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Synopsis 

The ascomycete Neurospora crassa is a naturally occurring filamentous fungus typically found in 

tropical and subtropical areas, mainly on dead and burned vegetation (Luque et al. 2012). N. crassa 

has been established as an excellent eukaryotic model organism and used extensively to understand 

different aspects of complex biological processes including the calcium (Ca2+) signaling 

machinery. Ca2+ has evolved as a universal second messenger and plays a central role in 

intracellular signaling in eukaryotes, yet little is known about the Ca2+ signaling mechanism in N. 

crassa or any other related fungi in comparison to plants and animals. In N. crassa, Ca2+ signaling 

regulates a variety of processes such as Ca2+ stress tolerance, the circadian clock, growth, hyphal 

tip branching, ion transport, ultraviolet (UV) survival, and sexual development (Deka et al. 2011; 

Deka and Tamuli 2013; Tamuli et al. 2011; 2013; Kumar and Tamuli 2014). The predicted Ca2+ 

signaling machinery of N. crassa is complex and comprises of 48 mostly uncharacterized Ca2+ 

signaling proteins, including three Ca2+ channel proteins, nine Ca2+/cation- ATPases, six 

recognizable Ca2+/H+ exchangers, two novel putative Ca2+/Na+ exchangers, four novel 

phospholipase C-δ subtype (PLC- δ) proteins, 23 Ca2+ and/or calmodulin (CaM) binding proteins, 

and one CaM, and these proteins effectively coordinate for triggering a range of cellular responses 

(Galagan et al. 2003; Borkovich et al. 2004; Zelter et al. 2004). In N. crassa, the release of Ca2+ 

from intracellular Ca2+ stores, which differs significantly from plants and animals, remains to be 

identified, and knowledge about this might provide novel antifungal targets for drug discovery 

(Galagan et al. 2003; Borkovich et al. 2004; Zelter et al. 2004). 

Chapter 1 briefly describes about the history and life cycle of N. crassa and overview of 

Ca2+ signaling in N. crassa. In eukaryotes, the resting cytosolic free calcium concentration 

([Ca2+]c) is ~100 nm and its increase is detected by specific Ca2+-sensing proteins that initiate the 

Ca2+ signaling process (Chin and Means 2000; Bootman et al. 2001). In N. crassa, several Ca2+ 

signaling proteins, including the phospholipase C (PLC), secretory phospholipase A2 (sPLA2), and 

Ca2+ exchangers are involved in sensing the increase in [Ca2+]c (Galagan et al. 2003; Borkovich et 

al. 2004; Barman and Tamuli 2017). The PLC and sPLA2 belong to the phospholipase superfamily 

of proteins. The phosphoinositide-specific PLC catalyses the hydrolysis of phosphatidylinositol-

4, 5-bisphosphate (PIP2) into two second messengers, inositol-1, 4, 5-trisphosphate (IP3) that 

induces Ca2+ release from intracellular Ca2+ stores via IP3 receptors to modulate Ca2+ and 

calmodulin regulated pathways, and diacylglycerol (DAG) that binds at Ca2+ dependent C2 domain 
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and activates protein kinase C (PKC) protein (Clapham 2007). Interestingly, no recognizable IP3 

receptors have been identified so far in N. crassa and both of its PKC proteins lack a C2 domain 

with Ca2+ binding sites (Galagan et al. 2003; Borkovich et al. 2004). The majority of eukaryotic 

PLCs consists of two catalytic domains X and Y, an N-terminal pleckstrin homology (PH) domain 

for interaction with membrane phospholipid, a C-terminal Ca2+ dependent C2 domain for 

phospholipid binding, and an EF-hand motif for Ca2+ binding and interaction of PH with 

phospholipid (Bristol et al. 1988; Watson and Arkinstall 1994; Sutton et al. 1995; Rhee and Bae 

1997; Yamamoto et al. 1999). N. crassa possesses four novel PLC-δ subtype proteins, including 

the PLC-1 that lacks the PH domain, but consists of catalytic X and Y domains, and a C2-like 

domain (Borkovich et al. 2004; Gavric et al. 2007; Barman and Tamuli 2015). PLC regulates a 

number of biological functions in different organisms ranging from yeast, filamentous fungi to 

animals. In addition, the relatively low molecular weight sPLA2 proteins are Ca2+ dependent 

extracellular secretory enzymes with a highