-2 with respect to 
formation of protoperithecia. These data indicate that the genetic pathway involving ime-
2 and vib-1 is complex, and may not be a simple positive or negative regulatory 
interaction. Though the phenotype of vib-1 mutants has been well-characterized, little is 
known about the regulation of vib-1, as well as how vib-1 fits in to the overall cell death 
signaling pathway in N. crassa. Thus, I further characterized the genetic interaction 
between vib-1 and ime-2 and investigated whether the function of ime-2 in N. crassa had 
been co-opted from meiotic regulation to cell death regulation. Our findings indicate that 
the N. crassa homolog of S. cerevisiae IME2 does in fact regulate cell death due to HI. In 
addition, findings from our study implicate mitochondria in the IME-2/VIB-1 signaling 
pathway. 
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Materials and Methods 
Strains and growth conditions. All strains used in this study are listed in table 3-

1. Deletion strains (FGSC 11308, FGSC 11309, FGSC 17936, and FGSC 17937) were 
made by the Neurospora program project grant (Colot et al., 2006), and several strains 
were obtained from the Fungal Genetics Stock Center (FGSC) (McCluskey, 2003). 
Strains were grown on Vogel’s minimal media (Vogel, 1956) unless otherwise specified, 
and crosses were performed on Westergaard’s media (Westergaard and Mitchell, 1947). 
Transformations were performed as previously described (Margolin et al., 1997). To 
obtain forced heterokaryons (to assess heterokaryon incompatibility phenotype), conidial 
suspensions from strains of complementary auxotrophic markers were mixed and plated 
on minimal media.  

Protease Assay. Extracellular protease production was measured as described 
previously (Dementhon et al., 2006). Briefly, strains were grown (in triplicate) in Vogel’s 
minimal media overnight at 30° (approximately 16 hr) with shaking (200 rpm). The 
mycelia was spun down for 10 min at 3400 rpm, and washed once with either minimal 
media or minimal media without nitrogen. Strains were then inoculated into a fresh flask 
of either minimal media or minimal media lacking nitrogen and grown (with shaking) for 
an additional 4 hr at 30°. The media lacking nitrogen contained 1% bovine serum 
albumin for protease induction). Mycelia were then filtered through Whatmann paper, 
and 1 mL of the supernatant was added to 1 mL of 5 mg/mL azocasein (Sigma cat. no. 
A2765) in 100 mM sodium phosphate buffer, pH 7.2. The supernatent/azocasein mixture 
was shaken for 1 hr at 37°, 5 mL of 5% tricholoroacetic acid was added, and the solution 
was spun down at 3400 rpm for 10 min. Finally, the absorbance of the supernatant was 
measured at 440 nm. Absorbance was normalized to the dry weight of each sample 
(measured after filtered mycelial mat was dried for 1-2 days at 37°).  

Cell death assay. Cell death was measured by staining with the vital dye 
methylene blue. Heterokaryons were inoculated onto minimal media overlaid with 
cellophane, and grown for 2-3 days. Heterokaryons were stained with 0.003% methylene 
blue for 1-2 minutes, and a section of the heterokaryon was cut out and viewed by light 
microscopy. Approximately 20 random images were taken over the entire area of the 
cellophane section, and the percent of dead (blue) hyphal compartments were counted. 2-
3 replicates were performed for each heterokaryon. 

RNA extraction and quantitative RT-PCR. RNA extraction was performed on 
mycelia ground in liquid nitrogen, or on sections of mycelia grown on cellophane. 
Mycelia were added to a 2 mL tube containing 0.3 g of 0.5 mm silica beads and 1 mL of 
TRIzol (Invitrogen). The mycelia was further disrupted using a bead-beater (Mini-
BeadBeater-8, Biospec Products) for 1.5 min. RNA was then extracted according to the 
manufacturer’s protocol for TRIzol (Invitrogen). Samples were further purified over an 
RNAeasy column (Qiagen) and DNased with either Qiagen DNase (cat. no. 79254) or 
Ambion Turbo DNase (cat. no. AM2238). RNA concentration and quality was assessed 
using a Nanodrop and gel electrophoresis. QPCR was performed using an EXPRESS 
One-Step SYBR GreenER kit (Invitrogen) according to the manufacturer’s protocol, run 
on an ABI 7300 real-time PCR system machine, and analyzed with ABI 7300 system 
software. Actin was used as the endogenous control, and reactions were done in triplicate.  
 Microarray analysis. Microarray hybridization and analysis was performed as 
described (Tian et al., 2007). Briefly, approximately 10 µg of DNase-treated RNA 
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(pooled from 3 biological replicates) was used as a template for cDNA synthesis using 
the ChipShot Indirect cDNA Synthesis kit (Promega), and hybridizations were performed 
using ProntoPlus kits (Promega), according to manufacturer instructions. Slides were 
scanned using an Axon GenePix 4000B scanner, and analyzed using GenePix Pro 6 
software (Molecular Devices Corporation). Three independent hybridizations were 
performed, and data was analyzed using BAGEL (Bayesian Analysis of Gene Expression 
Levels)(Townsend and Hartl, 2002) to find genes that had great than 1.5 fold differences 
between samples. Microarray data was verified by Q-RT-PCR using template RNA from 
an independent experiment. 
 Mitochondrial staining. Mitochondria were visualized using 10 µM MitoTracker 
Red FM (Invitrogen; cat. no. M22425) (Hickey et al., 2004). Conidia were collected from 
minimal media slants by vortexing in water and filtering the suspension through 
cheesecloth. Conidial suspensions were adjusted to approximately 106 conidia/mL, and 
100 µL was added to a 30 mL flask of minimal media. The flasks were shaken at 30 °C 
for approximately 6 hours. Next, MitoTracker Red FM was added to 1 mL aliquots of 
germinating conidia, and the conidia were shaken at 30 °C for an additional 15-20 min. 
Conidia were pelleted by centrifugation for 5 min at 13,000 x g, and washed once with 
sterile minimal media. Finally, the washed conidia were spread on a minimal media plate 
and incubated at 30 °C for an additional 5-10 min. Mitochondria were imaged using a 
Deltavision Spectris DV4 deconvolution microscope (Applied Precision Instruments). A 
stack of approximately 20 images were taken 0.2 µm apart, were deconvolved using SVI 
Huygens, and were visualized using Bitplane Imaris software.  

Protein extraction, Immunoprecipitation, and Western blot. Protein was 
extracted from mycelia for immunoprecipitation (IP) using a method adapted from the 
FGSC Neurospora protocol page for immuniprecipitation (Yi Liu). Briefly, 20-30 g of 
mycelia were ground in liquid nitrogen, then homogenized using a 6770 Freezer/Mill 
from SPEX CertiPrep Group. Homogenization cycling conditions used were 3 cycles of: 
1 min pre-cool, 1 min run time, 1 min cool time with a speed of 15 CPS.  Homogenized 
mycelial was added to HEPES IP extraction buffer (50mM HEPES (pH7.4), 137 mM 
NaCl, 10% Glycerol) containing Complete mini EDTA-free protease inhibitor tablets 
(Roche) and vortexed to homogenization. Samples were centrifuged at 3400 rpm for 10 
min. The supernatant was then centrifuged twice for 10 min at 10,000 rpm, each time 
avoiding taking the pellet or the lipid layer. Finally, samples were concentrated 2-3 times 
via centrifugation using Vivaspin 15R protein concentrators (10,000 MWCO; Sartorius 
stedium biotech). 4 mL of each protein sample was immunoprecipitated using Protein G 
Dynabeads (Invitrogen), according to manufacturer’s instructions, with the following 
exceptions: mouse anti-GFP antibody (Roche) was incubated with the beads for 1 hr, and 
sample was immunoprecipiated for 2 hours at 4°. Protein was removed from the beads by 
boiling for 5 minutes, and samples were run on a 4-15% Criterion Tris-HCl gel (Bio-rad). 
The gel was stained with SimplyBlue SafeStain Coomassie G-250 stain (Invitrogen) to 
visualize protein, and gel bands of interest were extracted using a clean razor blade. 

Mass spectrometry. Gel bands of interest from Coomassie-stained gels were 
digested and extracted following a protocol adapted from the UC Berkeley QB3 
Proteomics/Mass Spectrometry Laboratory (http://qb3.berkeley.edu/pmsl/protocols.htm). 
Proteins were digested overnight with either trypsin or endoproteinase C, and extracted 
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with acetonitrile and following the same protocol. 2D mass spectrometry analysis was 
run on the sample at the QB3 Proteomics/Mass Spectrometry facility. 
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Results 
Mutations in ime-2 partially revert the phenotype of vib-1 mutations 
 Mutations in the transcription factor vib-1 cause a visible phenotype during 
vegetative growth, consisting of pinkish conidial pigmentation, decreased aerial hyphae, 
a decrease in growth rate, and a decrease in protoperithecial production (Dementhon et 
al., 2006; Hutchison et al., 2009; Xiang and Glass, 2002) (figure 3-1). In a previous 
study, I showed that vib-1 interacts genetically with the protein kinase encoding gene 
ime-2 (NCU01498) (Hutchison and Glass, 2010) with respect to the vib-1 protoperithecial 
formation phenotype. Surprisingly, ime-2 did not interact genetically with the N. crassa 
homolog (fsd-1) that shares the highest sequence conservation with S. cerevisiae NDT80 
(Hutchison and Glass, 2010). Instead, ime-2 appears to be part of the vib-1 regulatory 
network and thus I suspected that other vib-1 mutant phenotypes might be affected in the 
vib-1 ime-2 double mutant. In fact, the vib-1 ime-2 double mutant exhibits an 
intermediate phenotype with respect to vegetative growth (figure 3-1A). ime-2 mutants 
appear more light yellow than orange, and only conidiate at the top of the slant, usually in 
clumps. The vib-1 ime-2 double mutant only conidiates at the top of the slants, similar to 
ime-2 mutants, but produces a more pronounced ring of conidia. However, the conidia of 
the vib-1 ime-2 double mutant are pinkish in color, like vib-1 single mutants. Though the 
genetic relationship of ime-2 and vib-1 was unclear from the vegetative growth 
phenotype, the double mutant was clearly different from either single mutant, indicating 
that other phenotypes of vib-1 may be altered in the double mutant. 

Another phenotype of vib-1 mutants is that they do not produce extracellular 
proteases in response to nitrogen or carbon starvation (figure 3-1B) (Dementhon et al., 
2006). The !vib-1 !ime-2 double mutant exhibits wild type levels of extracellular 
protease production upon nitrogen starvation, and the !ime-2 strain was identical to wild 
type (Figure 3-1B). These data suggest that ime-2 and vib-1 are involved in a common 
signaling network, and that ime-2 can have an epistatic effect to vib-1.  
 
A !vib-1 !ime-2 mutant has wild type levels of cell death due to HI 
 vib-1 was first identified as a suppressor of HI, and strains that have deletions of 
vib-1 are suppressed for cell death (figure 3-2C, D; figure 3-3) (Xiang and Glass, 2002; 
Xiang and Glass, 2004). I next determined whether single deletion strains of ime-2 or 
strains containing both ime-2 and vib-1 deletions had altered HI phenotypes. In general, 
compatible heterokaryons look identical to a wild type strain, with normal growth rate 
and abundant conidiation (figure 3-2A). Incompatible heterokaryons, however, exhibit 
decreased growth rate, lack of conidiation, and cell death (Figure 3-2B). Compatible and 
incompatible heterokaryons of !ime-2 strains look identical to wild type (Figure 3-2E, F), 
yet !vib-1 !ime-2 strains have an intermediate HI phenotype in forced heterokaryons 
(Figure 3-2G, H). The decrease in growth rate is not as severe in !vib-1 !ime-2 strains 
compared to wild type, and there is some conidiation, though to a much lesser extent than 
in the compatible heterokaryon (Figure 3-2G, H). Despite the intermediate HI growth 
phenotype, !vib-1 !ime-2 strains do have wild type levels of cell death as assessed by 
methylene blue staining (Figure 3-3). Thus, with respect to incompatibility, ime-2 
mutations are epistatic to vib-1. 
 Based on the !vib-1 !ime-2 phenotype, I hypothesized that additional cell death 
regulators can function redundantly with vib-1 to cause cell death. Two obvious 
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candidate genes that may have redundant functions with vib-1 and could be alternate 
death effectors in its absence are the vib-1 paralogs fsd-1 and NCU04729. Our previous 
study showed that these genes were not suppressors of heterokaryon incompatibility 
(Hutchison and Glass, 2010). However, if these genes were being negatively regulated by 
IME-2, a phenotype would only be visible in the absence of both ime-2 and vib-1. To 
determine whether these two genes were involved in the ime-2/vib-1 pathway, I tested the 
ability of a !vib-1 !ime-2 !fsd-1 !NCU04729 deletion strain to produce extracellular 
proteases. If fsd-1 and/or NCU04729 can substitute for vib-1 in the protease production 
pathway, the !vib-1 !ime-2 !fsd-1 !NCU04729 deletion strain should look identical to 
vib-1. However, this is not the case, as the quadruple mutant produces wild type levels of 
extracellular proteases (Figure 3-1B).  
 Previously, it was shown that vib-1 is necessary for the expression of HET 
domain genes (Dementhon et al., 2006). HET domains are filamentous fungal-specific 
protein domains that can cause an HI-like cell death when overexpressed (Paoletti and 
Clave, 2007). To test whether cell death in !ime-2 !vib-1 strains was mediated by 
restoration of HET domain gene expression, I performed quantitative RT-PCR on wild 
type, !vib-1, !ime-2, and !vib-1 !ime-2 strains. However, HET domain gene expression 
was not restored to wild type levels in the !vib-1 !ime-2 strain (Figure 3-4). In addition, 
deletion of ime-2 caused a slight increase in expression of vib-1, but ime-2 expression 
was unaffected in a vib-1 mutant. These data suggests that ime-2 is regulating vib-1 to 
some extent at the transcriptional level.  
 
VIB-1 is phosphorylated at a predicted IME-2 consensus site 

Due to the fact that ime-2 and vib-1 interacted genetically, I next investigated 
whether VIB-1 could be a substrate for IME-2 phosphorylation. In S. cerevisiae, Ime2 
can directly phosphorylate Ndt80 (Shubassi et al., 2003; Sopko et al., 2002), and VIB-1 
does contain a perfect consensus for Ime2. In S. cerevisiae, the consensus sequence for 
Ime2 phosphorylation events (R-P-X-S/T) has been well characterized (Holt et al., 2007; 
Moore et al., 2007). In fact, VIB-1 is phosphorylated at the predicted IME-2 consensus 
sequence in vivo (A. Leeder, unpublished data). To investigate whether VIB-1 
phosphorylation is dependent on IME-2, I took two approaches. First, I isolated VIB-1-
GFP protein from strains with a wild type background (BH13c) and an ime-2 background 
(BH13a). Next, I enzymatically digested the protein and sent the peptides for sequencing 
by 2D mass spectrometry. Using this method, phosphorylation sites are detected by a 
specific shift in peptide mass. If IME-2 is necessary for VIB-1 phosphorylation at the 
predicted consensus site, I expected to see phosphorylation at that site in the wild type 
background, and not in the !ime-2 background. Though I detected several 
phosphorylation sites in the VIB-1 protein (figure 3-5), unfortunately I could not obtain 
coverage at the predicted IME-2 consensus site, despite many attempts. As an alternative 
approach to investigate the function of VIB-1 phosphorylation, I made mutations at 5 of 
the 7 phosphorylation sites. The phosphorylation sites were changed to either phospho 
mimic (S to D) or phospho dead (S to A), and these mutant alleles were transformed into 
!vib-1 strains of alternate het-c pin-c haplotypes. This work is still ongoing, and future 
experiments will evaluate the effect of the phosphorylation site mutations on HI using 
forced heterokaryons. Currently, all phophorylation site mutants can complement the 
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conidial phenotype of !vib-1 strains, and the phosphorylation site mutations do not affect 
the nuclear localization of VIB-1 (data not shown).  
 
Microarray analysis reveals that mutations in ime-2 affect mitochondrial function
 Previous studies showed an effect of nitrogen on ime-2 signaling, so I investigated 
gene expression of wild type versus an !ime-2 mutant strain under nitrogen starvation 
conditions using whole genome microarrays. Further, in order to identify other potential 
cell death mediators involved in the vib-1/ime-2 pathway, I analyzed the N. crassa 
genome for matches to the yeast Ime2 phosphorylation consensus sequence using the 
Scansite program (http://scansite.mit.edu/) (Obenauer et al., 2003). Figure 3-6 
summarizes the proportion of enriched functional categories for genes that are 
upregulated more than 1.5 fold in wild type and in !ime-2 strains. In addition, functional 
category results are shown for the phosphorylation consensus analysis. Interestingly, the 
FunCat enrichment profile for genes upregulated in the !ime-2 strain and in the 
consensus site analysis were very similar (Figure 3-6). Specifically, the functional 
categories of Metabolism (p<0.00005), Cell cycle and DNA processing (p<0.0001), 
Protein synthesis and Protein fate (p<0.05), Cellular communication (p<0.01), and 
Interaction with the environment (p<0.05) were all significantly enriched in both the 
dataset of upregulated genes in the !ime-2 strain as well as in the list of Scansite 
predicted IME-2 targets.  

Further, I noticed an interesting pattern with respect to mitochondrial genes. In the 
consensus site search, potential targets of IME-2 were significantly enriched for 
mitochondrial genes (15% versus expected 11%). Mitochondrial genes were not 
statistically enriched in the transcriptional profiling data. However, mitochondria have 
been implicated in cell death in many other organisms, and I hypothesized that the 
enrichment I observed for the consensus sequence analysis was still biologically 
significant. In the transcriptional profiling data, mitochondrial genes tended to be down-
regulated in the !ime-2 strain compared to wild type. In the wild type compared to the 
!ime-2 strain, genes comprising the mitochondrial genome tended to be upregulated (15 
of 29 genes total). Thus, WT and !ime-2 strains are significantly different in their 
transcriptional programs, and may have biologically significant differences in 
mitochondrial gene transcription levels. 
  
ime-2 mutants affect the post-translational processing of the mitochondrial protein 
ARG-4 

Based on the microarray data, I suspected that mitochondrial structure or function 
might be altered in !ime-2 strains. In addition, because vib-1 interacts genetically with 
ime-2, I also included !vib-1 and !vib-1 !ime-2 strains in our analysis. To investigate 
mitochondrial phenotype, I stained mitochondria in wild type, !vib-1, !ime-2 and !vib-1 
!ime-2 strains with MitoTracker Red FM. In addition, I transformed each mutant strain 
(and wild type) with a GFP-tagged mitochondrial marker protein, ARG-4, using the 
pccg1-arg-4-gfp plasmid previously constructed by Bowman, et al. (2009). In wild type 
hyphae, mitochondria appear as long tubules in the apical regions of hyphae, and as more 
punctate structures further back from the tip (Bowman et al., 2009). When stained with 
MitoTracker Red FM, all mutant strains looked identical to wild type (figure 3-7A).  
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However, when mitochondria were visualized with ARG-4-GFP, !ime-2 strains 
exhibited an altered localization pattern. Instead of long, tubular structures, ARG-4-GFP 
localized either to vesicles, punctate structures, or was diffuse in the cycloplasm (figure 
3-7B). Surprisingly, however, the !ime-2 !vib-1 strain exhibited wild type ARG-4-GFP 
localization (figure 3-7B). Next, I determined whether the defect in ARG-4-GFP 
localization in !ime-2 strains was due to a defect in protein processing or in targeting to 
the mitochondria. In yeast, the ARG-4 homolog ARG7 undergoes a post-translational 
autoproteolytic processing step that results in the formation of two smaller subunits, each 
of which localizes to the mitochondrial matrix where they associate in a complex 
(Abadjieva et al., 2000). The autoproteolytic activity of yeast ARG7 is dependent on a 
threonine residue, and this residue is conserved in N. crassa ARG-4. Bowman et al. also 
observed two distinct bands for N. crassa ARG-4-GFP in a previous study, and the band 
sizes match what would be expected if the protein is proteolytically cleaved at the 
conserved threonine residue. I also observed two distinct bands (approximately 75 kDa 
and 50 kDa) for ARG-4-GFP in wild type, !vib-1, and !vib-1 !ime-2 strains (figure 3-
8A, B). In !ime-2 strains, however, much less ARG-4-GFP protein was produced, and 
only the 50 kDa band could be detected in this mutant (figure 3-8A, B). These results 
suggest that ime-2 is necessary for post-translational modifications of ARG-4. Despite the 
lack of full-length ARG-4 protein, !ime-2 strains are not arginine auxotrophs. !vib-1 
!ime-2 strains not only produce both ARG-4-GFP bands, but there is more ARG-4-GFP 
produced overall (figure 3-8A, B), suggesting that vib-1 is also affecting ARG-4-GFP 
post-translational regulation.  

Next, I verified that the differences in ARG-4 protein levels were not due to 
differences in transcription. The arg-4-gfp construct in this experiment is under the ccg-1 
over-expression promoter, a commonly used promoter for constitutive gene expression. 
Thus, I also quantified the transcription of this gene to verify that arg-4-gfp is induced to 
similar levels in all strains, in case any of the deletion strains are affected for ccg-1 
regulation. Q-RT-PCR analysis showed that wild type, !vib-1, and !ime-2 strains all 
produced approximately equal amounts of both arg-4 and ccg-1. However, though the 
!vib-1 !ime-2 strain produced wild type levels of ccg-1, it had significantly higher levels 
of arg-4. Because the ccg-1 levels are the same as wild type in the !vib-1 !ime-2 strain, 
this indicates that the native copy of arg-4 is upregulated in this strain. 
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Discussion 
 Diversification of kinase cascades may provide a mechanism for eukaryotes to 
evolve new developmental pathways or adapt to new environments (Bhattacharyya et al., 
2006). In this study, I have shown that N. crassa ime-2 regulates cell death due to HI, and 
also regulates post-translational processing of the mitochondrial matrix protein ARG-4. 
IME2 homologs have not been previously implicated in programmed cell death, but 
interestingly, recent studies in yeast and other fungi have provided evidence that Ime2 
can function in cellular processes other than meiosis. For instance, Strudwick et al. 
uncovered a role for Ime2 in yeast pseudohyphal formation (Strudwick et al., 2010), and 
studies in other fungal species have showed that although Ime2 homologs often function 
in sexual differentiation or nutrient sensing, they are not generally meiotic regulators 
(Irniger, 2011). However, little is known about the regulators of IME2 or what its targets 
are in these alternate pathways.  

Data from this study as well as from a previous study (Hutchison and Glass, 
2010) indicates that ime-2 interacts genetically with the transcription factor vib-1, though 
the epistasis relationships between these two genes are complex. For some phenotypes, 
such as HI and protease production, ime-2 is epistatic to vib-1. However, for other 
phenotypes, including protoperithecial formation, HET domain gene expression, and 
ARG-4 localization, vib-1 is epistatic to ime-2. This data suggests that the ime-2 / vib-1 
signaling pathway is not a simple, linear interaction, but that there may be other genetic 
interactors present. Based on the genetic and molecular data for vib-1 and ime-2 thus far, 
I propose the following model (figure 3-9). Though I suspect that the ime-2 pathway has 
diverged from that of yeast, I think it is unlikely that ime-2 is functioning downstream of 
vib-1, even though the vib-1 mutation is epistatic to ime-2 in some instances. Instead, I 
propose that IME-2 negatively regulates VIB-1, likely at the protein level, and that 
additionally, IME-2 regulates a parallel pathway that functions redundantly with VIB-1. 
In this scenario, it would be possible to restore protease production and cell death in a 
!vib-1 !ime-2 strain. In this model (figure 3-9), mutation of components in the parallel 
cell death induction pathway in addition to vib-1 mutations would ameliorate cell death 
and HI completely, regardless of the presence or absence of ime-2. While I did determine 
that the vib-1 paralogs fsd-1 and NCU04729 are not involved in the parallel pathway, 
further experiments will be needed to identify potential ime-2 targets and additional 
members of this pathway. Additional data showing that ime-2 can affect the localization 
of mitochondrial proteins may indicate that the parallel cell death pathway could be 
acting through the mitochondria. Finally, I was unable to determine whether vib-1 is a 
direct target of ime-2, but am currently conducting experiments with vib-1 alleles that 
contain mutations in the ime-2 consensus site. 
 In order to identify potential targets of IME-2, I conducted microarray analysis on 
!ime-2 and wild type strains, and compared this dataset to predicted phosphorylation 
targets of IME-2 in the N. crassa genome, which were identified using the S. cerevisiae 
Ime2 consensus sequence (Holt et al., 2007; Moore et al., 2007). Interestingly, the 
functional categories that were enriched in the Scansite results and the dataset of genes 
upregulated in an ime-2 deletion strain were quite similar. In congruence with yeast data 
and reports from additional fungal species that Ime2 functions in meiosis, nutrient 
sensing, and phosphorylation (Irniger, 2011), I observed enriched categories for 
metabolism, protein fate, interaction with the environment, communication, and cell 
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cycle and DNA processing. Further, I observed enrichment for mitochondrial genes in the 
dataset for predicted IME-2 phosphorylation targets. Mitochondria are key players in 
apoptosis and cell death pathways (Tait and Green, 2010), and thus I reasoned that ime-2 
mutants might be affected for mitochondrial morphology or function. !vib-1, !ime-2 
mutants and !vib-1 !ime-2 strains all exhibited wild type mitochondrial morphology 
using MitoTracker Red FM mitochondrial dye. However, I did not observe GFP-tagged 
ARG-4 mitochondrial localization in !ime-2 strains, but the !vib-1 !ime-2 strain 
exhibited a wild type localization pattern. MitoTracker Red FM can permeate the cell 
membrane and accumulates in mitochondria based on membrane potential (Macho et al., 
1996; Poot et al., 1996), whereas ARG-4 homologs in yeast have been shown to be 
autoproteolytically cleaved before being targeted to the mitochondrial matrix (Abadjieva 
et al., 2000). I determined that !ime-2 strains do not make detectable levels of full length 
ARG-4 protein. Further experiments will be needed to determine whether additional 
mitochondrial matrix proteins are affected in !ime-2 strains, or if the effect is specific for 
ARG-4. Specifically, mitochondrial matrix proteins that are involved in the arginine 
biosynthesis pathway as well as unrelated proteins would need to be tested, as it is 
possible that ime-2 is affected for genes only in this specific pathway. 

Further, !ime-2 strains produce significantly more protoperithecial structures than 
wild type, and also make protoperithecia on non-inducing media (Hutchison and Glass, 
2010). Protoperithecia are induced by nitrogen starvation, and I hypothesize that ime-2 
strains are not properly sensing nitrogen. Despite the lack of full-length ARG-4 in !ime-2 
strains, they are not arginine auxotrophs. In fact, ARG7 mutants in S. cerevisiae exhibit a 
leaky phenotype, suggesting that there is an alternative mechanism for this step in the 
arginine biosynthesis pathway (Crabeel et al., 1997). Thus, it is possible that arginine 
levels in !ime-2 strains are high enough to maintain growth but are consistently low, and 
this would explain why !ime-2 strains exhibit a phenotype consistent with nitrogen 
starvation. Future experiments to assess nitrogen levels and arginine biosynthesis 
pathway activity in !ime-2 strains would need to be done in order to directly determine if 
!ime-2 strains are actually starved for nitrogen or if they are not able to sense the 
presence of nitrogen. 

It has recently become appreciated that Ime2 regulatory pathways have diverged 
in fungi, and that Ime2 is likely regulating a diverse set of pathways including mating, 
pseudohyphal growth, sexual differentiation, nutrient sensing (Irniger, 2011) Our results 
provide additional evidence that the Ime2 pathway has diverse functions in different 
fungal species, and additionally implicate N. crassa ime-2 in nonself recognition and 
programmed cell death.  
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Table 3-1. List of strains used in this chapter 
 

Strain Name Genotypea Origin or Reference 
FGSC 2489 A  FGSC 
FGSC 11308; 
FGSC 11309 

!vib-1::hph a; !vib-1::hph A FGSC 

FGSC 17936; 
FGSC 17937 

!ime-2::hph a; !ime-2::hph A FGSC 

FGSC 4564 ad-3B cyh-1 am1 FGSC 
R15-7 his-3; a (Dementhon et al., 2006)  
C9-15 het-c2 pin-c2 thr-2 A (Smith et al., 2000) 
C9-2 het-c2 pin-c2 thr-2 a (Smith et al., 2000)  
Xa-3 het-c2 pin-c2 arg-5; pan-2 A (Xiang and Glass, 2002) 
JH3 het-c2 pin-c2 arg-5; a C9-2 x Xa-3  

(Dementhon et al., 2006) 
R14-42 his-3 rid-1 !sad-1::hph A Gift from P.K.T. Shiu; 

(Rasmussen et al., 2008) 
KD02-10 his-3; pyr-4; pan-2 a (Dementhon et al., 2006) 
   
DVI.4 !ime-2::hph; !vib-1::hph A (Hutchison and Glass, 2010) 
D49.10 his-3; !NCU09915::hph; 

!NCU04729::hph A 
(Hutchison and Glass, 2010) 

KD13-21 his-3; !vib-1::hph A (Dementhon et al., 2006) 
KD13-51 !vib-1::hph; pan-2 A (Dementhon et al., 2006) 
KD13-33 !vib-1::hph; pan-2 a (Dementhon et al., 2006) 
KD13-01 het-c2 pin-c2 thr-2; !vib-1::hph a (Dementhon et al., 2006) 
KD13-23 his-3; het-c2 pin-c2; !vib-1::hph; pan-2 

A 
(Dementhon et al., 2006) 

DVI.HIS.40 his-3; !ime-2; !vib-1 a DVI.4 x KD02-10 
SV1 his-3::pccg1-vib-1-gfp; pyr-4; !vib-1; 

pan-2 A 
gift from Jianping Sun, 
Glass lab  

BH13a his-3::pccg1-vib-1-gfp; !ime-2::hph; 
!vib-1::hph 

SV1 x DVI.HIS.40 

BH13c his-3::pccg1-vib-1-gfp; !vib-1::hph SV1 x DVI.HIS.40 
DI.PYR.4 !ime-2::hph pyr-4 a DVI.4 x KD02-10 
DI.HIS.10 his-3; !ime-2::hph a DVI.4 x KD02-10 
DI.A.22 !ime-2::hph arg-5 het-c2 pin-c2 a DVI.A.78 x D49.10 
DVI.PYR.63 !ime-2::hph pyr-4; !vib-1::hph a DVI.4 x KD02-10 
DVI.HIS.48 his-3; !ime-2::hph; !vib-1::hph a DVI.4 x KD02-10 
DVI.A.101 !ime-2::hph arg-5; !vib-1::hph a DVI.4 x JH3 
R14-42arg4gfp his-3::pccg1-arg-4-gfp rid-1 !sad-

1::hph A 
R14-42[pccg1-arg-4-gfp] 

!vib-1arg4gfp his-3::pccg1-arg4-gfp; !vib-1::hph A KD13-21[pccg1-arg-4-gfp] 
!ime2arg4gfp his-3::pccg1-arg4-gfp; !ime-2::hph a  DI.HIS.10[pccg1-arg-4-
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gfp] 
2xk0arg4gfp his-3::pccg1-arg4-gfp; !ime-2; !vib-

1::hph 
DVI.HIS.48[pccg1-arg-4-
gfp] 

DVI.A.78 !ime-2::hph arg-5; !vib-1::hph a DVI.4 x JH3 
D49VI.HIS.1 his-3; !ime-2::hph; !NCU09915::hph; 

!vib-1::hph; !NCU04729::hph a 
D49.10 x DVI.A.78 

1xPMA-PA his-3::pccg1-vib-1m-gfp; het-c2 pin-c2 
!vib-1::hph; pan-2 A 

KD13-23[pccg1-vib-11xPMA-
gfp] 

4xPMA-PA his-3::pccg1-vib-1m-gfp; het-c2 pin-c2 
!vib-1::hph; pan-2 A 

KD13-23[pccg1-vib-14xPMA -
gfp]  

1xPMD-PA his-3::pccg1-vib-1m-gfp; het-c2 pin-c2 
!vib-1::hph; pan-2 A 

KD13-23[pccg1-vib-11xPMD-
gfp]  

4xPMD-PA his-3::pccg1-vib-1m-gfp; het-c2 pin-c2 
!vib-1::hph; pan-2 A 

KD13-23[pccg1-vib-14xPMD-
gfp]  

astrains are of het-c1 pin-c1 genotype unless otherwise indicated 
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Figure 3-1. ime-2 is epistatic to vib-1 with respect to vegetative phenotype and 
protease production.  (A) wild type (FGSC 2489), !vib-1 (FGSC 11308), !ime-2 
(FGSC 17936), and !vib-1 !ime-2 (DVI.4) strains grown on minimal media slants. (B) 
Extracellular protease activity of wild type and deletion strains (from A), as well as the 
!vib-1 !ime-2 !fsd-1 !NCU04729 strain (D49VI.HIS.1), was assessed on media with 
and without nitrogen, and only the vib-1 deletion strain was decreased for protease 
production. Protease activity units are normalized to wild type on nitrogen starvation (-
nitrogen) media. 
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Figure 3-2. !vib-1 !ime-2 strains are not suppressed for heterokaryon 
incompatibility. Compatible WT (A; FGSC 4564 + R15-7), !vib-1 (C; KD13-21 + 
KD13-51), !ime-2 (E; DI.PYR.4 + DI.HIS.10), !vib-1 !ime-2 (G; DVI.HIS.48 + 
DVI.PYR.63) and incompatible WT (B; FGSC 4564 + C9-15), !vib-1 (D; KD13-33 + 
KD13-1), !ime-2 (F; DI.HIS.10 + DI.A.22), and !vib-1 !ime-2 (H; DVI.PYR.63 + 
DVI.A.101) heterokaryons were forced on minimal media and assessed for HI phenotype 
several days later.  
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Figure 3-3. !vib-1 !ime-2 strains have wild type levels of cell death during 
heterokaryon incompatibility. Compatible and incompatible heterokaryons from figure 
3-2 were plated on minimal media overlaid with cellophane and grown for 1-3 days. The 
percentage of death cell compartments was evaluated using microscopy and methylene 
blue staining. As with the HI phenotype, only vib-1 deletion strains are suppressed for 
cell death. 
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Figure 3-4. Expression of HET domain genes is not restored in a !vib-1 !ime-2 
mutant. Expression of ime-2, vib-1, and two HET domain genes (pin-c, tol) was assessed 
using quantitative RT-PCR. Deletion of vib-1 abolishes expression of HET domain 
genes, and expression is not restored in a vib-1 ime-2 double deletion strain. In addition, 
deletions of either ime-2 or vib-1 do not significantly affect the expression of each other. 
Arrows indicate lack of expression of both pin-c and tol genes in the graph. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



90 

Figure 3-5. VIB-1 is phosphorylated on multiple sites and contains an IME-2 
consensus site. Schematic of observed sites of VIB-1 phoshporylation as determined by 
mass spectrometry. The asterisk indicates the phosphorylation site that matches the 
consensus for yeast Ime2. Sites that are underlined were in the dataset from germinating 
conidia (A. Leeder, unpublished) as well as the dataset from hyphal growth (this study).   
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Figure 3-6. Functional category analysis of potential targets of IME-2. Distribution of 
significantly enriched MIPS functional categories for the microarray dataset of wild type 
compared to an ime-2 deletion strain, as well as the genes predicted by Scansite to be 
potential phosphorylation targets of IME-2. Numbers above the columns indicate the total 
numbers of genes present in each dataset. 
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Figure 3-7. Mutations in ime-2 affect localization of mitochondrial proteins. (A) 
Mitochondria stained with MitoTracker Red FM in FGSC 2489 (wt), FGSC 11308 (!vib-
1), FGSC 17937 (!ime-2), and DVI.4 (!vib-1 !ime-2). The third column of panels is an 
enlargement of the region highlighted by a white box in the second column of panels. (B) 
Localization of ARG-4 to mitochondrial in wild type and deletion strains transformed 
with pccg1-arg-4-gfp. Localization is identical to wild type in all cases except for ARG-4 
localization in the !ime-2 strain. Mitochondrial tubule structures are not seen in this case, 
and the protein localizes to either vesicles, punctae, or is diffuse in the cytoplasm. Scale 
bar = 10 µm. 
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Figure 3-8. Mutations in ime-2 affect the post-transcriptional regulation of ARG-4. 
(A) Western blot for ARG-4-GFP in wild type, !vib-1, !ime-2, and !vib-1 !ime-2 
strains, with molecular weight ladder (kDa) on the left. ARG-4-GFP is detected as two 
distinct bands, ~75 kDa and 50 kDa. Equal amounts of protein were loaded in each lane 
(B) Longer exposure of the blot from (A), more clearly showing the 50 kDa band in the 
!ime-2 strain. (C) Western blot of "-tubulin verifying that equal amounts of protein were 
loaded in each well. (D) Q-RT-PCR of arg-4 and ccg-1 levels in wild type, !vib-1, !ime-
2, and !vib-1 !ime-2 strains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



94 

Figure 3-9. Model for ime-2 and vib-1 genetic pathway. See Results and Discussion 
sections for details. 
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Chapter 4: Identification of new Neurospora crassa nonself recognition loci using a 
comparative genomics approach 
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Abstract 
Signaling mechanisms to distinguish self from nonself are crucial to maintaining 

cellular identity for many organisms, and the genes that control these processes are often 
under strong evolutionary constraints. Self/nonself recognition genes exhibit 
characteristic evolutionary signatures, including balancing selection and trans-species 
polymorphisms. Filamentous fungi have a mechanism for distinguishing between 
genetically identical individuals, heterokaryon incompatibility (HI), and the genes that 
mediate HI are termed het loci. In this study, I successfully used a comparative genomics 
approach to identify candidate het loci in Neurospora crassa. Specifically, I used data 
from array CGH as well as RNA-seq datasets to look for the presence of multiple alleles, 
balancing selection, and trans-species polymorphism in 55 N. crassa genes that contain a 
predicted HET protein domain. Genes containing a HET domain are almost always 
associated with the known het loci in fungi, making them good candidates for finding 
new genes that mediate HI. Using this approach, I found that 23 of the 55 HET domain 
genes fit our criteria for a het locus, and all known HET genes involved in HI were 
present in our dataset. Further, I tested the biological function of three candidate HET 
domain genes, NCU09037, NCU04694, and NCU07511, and showed that one of them 
(NCU09037) functions as a het locus. Our method for identifying new het loci could be 
applied to other fungi, and would be particularly useful for identifying these types of loci 
in non-model organisms.  
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Introduction 
The ability to recognize self from nonself is crucial for maintaining cellular 

identity in multicellular organisms. Molecular mechanisms for nonself recognition are as 
diverse as the types of organisms that have evolved this ability. Well-studied examples 
include the mammalian immune system (Chaplin, 2010), plant immunity and pollen 
recognition (Dodds and Rathjen, 2010; Sanabria et al., 2008), fusion and recognition in 
eukaryotic invertebrates and amoebae (Cadavid, 2004; Li and Purugganan, 2010; 
McKitrick and De Tomaso, 2010; Strassmann et al., 2000), and heterokaryon 
incompatibility in fungi (Aanen et al., 2010). More recently, it has become apparent that 
prokaryotes also have sophisticated nonself recognition mechanisms (Be'er et al., 2010; 
Be'er et al., 2009; Gibbs et al., 2008; MacIntyre et al., 2010; Miguelez et al., 1999, 2000; 
Velicer and Vos, 2009). It is not surprising that genes involved in such key processes as 
immunity and maintenance of genetic identity are under strong selective pressures, and 
that nonself recognition genes often exhibit very characteristic evolutionary signatures. 

Nonself recognition genes from a variety of organisms have been shown to be 
under balancing selection, including the mammalian MHC locus, plant and fungal 
incompatibility systems, and fungal mating genes (Boehm, 2006; Charlesworth, 2006; 
Hall et al., 2010; Hedrick, 2007; Wu et al., 1998). Balancing selection is defined as the 
maintenance of multiple alleles in a population, and can be maintained by the following 
types of selection: heterozygote advantage, frequency-dependent selection (where rare 
alleles are advantageous), and variability in allele advantage depending on environment 
(Charlesworth, 2006; Hedrick, 2007). If maintained over long enough time-scales, alleles 
under balancing selection may also exhibit trans-species polymorphisms, such that alleles 
are maintained across speciation events (Charlesworth, 2006; Hedrick, 2007). In fungi, 
self/nonself recognition genes exhibit both balancing selection and trans-species 
polymorphism. 

The fungal self/nonself recognition mechanism is termed heterokaryon 
incompatibility (HI), and functions to restrict hyphal network formation among 
genetically different individuals (Aanen et al., 2010). If two fungal individuals come into 
contact and successfully fuse, they can form a heterokaryon. However, if the individuals 
are genetically different at any of several nonself recognition (or heterokaryon; het) loci, 
then rapid compartmentalization and cell death occurs at the site of fusion. Individuals 
that are different at het loci are incompatible, and cannot create stable heterokaryons. 
Typically, fungi contain 8-11 het loci, with each locus having 2-3 alleles (Aanen et al., 
2010), and fungal nonself recognition mechanisms are thought to limit the transfer of 
deleterious cytoplasmic elements such as viruses or mitochondrial senescence plasmids 
(Caten, 1972; Cortesi et al., 2001; Debets and Griffiths, 1998; Debets et al., 1994; 
Milgroom and Cortesi, 2004; van Diepeningen et al., 1997). Nonself recognition 
mechanisms are prevalent in a diverse range of fungal species, and have been molecularly 
characterized in two model filamentous ascomycete systems, Neurospora crassa (Glass 
and Dementhon, 2006) and Podospora anserina (Pinan-Lucarre et al., 2007).  

Heterokaryon incompatibility in fungi was discovered in the early 1950s in both 
N. crassa and P. anserina. However, despite mapping of het loci in both species, cloning 
het loci has proven difficult. In addition, predicting fungal het genes a priori from 
genome data has also proven difficult for several reasons. First, only 7 het loci have been 
cloned thus far in either N. crassa or P. anserina and second, conservation of het loci 
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among fungal species has not been extensively investigated. Thus, the determining 
factors and defining features of fungal het loci are not well known at this point. Further, 
in the instances where it has been tested, some het loci are not functionally conserved 
among fungal species. For example, though het-c homologs are present in the genomes of 
Fusarium proliferatum, Aspergillus niger, Botrytis cinerea, and P. anserina, none of 
these homologs function in HI (Fournier et al., 2003; Kerenyi et al., 2006; Saupe et al., 
2000; van Diepeningen et al., 2009). However, one feature that is shared among 6 of the 
7 molecularly characterized het loci is the association with a gene that contains a HET 
domain (Chevanne et al., 2009; Glass and Dementhon, 2006). The HET domain is a 
filamentous ascomycete-specific protein domain (Fedorova et al., 2005). This domain has 
undergone an expansion in filamentous ascomycetes, and the number of HET domain 
genes in a fungal genome can vary from 0 to >150 (Fedorova et al., 2005). Interestingly, 
overexpression of the HET domain itself can causes a cell death phenotype similar to HI, 
further implicating this domain nonself recognition-mediated cell death (Paoletti and 
Clave, 2007). In a recent study in P. anserina, the authors looked for polymorphisms in a 
specific class of HET domain genes, termed HNWD genes, and were able to predict a 
functional het locus by looking for the presence of multiple alleles in a population 
(Chevanne et al., 2009). In N. crassa, there are 55 HET domain genes but only 11 
mapped het loci, and thus I reasoned that only a subset of these HET domain genes was 
functioning in HI (i.e. approximately one HET domain gene per het locus). In this study, 
I used whole-genome approaches (array comparative genome hybridization and RNA-
seq) to identify candidate HET domain genes that are functioning as het loci. 
Specifically, I looked for HET domain genes that had conserved evolutionary features of 
self/nonself recognition loci, such as the presence of multiple alleles, balancing selection, 
and trans-species polymorphism. I successfully identified a subset of candidate HET 
domain genes that exhibit these features, and obtained polymorphic allele sequences for 
these several of these candidate genes. Finally, I was able to successfully identify a new 
het locus from this dataset of candidate HET domain genes. 
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Materials and Methods  
Strains and growth conditions. Strains used for and constructed in this study are 

shown in table 4-1. All strains were grown on Vogel’s minimal media (Vogel, 1956) and 
crossed on Westergaards (Westergaard and Mitchell, 1947) media unless otherwise 
noted. Transformations were performed as previously described (Margolin et al., 1997). 
Heterokaryons were forced by mixing conidia of two strains having complementary 
auxotrophic markers and plating the conidial suspension onto minimal media. For cell 
death measurements, heterokaryons were grown on minimal media overlaid with 
cellophane for several days. Blocks of cellophane were cut out and stained with 0.003% 
methylene blue for 1-2  minutes, and observed via light microscopy. Approximately 20-
30 random fields were imaged, and the percent of dead compartments in each field was 
calculated.  

Plasmid construction. First, the promoter of qa-2 (NCU06023) was amplified 
using primers pQA-2 For NotI (5’ GCG GCC GCA GAG TCC TTG ACA AGC AGT 3’) 
and pQA-2 Rev XbaI (5’ TCT AGA TGT GTT TGG TAC CTC TG 3’), which were 
designed based on a previous study (Aronson et al., 1994). Next, this PCR fragment was 
cloned into pMF272 (Freitag et al., 2004) using NotI and XbaI enzymes (New England 
Biolabs). The resulting plasmid (pMF272 pqa-2) was verified via sequencing. 
NCU09037.1 and NCU09037.2 alleles were amplified from FGSC 2489 and P4484, 
respectively, using primers 9037 For XbaI (5’ CGC TCT AGA ATG GTT CCT AGA 
CCT CC 3’), 9037 Rev PacI (5’ CGC TTA ATT AAT ACC AGC ATA ATT TTC TGG 
C 3’), 9037 del XbaI (5’ CGC TCT AGA ATG GTC CTA AGA TCC CC 3’), and 9037 
del PacI (5’ CGC TTA ATT AAT ATT TTC AAA GAC CTT TC 3’); both alleles were 
cloned into the pMF272 pqa-2 plasmid. For tagging 9037.1 with HA, 9037 For XbaI was 
paired with 9037w Eco Rev (5’ GCG GAA TTC TCA AGC ATA ATC AGG AAC 
ATC ATA CGG ATA TCC TAC CAG CAT AAT TTT CTG 3’), and for tagging 
9037.2 with HA, 9037 del XbaI was paired with 9037d Eco Rev (5’ GCG GAA TTC 
TCA AGC ATA ATC AGG AAC ATC ATA CGG ATA TCC TAT TTT CAA AGA 
CCT TTC 3’), where the sequence used for the HA tag is in bold. NCU04694.1 and 
NCU4694.2 alleles were amplified using 4694.1&.2 SpeI 5’ (5’ ACT AGT ATG TTC 
ACC TAC AGC CC 3’) and 4694.1&.2 PacI 3’ (5’ TTA ATT AAA TAG ATG TCA 
AAA ACC TCC 3’) primers, with 4694.1 being amplified from FGSC 2489, and 4694.2 
amplified from P4451. NCU07511.1, NCU07511.2, and NCU07511.3 alleles were 
amplified from strains FGSC 2489, JW5, and JW18, respectively, and using the primers 
7511.1 SpeI 5’ (5’ ACT AGT ATG ACA GCC ACT GCG GCA ACG AC 3’), 7511.1 
PacI 3’ (5’ TTA ATT AAA AGC CTA TAT CAT ACT TAT ATT G 3’), 7511.2&.3 
SpeI 5’ (5’ ACT AGT ATG ACA GCC ACT ACG GC 3’), 7511.2 PacI 3’ (5’ TTA ATT 
AAC CAT GTC AGG TTT GTC G 3’), and 7511.3 PacI 3’ (5’ TTA ATT AAC CAT 
GTC AGG TTT GTC 3’).  

Phylogenetic analysis. NCU09037 sequences were amplified from strains in the 
Perkins Collection (FGSC) using the primers 9037 For XbaI + 9037 Rev PacI (for 9037.1 
allele) and 9037 del For XbaI+9037 del Rev PacI (for 9037.2 allele) using Phusion High-
Fidelity DNA Polymerase (Finnzymes). Gel bands of correct size were extracted and 
purified using a Qiagen Gel Extraction kit, and gel-purified PCR products were cloned 
using a Zero Blunt TOPO kit (Invitrogen). Alleles were sequenced at the UC Berkeley 
DNA sequencing facility. Sequences were aligned using ClustalW2 (Thompson et al., 
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2002) and viewed using BioEdit (Hall, 1999). N. tetrasperma and N. discreta sequences 
were obtained by using the NCU09037.1 and NCU09037.2 alleles in a BLAST search at 
the genome websites for each species (N. tetrasperma; http://genome.jgi-
psf.org/Neute_matA2/Neute_matA2.home.html, N. discreta; http://genome.jgi-
psf.org/Neudi1/Neudi1.home.html, S. macrospora; http://c4-1-
8.serverhosting.rub.de/public/). Phylogenetic trees were created using MRBAYES 3.1 
(Ronquist and Huelsenbeck, 2003) with 4 separate chains run for 500,000 generations, a 
burn-in value of 1000, and sampling every 100 generations. Trees were viewed using 
NJplot (Perriere and Gouy, 1996). 

Identification of polymorphic HET domain genes using RNA-seq data. Data 
for evaluating polymorphisms at HET domain genes was obtained using RNA-seq 
(Nagalakshmi et al., 2008) libraries from a population of approximately 120 N. crassa 
strains in collaboration with Dr. Charles Hall (Glass Lab; unpublished data). Briefly, 
sequencing reads were assembled de novo using the short read assemblers ABySS and 
Velvet (Simpson et al., 2009; Zerbino and Birney, 2008), combined into contigs using 
Cap3 (Huang and Madan, 1999) and assigned annotation using the BLAST algorithm 
(Altschul et al., 1990). A mapped assembly was also constructed, using the N. crassa 
FGSC 2489 sequenced genome as a reference, and reads were mapped back to the 
genome using the MAQ short read aligner (Li et al., 2008). Reads for both the de novo 
and mapped assemblies were merged, and sequences for all N. crassa HET domain 
genes, along with their homologs in N. tetrasperma and N. discreta, were aligned using 
ClustalW (Thompson et al., 2002). Bootstrap trees were created from the ClustalW 
alignments. Sequence alignments and phylogenetic trees for each HET domain gene were 
examined manually for evidence of balanced sequence polymorphism as well as trans-
species polymorphisms. In addition, the same analysis was applied to the genes up- and 
down-stream from each HET domain gene, to determine if any of the HET domain genes 
exhibited linkage disequilibrium with neighboring genes. For NCU09037, NCU04694, 
and NCU07511, sequence polymorphisms were confirmed via sequencing, sequences 
were aligned using AVID (Bray et al., 2003), and sequence identity plots were viewed 
using VISTA (Frazer et al., 2004). Sequence identity was calculated using BioEdit (Hall, 
1999). 

Array comparative genome hybridization (aCGH). Genomic DNA was 
extracted using standard protocols for Neurospora (Lee et al., 1988). Genomic DNA was 
provided to Nimblegen (www.nimblegen.com), where custom N. crassa arrays with 50 
mer probes spaced approximately 8 bp apart across the genome were designed and 
probed. Specifically, the sequenced strain (FGSC 2489) was hybridized comparatively 
with 7 additional Neurospora strains (P4455, P4491, P4489, D113, D106, D98, and 
D146). Hybridization results were viewed using the Nimblegen software SignalMap, and 
each HET domain gene was inspected manually for differences in hybridization signals. 
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Results 
NCU09037 is a polymorphic HET domain gene that exhibits balancing selection 

In order to identify polymorphic HET domain genes, I used an existing array 
comparative genome hybridization (aCGH) dataset. In the CGH study, genomic DNA 
from 7 different Neurospora strains (6 N. crassa, 1 N. discreta) was comparatively 
hybridized using custom Nimblegen arrays. I used this dataset to determine if there were 
differences in the Cy3/Cy5 hybridization ratios at each of the HET domain gene open 
reading frame regions; differences in hybridization likely indicated sequence 
polymorphisms between the two strains. I identified approximately 14 of the 55 genes as 
polymorphic (NCU03444, NCU04694, NCU04734, NCU05840, NCU05957, 
NCU07115, NCU07230, NCU07448, NCU07897, NCU08019, NCU08181, NCU09037, 
NCU09954, NCU10091). It has been previously shown that several HET domain genes 
that are involved in HI (tol, pin-c, het-6) have decreased expression in a vib-1 deletion 
strain (Dementhon et al., 2006). Thus, I hypothesized that polymorphic HET domain 
genes involved in HI would also have decreased expression in a vib-1 deletion strain, and 
so tested 8 of the 14 candidate HET domain genes. As shown in figure 4-1, 6 of the 8 
genes tested have decreased expression in a vib-1 deletion strain; expression of 
NCU05957 and NCU07230 in a vib-1 deletion strain did not differ significantly from 
wild type. 
 In order to characterize the polymorphic HET domain genes molecularly, as well 
as to verify our predictions from the aCGH data, I chose two candidate genes from our 
dataset for which to clone and sequence alternate alleles. NCU09037 and NCU05840 
looked like particularly good candidates due to a high degree of sequence polymorphism 
as well as very low expression levels in a vib-1 deletion strain. Despite several attempts, 
the alternate allele of NCU05840 could not be cloned. I suspect that strains containing 
alternate NCU05840 alleles contain complex genomic rearrangements or indels in the 
NCU05840 region that are preventing amplification and cloning of this gene. Additional 
experiments, such as southern blotting and whole genome sequencing of strains with 
predicted alternate allele sequences, will likely facilitate successful cloning of 
NCU05840 alleles. I did successfully clone the alternate allele of NCU09037, and will 
refer to the allele from the sequenced strain (FGSC 2489) as NCU09037.1 and the 
alternate allele as NCU09037.2. An alignment of NCU09037.1 and NCU09037.2 was 
constructed using AVID (Bray et al., 2003) and visualized using VISTA tools (Frazer et 
al., 2004). The NCU09037.1 and NCU09037.2 alleles are highly divergent, with only 
~30% identity between allele classes, however, identity is >90% within an allele class 
(table 4-2). Alleles for NCU09037 contain regions of conservation, but interestingly the 
NCU09037.2 allele does not contain a HET domain, and the C terminal end of the protein 
is highly variable (figure 4-2A). 

In addition, I constructed a phylogenetic tree using NCU09037 sequences from an 
N. crassa population, and included homologs from N. tetrasperma, N. discreta, and 
Sordaria macrospora. The NCU09037 alleles grouped into two very distinct and well-
supported clades, and these two alleles appear to be under balancing selection (figure 4-
3). In addition, the N. discreta and N. tetrasperma NCU09037 sequences group with the 
NCU09037.2 alleles, and the S. macrospora homolog groups with the NCU09037.1 
alleles, possibly suggesting that NCU09037 may also exhibit trans-species polymorphism 
(figure 4-3). However, additional sequence data for the N. discreta, N. tetrasperma and S. 
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macrospora NCU09037 homologs would need to be analyzed in order to conclusively 
determine the evolutionary history of these alleles. 
 
Identification of additional polymorphic HET domain genes using RNA-seq. 
 After the identification of NCU09037 as a polymorphic HET domain gene, a new 
RNA-seq dataset became available for approximately 100 strains from the same N. 
crassa population I used to clone NCU09037 (Glass lab, unpublished data). I reasoned 
that I could identify additional polymorphic HET domain genes using this dataset, as well 
as confirm polymorphisms in the genes from our existing dataset. With the previously 
cloned HET domain genes (tol, het-6, pin-c, and NCU09037), I had several positive 
controls available. The RNA-seq dataset was advantageous for several reasons. First, the 
RNA-seq analysis contained data from many more strains than the aCGH. Second, RNA-
seq data provided us with actual sequence data as opposed to hybridization results. In this 
way, I could accurately design primers to clone out alternate alleles that contained 
sequence polymorphisms, a step that was laborious and required intensive 
troubleshooting using the aCGH approach.  

In collaboration with Dr. Charles Hall (Glass lab), available RNA-seq data from 
these 100 strains was used to assess HET domain sequence polymorphism. RNA-seq 
reads were either mapped to a reference N. crassa genome or were assembled de novo, 
and assemblies for each of HET domain gene were compiled (see materials and 
methods). HET domain gene sequences from the population were aligned and trees were 
constructed to view the phylogenetic distribution of these alleles. Finally, the alignments 
and trees were examined manually for evidence of balancing selection and/or trans-
species polymorphism. In addition, the genes immediately up- and down-stream of the 
HET domain genes were examined for presence of these evolutionary signatures, as it is 
possible for non-allelic incompatibility interactions to occur via proximal genetic regions 
(Hall et al., 2010; Kaneko et al., 2006). In fact, 23 of the 55 HET domain genes were 
polymorphic and exhibited evidence of balancing selection (table 4-3), suggesting that 
they may be present in multiple alleles in a population and further, that they are 
candidates for functioning in heterokaryon incompatibility. As shown in the table, all of 
our positive controls are present in the polymorphic HET domain gene dataset, indicating 
that our identification method is robust. In addition, many polymorphic HET domain 
genes were adjacent to polymorphic genes (table 4-3), suggesting linkage disequilibrium 
or co-evolution of these adjacent genes. Further, these adjacent genes may be functioning 
as a non-allelic partner for incompatibility with the polymorphic HET domain genes. 
Figure 4-4 shows a schematic of the distribution of HET domain genes across the seven 
N. crassa chromosomes, and the polymorphic HET domain genes from our dataset are 
highlighted in orange. In addition, HET domain genes I cloned alleles from for this study 
are highlighted in red (NCU09037, NCU04694, NCU07511). Interestingly, except for 
linkage group IV, the polymorphic HET domain genes tend to cluster toward the ends of 
the chromosomes. In addition, the HET domain genes in general appear to cluster, and 
are not randomly distributed. 

As the RNA-seq coverage for many of the polymorphic HET domain genes was 
not complete enough to reconstruct entire alternate alleles, I sequenced two additional 
candidate genes, NCU04694, and NCU07511. These candidate genes were chose because 
from the RNA-seq data it did not appear that they were in linkage disequilibrium with 
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neighboring genes, and that polymorphisms were not present in surrounding regions; it is 
much simpler to test functionality in HI if the polymorphic region of interest is confined 
to one gene. 
 
NCU04694 and NCU07511 are present in multiple alleles in a population 
 One of the advantages of using the RNA-seq dataset is the ease with which new 
alleles can be cloned. Even though regions of NCU04694 and NCU07511 were 
polymorphic, I could look for conserved regions flanking the genes in order to design 
primers that would amplify all alleles from the population. NCU04694 has two different 
alleles, and NCU07511 has 3 different alleles (figure 4-2B-D). For NCU04694 and 
NCU07511, sequence identity between the different alleles is approximately 70-85%, 
with alleles NCU07511.1 and NCU07511.3 being the most divergent in sequence identity 
(table 4-4). Unlike NCU09037, the HET domain is present in each of the different alleles 
for NCU04694 and NCU07511. Thus, NCU04694, NCU07511, and NCU09037 are all 
present as multiple alleles in a population, and thus are good candidates for testing for 
functionality in heterokaryon incompatibility. 
 
NCU09037, but not NCU07511, functions as a het locus 
 NCU09037, NCU04694, and NCU07511 all exhibited evolutionary signatures 
characteristic of nonself recognition loci, and thus I next tested whether differences in 
allele type at these loci could actually cause HI and cell death. To test for functionality in 
HI, I crossed deletion strains of the gene of interest to obtain strains with both a gene 
deletion as well two different, complementary auxotrophic markers. In addition, one of 
these strains would also contain a his-3 mutation such that I could target a plasmid to this 
locus. Deletion strains of all three of these genes all looked identical to wild type strains 
on minimal media, and did not have any growth rate, developmental, or sexual cycle 
defects that I could detect. Next, I made constructs for each of the HET domain gene 
alleles, and placed them under the N. crassa qa-2 promoter. The qa-2 promoter has been 
used extensively in N. crassa for inducible expression studies, and is ideal for our study 
because it is expressed at very low levels on minimal media (Patel et al., 1981). As 
mentioned previously, over-expression of the HET domain has been shown to cause cell 
death (Paoletti and Clave, 2007). In addition, many attempts to transform the 
NCU09037.2 allele under a constitutive promoter failed. I could obtain transformants for 
this allele but either the 9037.2 gene was not expressed, or the construct did not integrate 
properly as assessed by PCR. Thus, I suspected that over-expression of this allele was 
lethal (data not shown).  
 To assess functionality of these three candidate genes, conidia from strains 
bearing different alleles were mixed together on minimal medium, and the phenotype of 
the resulting heterokaryon was assessed. As a control, heterokaryons were forced with a 
deletion strain of the corresponding HET domain gene. As shown in figure 4-5A, 
heterokaryons with differences at NCU09037 alleles exhibit a severe heterokaryon 
incompatibility phenotype (figure 4-5A, panels 5, 7). The growth rate is highly restricted, 
and the heterokaryons did not produce any conidia (compare to WT control, panel 1). The 
HI phenotype was completely absent if strains were of the same NCU09037 allele type 
(figure 4-5A, panel 4), or if one of the strains in the heterokaryons was lacking a 
NCU09037 allele (figure 4-5A, panel 3). If both NCU09037 alleles were expressed 
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ectopically in a heterokaryon (figure 4-5A, panel 7), then the incompatible heterokaryon 
grew slightly better (compare figure 4-5A, panels 5 and 7), allowing us to count cell 
death using the vital dye methylene blue. As shown in figure 4-5B, the incompatibility 
phenotype in this heteokaryon was indeed caused by cell death. Finally, the 
incompatibility reaction was independent of the type of epitope tag used for NCU09037, 
as GFP-tagged alleles behaved in an identical manner (data not shown). 

In addition, NCU07511 was tested for functionality in HI in the same manner as 
NCU09037 (figure 4-6). Using forced heterokaryons, I could not detect any evidence that 
NCU07511 alleles cause HI. Strains expressing ectopic NCU07511.2 or NCU07511.3 
alleles were compatible with both a wild type strain (figure 4-6, panels 3, 5) and a 
!NCU07511 strain (figure 4-6, panels 4, 6). In addition, heterokaryons with strains 
expressing NCU07511.2 and NCU07511.3 alleles looked identical to control 
heterokaryons with the NCU07511.1 allele (figure 4-6, panels 1-2). The heterokaryons in 
this figure are not conidiating as in the previous figure, but that is simply because they 
were incubated for a shorter time period.  

Finally, I was not able to obtain transformants that expressed the NCU04694.2 
allele despite many attempts, and thus could not test its function in HI using 
heterokaryons. Thus, I used transformation efficiency to assess HI function. In this 
method, which has been successfully used to identify incompatible interactions (Glass 
and Kaneko, 2003), pqa-2-4694.1-gfp, pqa2-4694.2-gfp, and a control plasmid pqa2-gfp 
are transformed into wild type and !NCU04694 strains. If the alternate allele (4694.2) 
was causing HI, there would be significantly fewer colonies produced when the pqa2-
4694.2-gfp plasmid was transformed into wild type than with the pqa2-4694.1-gfp 
plasmid. In addition, the pqa2-4694.1-gfp plasmid should have equal transformation 
efficiency with wild type, the !NCU04694 strain, and the control plasmid. Further, it is 
possible that the reduction in transformation efficiency for the 4694.2 allele would be 
suppressed in !NCU04694 strain. These transformation experiments are currently 
ongoing. Thus, by looking for evolutionary signatures characteristic of nonself 
recognition loci, I was able to successfully identify new het loci.  
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Discussion 
 In N. crassa, the genetics of nonself recognition were first discovered in 1953 by 
L. Garnjobst (Garnjobst, 1953), and the remaining eleven het loci were mapped several 
decades later (Mylyk, 1975; Perkins, 1988b). Currently, though het loci have been cloned 
in N. crassa as well as in P. anserina, genes encoding het loci are still largely unknown. 
In addition, nonself recognition loci have been studied at a population level in many 
species of fungi (Leslie, 1993), but without a tractable genetic system, the cloning of het 
loci would be highly difficult. However, the het loci that have been cloned in fungi and in 
other eukaryotes exhibit characteristic evolutionary features, and these hallmarks can be 
detected by comparative genomics and high-throughput sequencing.   
 In this study I utilized an array CGH dataset as well as an RNA-seq dataset from 
over 100 N. crassa strains in order to identify 23 candidate HET domain genes that are 
potentially functioning in nonself recognition and HI. These 23 polymorphic HET 
domain genes showed evidence of multiple alleles that were under balancing selection, 
and in some cases signatures of trans-species polymorphism. Predicting candidate het loci 
using RNA-seq data from a large population of N. crassa was quite robust, as all of the 
known het loci appeared in our dataset of candidate nonself recognition loci. het loci in 
general exhibit both allelic and non-allelic genetic interactions (Glass and Dementhon, 
2006), and consistent with this feature, I observed that in many cases, balancing selection 
was acting on at least one of the genes neighboring the candidate HET domain genes.  
 The polymorphic HET domain genes identified by the RNA-seq method were 
distributed over all seven chromosomes, but tended to cluster near each other, and also 
near the ends of chromosomes. Telomeres in fungi (and other eukaryotes) are highly 
dynamic structures, and often undergo rearrangements or insertions/deletions (Cohn et 
al., 2006). It is possible that HET domain genes are clustered near these regions because 
rearrangements and duplications near telomeres have created extra copies of these genes, 
some of which have undergo selection to function in HI. Previous studies in P. anserina 
have shown that genes containing HET domains (specifically HNWD genes) often evolve 
rapidly (Paoletti et al., 2007), and these evolutionary processes may be facilitated or 
enhanced by clustering near a dynamic genomic region, such as the telomere 
(McEachern, 2008). It is currently unclear whether this pattern of HET domain gene 
distribution is specific for N. crassa or whether it is common among filamentous fungi. 
  Next, I tested whether the alternate alleles of several of the candidate HET 
domain genes could cause HI. Interestingly, one of the NCU09037 alleles (NCU09037.2) 
had a large deletion almost exactly where the HET domain is located in the NCU09037.1 
allele. In almost all cases where het loci have been moleculary characterized, both allelic 
and non-allelic interactions are necessary for HI, mediated by a HET domain gene and a 
non-HET domain gene (Glass and Dementhon, 2006; Pinan-Lucarre et al., 2007). Thus, I 
was particularly interested in testing the NCU09037.2 allele for functionality, as it was 
possible that this was an inactivated, nonfunctional allele. Surprisingly, however, the 
NCU09037.2 allele caused a very strong HI reaction when co-expressed with 
NCU09037.1. The HI phenotype caused by the NCU09037.2 allele can be completely 
ameliorated in the absence of NCU09037.1, suggesting that this het locus only requires 
allelic interactions to function. This is in contrast to previous genetic data on het loci 
from both N. crassa and P. anserina. Based on the NCU09037 data, however, it seems 
likely that what is necessary for HI is an interaction between a HET domain gene and a 
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non-HET domain gene, not necessarily a non-allelic interaction. In the NCU09037 case, 
since one of the alleles is missing its HET domain, it creates a HET domain/non-HET 
domain interaction that is able to cause HI.  
 In addition, I was not able to detect HI due to differences in NCU07511 alleles. 
There are several possibilities to explain this result. First, it is possible that although 
NCU07511 exhibits features consistent with a het locus, balancing selection may be 
serving another function for this gene rather than to maintain alleles to function in HI. 
Second, it is possible that the ectopically expressed alleles of NCU07511 are not 
expressed to a high enough level to cause HI under the qa-2 promoter, or that these genes 
are not being correctly post-transcriptionally modified. Further experiments to test the 
expression levels (transcript and protein) of the NCU07511 alleles will be needed to 
determine whether NCU07511 is actually a het locus and whether there are technical 
difficulties interfering with accurately assessing its HI function. Further, if the alleles 
simply are not being expressed to a high enough level, I could induce the alleles using the 
qa-2 promoter to see if this in fact would induce an HI phenotype. Eventually, it would 
be feasible to test all 23 of the polymorphic HET domain genes for function in HI, and I 
predict that many of them will function as het loci. 
 The comparative genomics method outlined in this chapter provides a new 
method for identification of nonself recognition loci, and can be applied to filamentous 
fungi as well as nonself recognition systems in other organisms. This method would be 
particularly useful for organisms that do not have a well-developed genetic system. 
Through verifying the candidate polymorphic HET domain genes, I successfully 
identified a new het locus, encoded by the NCU09037 gene. It is likely that through 
continued characterization of these polymorphic HET loci, I will uncover additional het 
loci, and possibly their non-allelic interactors.  
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Table 4-1. List of strains used in this chapter 
 
Strain Name Genotype Origin or Reference 

FGSC 2489 A FGSC 
FGSC 11308 !vib-1::hph a FGSC 
FGSC 12034 !NCU09037::hph A FGSC 
FGSC 16714 !NCU04694::hph A FGSC 
FGSC 11980 !NCU07511::hph a FGSC 
FGSC 9015 
(N2257) 

his-3 rid-1m a FGSC; (Freitag et al., 2002) 

R15-7 his-3; a (Dementhon et al., 2006) 
KD02-10 his-3; pyr-4; pan-2 a X61-24 x FGSC 6103; 

(Dementhon et al., 2006) 
KD02-14 his-3; pan-2 A  X61-24 x FGSC 6103; 

(Dementhon et al., 2006) 
KD02-15 his-3; pyr-4 A (Dementhon et al., 2006) 
KD13-21 his-3; !vib-1::hph A (Dementhon et al., 2006) 
KD13-33 !vib-1; pan-2 a (Dementhon et al., 2006) 
BH10 his-3 rid-1m; pan-2; !NCU09037::hph a BH22 x KD02-14 
BH11 his-3 rid-1m; pyr-4; !NCU09037::hph a BH22 x KD02-15 
BH22 his-3 rid-1m; !NCU09037::hph a R14-43 x FGSC 12034 
4694.hp.2 his-3; pan-2 !NCU04694::hph a FGSC 16714 x KD02-10 
7511.hp.2 his-3; !NCU07511::hph; pan-2 A FGSC 11980 x KD02-15 
4694.h.3 his-3; !NCU04694::hph a FGSC 16714 x KD02-10 
7511.h.1 pyr-4; !NCU07511::hph A FGSC 11980 x KD02-14 
PQA2.91.HA his-3::pqa2-9037.1-HA; pan-2 a BH10[pqa2-9037.1-HA] 
PCCG.91.GFP his-3::pccg1-9037.1-GFP; pan-2 a BH10[pccg1-9037.1-GFP] 
PQA2.92.HA his-3::pqa2-9037.2-HA; pan-2 a BH10[pqa2-9037.2-HA] 
PQA2.92.GFP his-3::pqa2-9037.2-gfp; pyr-4 a BH11[pqa2-9037.2-gfp] 
PQA2.71.GFP his-3::pqa2-7511.1-gfp; pan-2 

!NCU07511 a 
7511.hp.2[pqa2-7511.1-gfp] 

PQA2.72.GFP his-3::pqa2-7511.2-gfp; pan-2 
!NCU07511 a 

7511.hp.2[pqa2-7511.2-gfp] 

PQA2.73.GFP his-3::pqa2-7511.3-gfp; pan-2 
!NCU07511 a 

7511.hp.2[pqa2-7511.3-gfp] 

P4451  FGSC; Perkins Collection 
P4454  FGSC; Perkins Collection 
P4456  FGSC; Perkins Collection 
P4459  FGSC; Perkins Collection 
P4483  FGSC; Perkins Collection 
P4453  FGSC; Perkins Collection 
P4465  FGSC; Perkins Collection 
P4457  FGSC; Perkins Collection 
P4490  FGSC; Perkins Collection 
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P4484  FGSC; Perkins Collection 
JW5  Louisiana; purified isolate 

from J. Welch 
JW18  Louisiana; purified isolate 

from J. Welch  
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Table 4-2. Sequence identity of NCU04694, NCU09037, and NCU07511 alleles. 
 

Allele comparison % identity (nucleotide) % identity (protein) 
9037.1 / 9037.2 39.9 30.6 
9037.1 / 9037.1 95.5 95.1 
9037.2 / 9037.2 93.4 91.1 

   
4694.1 / 4694.2 80.6 71.5 

   
7511.1 / 7511.2 81.5 79.2 
7511.2 / 7511.3 86.6 78.4 
7511.1 / 7511.3 77.5 72.2 
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Table 4-3. List of polymorphic HET domain genes. 
 

NCU # Location in genome; maps 
near het locus? 

Neighboring genes 
exhibiting polymorphism 

and linkage 
disequilibrium 

NCU03494 (pin-c) LGII; pin-c NCU03493 (het-c) 
NCU03533 (het-6) LGII; het-6 NCU03539 (un-24) 
NCU04453 (tol) LGVI - 
NCU03484 LGII - 
NCU04694* LGVI - 
NCU04748  LGVI; het-8 NCU04747; NCU04749 
NCU04912 LGIV NCU04913 
NCU05223 LGIV NCU05222; NCU05224 
NCU05840* LGVII; het-e NCU05841 
NCU05919 LGVI - 
NCU05957* LGVI - 
NCU07230* LGV NCU07231 
NCU07448* LGI - 
NCU07511 LGIII - 
NCU07527 LGIII; het-7 NCU07528 
NCU07596 LGIV NCU07597 
NCU08737 LGII NCU08738 
NCU09037* LGVII; het-e - 
NCU09045 LGVII; het-e NCU09046 
NCU09061 LGVII; het-e NCU09062 
NCU10002 LGIII NCU10003 
NCU10142 LGII  
NCU11962 LGII NCU09352 
*indicates genes which were identified in the CGH dataset as well 
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Figure 4-1. Polymorphic HET domain genes have decreased expression in a vib-1 
deletion strain. Quantitative reverse-transcription PCR was used to assess expression of 
polymorphic HET domain genes in a wild type (FGSC 2489) strain compared to a vib-1 
deletion strain (FGSC 11308).  
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Figure 4-2. NCU04694, NCU09037, and NCU07511 are present in multiple alleles. 
Comparison of sequence identity using VISTA plots, which calculate sequence identity 
using a sliding window method. Peaks indicate percent conservation, and shaded regions 
indicate at least 70% identity in a window length of 100 bp. Numbers below the graph 
indicate amount of sequence in kilobases. Black lines indicate the location of the HET 
domain. Sequences comparisons are (A) NCU09037.1 vs. NCU09037.2, (B) 
NCU04694.1 vs. NCU04694.2, (C) NCU07511.1 vs. NCU07511.2, and (D) 
NCU07511.1 vs. NCU07511.3. 
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Figure 4-3. Phylogenetic tree of NCU09037 sequences. Bayesian phylogenetic tree 
constructed using MRBAYES 3.1 (Ronquist and Huelsenbeck, 2003). Strain names and 
allele groupings are indicated to the right of the tree. Ndis=Neurospora discreta, 
Ntet=Neurospora tetrasperma, Smac=Sordaria macrospora. Numbers indicate posterior 
probabilities, and bold lines indicated branches that are well supported. Scale bar 
indicates 0.1 substitutions per site. 
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Figure 4-4. Schematic of HET domain gene location in the N. crassa genome. 
Schematic showing the location of N. crassa HET domain genes (black triangles), 
polymorphic HET domain genes (orange triangles), and polymorphic HET domain genes 
cloned in this study (red triangles). Linkage groups are indicated on the x-axis, and 
chromosome size is indicated on the y-axis in megabases (mb). Triangles pointing right 
indicate genes on the + strand, and triangles pointing left indicate genes on the – strand. 
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Figure 4-5. NCU09037 functions as a het locus. Forced heterokaryons are shown in A 
for WT (1), PQA2.91.HA + BH11 (2), PQA2.92.HA + BH11 (3), R15-7 + PQA2.91.HA 
(4), R15-7 + PQA2.92.HA (5), PQA2.91.HA + PQA2.92.GFP (6), and PCCG.91.GFP + 
PQA2.92.GFP (7). (B) Percentage cell death was measured for corresponding 
heterokaryons from (A).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-6. NCU07511 does not function as a het locus. 
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Figure 4-6. NCU07511 does not function as a het locus. Forced heterokaryons were  
used to assess HI function of NCU07511 alleles expressed ectopically at the his-3 locus. 
The heterokaryons below are made with the following strains: PQA2.71.GFP + FGSC  
6103 (1), PQA2.71.GFP + 7511.h.1 (2), PQA2.72.GFP + 6103 (3), PQA2.72.GFP +  
7511.h.1 (4), PQA2.73.GFP + FGSC 6103 (5), and PQA2.73.GFP + 7511.h.1. 
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Table A-2. Genes overlapping between HI and PHS datasets 
 

Unique ID Common Name† MIPS description‡ 
3nc400_370_612 NCU00042.2 conserved hypothetical protein 
3nc420_330_320 NCU00116.2 CCAAT-binding transcription factor subunit 

aab-1 
3nc440_520_1961 NCU00249.2 related to aspartic proteinase 

3nc450_240_4438 NCU00388.2 
related to nasopharyngeal carcinoma 
susceptibility protein LZ16 

3nc450_350_109 NCU00399.2 conserved hypothetical protein 
b2c16_180_2999 NCU00461.2 glutamate dehydrogenase, NAD(+)-specific 
1nc594_120_3249 NCU00538.2 conserved hypothetical protein 
b22i21_350_1632 NCU00573.2 conserved hypothetical protein 
1nc580_180_1455 NCU00627.2 putative protein 

1nc580_400_709 NCU00651.2 
related to PNG1 - protein with de-N-
glycosylation function (N-glycanase) 

1nc580_600_451 NCU00673.2 probable subtilisin-like serine protease 
1nc580_720_515 NCU00685.2 probable casein kinase-1 hhp1 
1nc580_800_1916 NCU00694.2 putative protein 
1nc580_820_900 NCU00696.2 conserved hypothetical protein 
b13c5_190_568 NCU00895.2 probable GTP-binding protein ypt5 
b13c5_180_1807 NCU00896.2 related to SAC1 protein 
b9k17_010_224 NCU01282.2 related to SNF7 protein 
b8p8_060_326 NCU01422.2 probable multiprotein bridging factor MBF1 
NCU01428.1_250 NCU01428.2 NULL 
b20d17_190_90 NCU01444.2 probable ras-related GTP-binding protein 
b11e5_140_892 NCU01477.2 hypothetical protein 
b5o22_230_735 NCU01504.2 related to nebula protein 
b24g3_150_107 NCU01545.2 probable autophagy protein AUT7 
b7k22_070_1916 NCU01640.2 related to 26S proteasome subunit RPN4 
b13i18_020_129 NCU01645.2 related to rna-binding protein fus/tls 
61d6_060_35 NCU01698.2 conserved hypothetical protein 
b17c10_210_893 NCU01754.2 ALCOHOL DEHYDROGENASE I - ADH1 
b23g1_120_132 NCU01835.2 putative protein 

b13n4_240_1397 NCU01883.2 
related to RVS167 protein (reduced viability 
upon starvation) 

1nc310_020_2154 NCU01886.2 putative protein 

1nc320_010_1871 NCU01940.2 
related to serine/threonine-specific protein 
kinase 

1nc356_160_705 NCU02138.2 hypothetical protein 
1nc360_210_1382 NCU02164.2 putative protein 
7nc536_060_1378 NCU02193.2 pyruvate decarboxylase (P59Nc) 
b13d24_090_1101 NCU02273.2 aspartic proteinase, pepstatin-sensitive 

5l23_140_2645 NCU02295.2 
related to phosphatidylinositol-4-phosphate 
5-kinase 

7nc520_020_2732 NCU02351.2 related to SKT5 protein 
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7nc515_080_114 NCU02390.2 putative protein 

7nc515_090_2503 NCU02391.2 
probable COPII coated vesicle component 
SEC24 

b1o14_090_656 NCU02491.2 conserved hypothetical protein 
b16b8_160_1597 NCU02666.2 related to zinc finger protein crol gamma 

b16b8_180_3955 NCU02669.2 
related to carboxypeptidase Y-sorting protein 
PEP1 precursor 

1nc430_120_1237 NCU02726.2 related to ethanolamine kinase 
1nc430_370_3469 NCU02750.2 conserved hypothetical protein 
1nc730_240_257 NCU02895.2 conserved hypothetical protein 

b16d18_150_875 NCU02960.2 
related to peroxisomal targeting signal 
receptor 

1nc470_100_1637 NCU03107.2 conserved hypothetical protein 
1nc490_070_3283 NCU03260.2 putative protein 

1nc490_190_738 NCU03274.2 
related to cell growth regulating nucleolar 
protein LYAR 

b12n19_050_1211 NCU03507.2b 
related to heterokaryon incompatibility 
protein het-6 

b11h24_090_1145 NCU03602.2 conserved hypothetical protein 
68b2_200_1449 NCU03667.2 hypothetical protein 
17e5_090_642 NCU03735.2 conserved hypothetical protein 

99h12_070_1401 NCU03804.2 
phosphoprotein phosphatase 3-alpha catalytic 
chain 

6nc385_030_1667 NCU03887.2 hypothetical protein 
6nc385_040_1011 NCU03888.2 hypothetical protein 
6nc385_050_80 NCU03889.2 related to SFT1 - SNARE-like protein 
b23l21_400_1791 NCU03929.2 related to long-chain-fatty-acid--CoA ligase 
g17a4_220_2108 NCU03947.2 probable ubiquitin-protein ligase 
g17a4_200_1017 NCU03949.2 FMN-dependent 2-nitropropane dioxygenase 
6nc390_220_1665 NCU03992.2 probable fimbrin 
6nc390_230_61 NCU03993.2 hypothetical protein 

49d12_130_2007 NCU04015.2 
related to vacuolar protein sorting-associated 
protein 

49d12_170_506 NCU04019.2 
probable nicotinamide mononucleotide 
adenylyltransferase 

49d12_190_4782 NCU04021.2 related to ABC transporter 

29e8_360_153 NCU04379.2 
probable regulator of phosphatidylinositol-4-
OH kinase protein 

29e8_330_1847 NCU04382.2 conserved hypothetical protein 
29e8_030_2371 NCU04410.2 related to tRNA ligase 
4nc452_370_284 NCU04493.2 putative protein 
4nc446_070_959 NCU04554.2 probable endochitinase class V precursor 
80a10_380_595 NCU04600.2 probable protein phosphatase 2C 
80a10_410_422 NCU04603.2 related to rasp f 7 allergen 
80a10_430_191 NCU04605.2 hypothetical protein 
b8i24_110_3727 NCU04736.2 putative calcium P-type ATPase NCA-2 
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b15b10_005_1498 NCU04783.2 related to clathrin binding protein ENT2 
6nc140_210_923 NCU04847.2 related to cyclin pclA 
b19a17_170_723 NCU05138.2 hypothetical protein 
b19a17_190_83 NCU05141.2 putative protein 
4nc760_050_817 NCU05202.2 conserved hypothetical protein 
4nc778_080_149 NCU05277.2 hypothetical protein 
4nc782_020_793 NCU05309.2 related to Cut9 interacting protein scn1 
4nc782_070_1448 NCU05314.2 conserved hypothetical protein 
b15i20_060_259 NCU05395.2 conserved hypothetical protein 
6nc350_030_193 NCU05488.2 conserved hypothetical protein 
6nc350_100_112 NCU05495.2 putative protein 
6nc370_020_1941 NCU05638.2 putative protein 
3nc120_090_2065 NCU05693.2 related to RBTMx2 protein 
NCU05786.1_186 NCU05786.2 NULL 
7nc605_540_2662 NCU05828.2 conserved hypothetical protein 
7nc610_340_570 NCU05881.2 conserved hypothetical protein 
xnc041_070_1443 NCU05922.2 hypothetical protein 

7nc470_530_1504 NCU06149.2 
probable ATP-dependent RNA helicase 
DHH1 

3nc310_260_1661 NCU06245.2 

related to 1-phosphatidylinositol-4,5-
bisphosphate phosphodiesterase 
(phospholipase C) 

4nc620_330_123 NCU06317.2 conserved hypothetical protein 
4nc620_480_1253 NCU06332.2 conserved hypothetical protein 
4nc625_300_1214 NCU06366.2 related to vacuolar Ca2+/H+ antiporter 
3nc220_050_1093 NCU06419.2a probable MAP kinase kinase 
3nc220_500_1132 NCU06462.2 putative protein 
18a7_110_33 NCU06651.2 conserved hypothetical protein 
100h1_040_84 NCU06660.2 probable RIC1 protein 
NCU06678.1_3731 NCU06678.2 NULL 
xnc064_020_285 NCU06875.2 related to human MOG1 protein 
xnc064_410_474 NCU06912.2 hypothetical protein 
4nc580_150_1415 NCU07037.2 putative protein 
6nc100_020_1284 NCU07063.2 related to aspartic-type signal peptidase 
6nc110_040_2105 NCU07121.2 probable Modin 
6nc110_060_1736 NCU07123.2 hypothetical protein 
4nc600_020_726 NCU07253.2 probable beta(1-3)glucanosyltransferases 
4nc605_020_1834 NCU07280.2 probable protein kinase 1 
4nc605_080_338 NCU07286.2 related to DNA damage response protein 

4nc605_100_287 NCU07287.2b 
related to DNA damage-responsive protein 
48 

1nc120_140_103 NCU07439.2 putative protein 
1nc130_180_2965 NCU07473.2 related to sterol glucosyltransferase 
1nc140_110_753 NCU07491.2 putative protein 
xnc081_270_3833 NCU07546.2 probable multidrug resistance protein 1 
b9d12_090_581 NCU07802.2 hypothetical protein 
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3nc185_030_443 NCU07817.2 related to IgE-binding protein 
3nc190_110_626 NCU07853.2 probable urate oxidase (uricase) 
1nc542_100_379 NCU08390.2 hypothetical protein 
1nc800_140_373 NCU08621.2 putative protein 
1nc800_350_2061 NCU08641.2 conserved hypothetical protein 
b24m22_060_329 NCU08720.2 hypothetical protein 
b24n4_120_1087 NCU08744.2 related to regulatory protein cys-3 

b24g20_120_1300 NCU08909.2 
probable beta (1-3) glucanosyltransferase 
gel3p 

NCU08957.1_3930 NCU08957.2 NULL 
xnc100_360_156 NCU09004.2 probable translation initiation factor 6 (eIF6) 
xnc102_050_1893 NCU09017.2 hypothetical protein 
1nc200_180_1537 NCU09085.2 related to G1/S-specific cyclin pas1 
xnc107_050_582 NCU09123.2 Ca2+/calmodulin-dependent kinase-1 
xnc110_280_0 NCU09182.2 conserved hypothetical protein 
b8j22_170_660 NCU09243.2 related to protein transport protein SEC9 
b23l4_120_124 NCU09263.2 conserved hypothetical protein 
1nc450_060_1498 NCU09321.2 related to sucrose transporter SUT1D 

1nc450_180_1882 NCU09333.2 
probable Cys2-His2 zinc finger transcription 
factor ACEI 

71b5_180_216 NCU09355.2 
related to glutamine rich protein, nitrogen 
starvation-induced 

b10k17_130_570 NCU09473.2 
related to 3-oxoacyl-[acyl-carrier-protein] 
reductase 

xnc131_040_1817 NCU09513.2 probable GTP-binding protein 1; G-protein 1 
b11e5_380_2099 NCU09537.2 related to GTPase activating protein 
64c2_040_0 NCU09693.2 putative protein 
1nc250_010_58 NCU09802.2 putative protein 
xnc148_020_695 NCU09842.2 probable MAP kinase 
xnc150_090_935 NCU09881.2 hypothetical protein 
xnc150_100_1097 NCU09882.2 related to metacaspase 2 
xnc153_090_516 NCU09914.2 putative protein 
xnc180_020_880 NCU10028.2 putative protein 

xnc072_120_1858 NCU10234.2b 

probable glutamine-fructose-6-phosphate 
transaminase; glucosamine--fructose-6-
phosphate aminotransferase [isomerizing] 

1nc320_160_823 NCU10938.2b AR-2 protein involved in sexual development 
†Gene name/ID from Borkovich et al., 2006 and the Broad Institute 
(http://www.broad.mit.edu/annotation/genome/neurospora/Home.html) 
‡MIPS Neurospora database (http://mips.helmholtz-muenchen.de/genre/proj/ncrassa/) 
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Table A-3. Phosphatidyl inositol signaling, calcium signaling, and highly upregulated 
genes from the HI profiling data set.  
 

 
NCU #† 

 
Function 

 
MIPS FunCat‡ 

Fold 
upregulated 
at 30 min* 

Genes predicted to be involved in phosphatidyl inositol signaling and metabolism 

NCU00108 
probable protein kinase 
Eg22 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU00168 

related to sn2-
acylglyceride fatty 
acyltransferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU00261 probable CTP synthase 
01.06.02.01 (phospholipid 
metabolism)   

NCU00608 
related to long-chain fatty-
acid-CoA ligase 

01.06.02.01 (phospholipid 
metabolism)   

NCU00656 

probable 1-
phosphatidylinositol 3-
kinase 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU00896 related to SAC1 protein 

01.06.02.01 (phospholipid 
metabolism); 
polyphosphoinositol mediated 
signal transduction 
(30.01.09.11) 

7.22 

NCU01047 

related to inositol 
polyphosphate 5-
phosphatase ocrl-1 

42.01 (biogenesis of cellular 
components, cell wall) 

3.23 

NCU01141 

probable 
phosphatidylglycerophosp
hate synthase PEL1 

01.06.02.01 (phospholipid 
metabolism)   

NCU01747 

related to multifunctional 
cyclin-dependent kinase 
PHO85 

01.06.02.01 (phospholipid 
metabolism)   

NCU01804 
related to diadenosine 
hexaphosphate hydrolase 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU01993 

related to 
ethanolaminephosphotrans
ferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU02027 
 related to 
lysophospholipase 

01.06.02.01 (phospholipid 
metabolism)   

NCU02175 

related to 1-
phosphatidylinositol-4,5-
bisphosphate 
phosphodiesterase 

01.06 (lipid, fatty acid and 
isoprenoid metabolism) 

8.37 
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NCU02263 

probable 
phosphatidylinositol/ 
phosphatidylcholine 
transfer protein SEC14 

20.09.07 (vesicular transport 
(Golgi network, etc.); 20.01.13 
(lipid/fatty acid transport); 
43.01.03.09 (development of 
asco- basidio- or zygospore) 

- 

NCU02295 
phosphatidylinositol-4-
phosphate 5-kinase its3 

01.06 (lipid, fatty acid and 
isoprenoid metabolism) 

8.65 

NCU02305 
probable prenyl 
transferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU02381 

probable CHO1 CDP-
diacylglycerol serine O-
phosphatidyltransferase 
EC:2.7.8.8 

01.06.02.01 (phospholipid 
metabolism)   

NCU02726 
related to ethanolamine 
kinase 

01.06.02.01 (phospholipid 
metabolism)   

NCU02922 

related to 1-
acyldihydroxyacetone-
phosphate reductase 

01.06.02.01 (phospholipid 
metabolism)   

NCU03141 
LPL lysophospholipase 
precursor 

01.06.02.01 (phospholipid 
metabolism)   

NCU03571 

related to 3-
phosphoinositide 
dependent protein kinase-
1 (PDK1) 

30.01 (cellular signalling); 
14.07.03 (modification by 
phosphorylation, 
dephosphorylation, 
autophosphorylation) 

2.03 

NCU03695 

related to 
phosphatidylserine 
decarboxylase 1 precursor 

01.06.02.01 (phospholipid 
metabolism)   

NCU03880 

related to choline-
phosphate 
cytidylyltransferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU04289 

related to 
phosphoethanolamine 
cytidylyltransferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU04355 
conserved hypothetical 
protein 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU04379 

probable regulator of 
phosphatidylinositol-4-
OH kinase protein 

Cellular communication/signal 
transduction mechanism, 
interaction with the 
environment, cellular transport, 
regulation of metabolism and 
protein function, protein fate, 
protein with binding function or 
cofactor requirement, 
transcription, metabolism, cell 

6.92 
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fate, biogenesis of cellular 
components 

NCU04475 
probable lipase B 
precursor 

01.06.02.01 (phospholipid 
metabolism)   

NCU04699 

probable methylene-fatty-
acyl-phospholipid 
synthase 

01.06.02.01 (phospholipid 
metabolism)   

NCU05454 

related to glycerol-3-
phosphate dehydrogenase 
precursor 

01.06.02.01 (phospholipid 
metabolism)   

NCU05608 

related to 1-
phosphatidylinositol 3-
kinase 

01.06.02.01 (phospholipid 
metabolism); 
polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU05941 

related to diacylglycerol 
pyrophosphate 
phosphatase 

01.06.02.01 (phospholipid 
metabolism)   

NCU05985 

probable glycerol-3-
phosphate O-
acyltransferase (formerly 
described as CTR1 
suppressor protein) 

01.06.02.01 (phospholipid 
metabolism)   

NCU06057 
related to 
mannosyltransferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU06063 
related to long-chain-
fatty-acid-CoA ligase 

01.06.02.01 (phospholipid 
metabolism)   

NCU06245 

related to 1-
phosphatidylinositol-4,5-
bisphosphate 
phosphodiesterase 
(phospholipase C) 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11) 

2.67 

NCU06315 

related to transcriptional 
regulator ARG82 (has an 
inositol polyphosphate 
kinase domain) 

11.02.03.04 (transcriptional 
control); 01.01.13 (regulation of 
amino acid metabolism) 

37.28 

NCU06348 

related to quinic acid 
utilisation protein QUTG 
(inositol-1(or 4)-
monophosphatase) 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU06508 

related to 
phosphatidylinositol-
glycan biosynthesis, class 
O protein (PIG-O) 

01.06.02.01 (phospholipid 
metabolism)   

NCU06663 
related to GPI-anchor 
biosynthesis protein PIG-

01.06.02.01 (phospholipid 
metabolism)   
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F 

NCU06666 
Myo-inositol-1-phosphate 
synthase 

Metabolism, protein with 
binding function or cofactor 
requirement   

NCU06877 
Inositol-3-phosphate 
synthase 

01.06 (lipid, fatty acid and 
isoprenoid metabolism); 
20.01.13 (lipid/fatty acid 
transport) 

2.22 

NCU07320 

related to 
phosphatidylinositol 
transfer protein 

20.01.13 (lipid/fatty acid 
transport); 20.09.07 (vesicular 
transport (Golgi network, etc.)) 

- 

NCU07576 

related to 
phosphatidylinositol/ 
phosphatidylcholine 
transfer protein 

01.06.02.01 (phospholipid 
metabolism)   

NCU07904 

related to 1-
acyldihydroxyacetone-
phosphate reductase 

01.06.02.01 (phospholipid 
metabolism)   

NCU07965 

probable dolichyl-
phosphate beta-D-
mannosyltransferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU07986 related to TMS1 protein 
01.06.02.01 (phospholipid 
metabolism)   

NCU07999 

probable protein MCD4, 
required for GPI anchor 
synthesis 

01.06.02.01 (phospholipid 
metabolism)   

NCU08856 

related to DEP1 protein, 
regulator of phospholipid 
metabolism 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU09130 

related to CDP 
diacylglycerol-inositol 3-
phosphatidyltransferase 

01.06.02.01 (phospholipid 
metabolism)   

NCU09192 

related to 
phosphatidylinositol-4-
kinase 

01.06.02.01 (phospholipid 
metabolism)   

NCU09367 

related to N-
acetylglucosaminyl-
phosphatidylinositol de-
N-acetylase 

01.06.02.01 (phospholipid 
metabolism); 
polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU09510 
probable CDP-
diacylglycerol synthase 

01.06.02.01 (phospholipid 
metabolism)   

NCU09643 

related to N-
acetylglucosaminyltransfe
rase SPT14 

01.06.02.01 (phospholipid 
metabolism)   

NCU09757 related to N- 01.06.02.01 (phospholipid   
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acetylglucosaminyltransfe
rase SPT14 

metabolism) 

NCU10053 

related to CDC21 
Thymidylate synthase 
EC:2.1.1.45 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU10397 
related to glycerol-3-
phosphate acyltransferase 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11) 

- 

NCU20282 

related to GWT1 - GPI-
anchored wall transfer 
protein 

01.06.02.01 (phospholipid 
metabolism)   

NCU20505 
related to cell division 
control protein CDC91 

01.06.02.01 (phospholipid 
metabolism)   

NCU20519 
related to cell division 
control protein CDC91 

01.06.02.01 (phospholipid 
metabolism)   

NCU20781 

probable glycerol kinase 
(ATP:glycerol 3-
phosphotransferase) 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

NCU21035 

probable glycerol kinase 
(ATP:glycerol 3-
phosphotransferase) 

01.06.02.01 (phospholipid 
metabolism)   

NCU21496 

related to 1-
phosphatidylinositol-4,5-
bisphosphate 
phosphodiesterase 1 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11)   

 
Genes predicted to be involved in Ca2+ signaling or binding, and calmodulin binding 

proteins 

NCU01036 
probable calcium-related 
spray protein 

34.01.01.01 (homeostasis of 
metal ions (Na, K, Ca etc.)); 
40.01 (cell growth / 
morphogenesis) 

12.86 

NCU01241 
probable mitochondrial 
carrier protein ARALAR1 16.17.01 (calcium binding)   

NCU01266 

 probable 
phosphoinositide-specific 
phospholipase C 

01.06(lipid, fatty acid and 
isoprenoid metabolism)   

NCU01564 

related to peroxisomal Ca-
dependent solute carrier 
protein 20.03 (transport facilities)   

NCU02139 related to annexin XIV 16.17.01 (calcium binding)   

NCU02175 

related to 1-
phosphatidylinositol-4,5-
bisphosphate 
phosphodiesterase 

01.06 (lipid, fatty acid and 
isoprenoid metabolism) 

8.37 
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NCU02283 
probable calmodulin-
dependent protein kinase 

16.17.01 (calcium binding); 
30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU02411 
related to calmodulin-
binding coil-coil protein 16.01 (protein binding)   

NCU02738 

related to programmed 
cell death protein 
(calcium-binding protein) 16.17.01 (calcium binding)   

NCU02814 

 related to 
serine/threonine-protein 
kinase Chk2 

Cellular communication/signal 
transduction, protein fate, cell 
cycle and DNA processing   

NCU03292 
PMR-1 putative calcium 
P-type ATPase 16.17.01 (calcium binding) 

10.16 

NCU03305 
NCA-1 calcium P-type 
ATPase NCA-1 16.17.01 (calcium binding)   

NCU03576 probable hymA gene 16.17.01 (calcium binding)   

NCU03750 related to calmodulin 

16.17.01 (calcium binding); 
30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU03833 
calcineurin B, regulatory 
subunit 

16.17.01 (calcium binding); 
30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU03966 
conserved hypothetical 
protein 16.17.01 (calcium binding)   

NCU03989 
related to mitochondrial 
carrier protein 16.17.01 (calcium binding)   

NCU03992 probable fimbrin 16.17.01 (calcium binding)   

NCU04120 CMD-1 calmodulin 

16.17.01 (calcium binding); 
30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU04371 

probable peptidylprolyl 
isomerase (FK506-
binding protein homolog) 

30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU04379 

probable regulator of 
phosphatidylinositol-4-
OH kinase protein 

16.17.01 (calcium binding); 
30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU04421 ANX-14 annexin XIV 16.17.01 (calcium binding)   

NCU04736 
NCA-2 putative calcium 
P-type ATPase NCA-2 

Interaction with the 
environment, Cellular transport 

4.61 

NCU04898 

 probable calcium-
transporting ATPase (P-
type ATPase) 

34.01.01.01 (homeostasis of 
metal ions (Na, K, Ca etc.)); 
20.03.22 (transport ATPases); 
20.01.01.01 (cation transport 
(H+, Na+, K+, Ca2+ , NH4+, 
etc.))   

NCU05154 NCA-3 calcium P-type 16.17.01 (calcium binding)   
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ATPase NCA-3 (Ca2+-
transporting ATPase) 

NCU05454 

related to glycerol-3-
phosphate dehydrogenase 
precursor 16.17.01 (calcium binding)   

NCU05537 

probable 
fumarylacetoacetate 
hydrolase 16.17.01 (calcium binding)   

NCU05785 
probable calcium-related 
spray protein 

34.01.01.01 (homeostasis of 
metal ions (Na, K, Ca etc.)); 
40.01 (cell growth / 
morphogenesis) 

2.67 

NCU06245 

related to 1-
phosphatidylinositol-4,5-
bisphosphate 
phosphodiesterase 
(phospholipase C) 

polyphosphoinositol mediated 
signal transduction 
(30.01.09.11) 

2.67 

NCU06347 
probable SAGA protein, 
contains EF hand domain -   

NCU06366 
related to vacuolar 
Ca2+/H+ antiporter 

Interaction with the 
environment, Cellular transport 

2.03 

NCU06486 
related to calmodulin-
binding protein kinase 

30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU06177 

related to 
calcium/calmodulin 
dependent protein kinase 
C 

Cellular communication/signal 
transduction mechanism, 
Protein fate, Cell cycle and 
DNA processing 

3.33 

        

NCU06617 related to calmodulin 

16.17.01 (calcium binding); 
30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU06761 
probable sphingosine-1-
phosphate lyase 

30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU07711 

related to Ca2+-transport 
(H+/Ca2+ exchange) 
protein 

Interaction with the 
environment, Cellular transport 

not upreg 

NCU08147 

 PH-7 P-type ATPase 
(Ca2+-transporting 
ATPase) 

Interaction with the 
environment, Cell 
rescue/defense/virulence, 
Cellular transport   

NCU09043 
related to calcium-binding 
protein caleosin 16.17.01 (calcium binding)   

NCU09212 

related to 
serine/threonine-protein 
kinase 

30.01 (cellular signalling); 
02.13 (respiration)   

NCU09123 CAMK-1 16.17.01 (calcium binding); not upreg 



220 

Ca2+/calmodulin-
dependent kinase-1 

30.01.09.03 (Ca2+ mediated 
signal transduction) 

NCU09244 

related to calcium-
independent 
phospholipase A2 

01.06 (lipid, fatty acid and 
isoprenoid metabolism) 

not upreg 

NCU09265 
probable calcium-binding 
protein precursor cnx1 16.17.01 (calcium binding)   

NCU09871 
related to spindle pole 
body component, centrin 16.17.01 (calcium binding)   

NCU20178 related to calmodulin 

16.17.01 (calcium binding); 
30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU20179 

phosphoprotein 
phosphatase 3-alpha 
catalytic chain 16.17.01 (calcium binding)   

NCU20249 
fkr-2 FK506-binding 
protein (FKBP) 

30.01.09.03 (Ca2+ mediated 
signal transduction)   

NCU20876 probable calmodulin 16.17.01 (calcium binding)   
 

Genes with a large significant increase in expression level in the TSinc heterokaryon 
NCU01504 related to nebula protein 10.03.02 (meiosis) 21.21 
NCU04554 probable endochitinase 

class V precursor metabolism 
34.85 

NCU05309 related to Cut9 interacting 
protein scn1 

16.01 (protein binding); 
10.03.01 (mitotic cell cycle and 
cell cycle control) 

61.99 

NCU05693 related to RBTMx2 
protein 

32.05.03 (defense related 
proteins); 16.19.05 (GTP 
binding) 

36.83 

NCU05922 hypothetical protein - 40.94 
NCU07037 putative protein - 45.58 
NCU08641 conserved hypothetical 

protein - 
146.59 

NCU09355 related to glutamine rich 
protein, nitrogen 
starvation-induced - 

23.56 

 
†Gene name/ID from Borkovich et al., 2006 and the Broad Institute 
(http://www.broad.mit.edu/annotation/genome/neurospora/Home.html) 
‡MIPS Neurospora database (http://mips.helmholtz-muenchen.de/genre/proj/ncrassa/) 
*Genes that are highlighted in gray were present in the HI profiling dataset, and if these 
genes were also upregulated in the TSinc heterokaryon at the 30 min. time point, the fold 
change is listed. 
 
 
 




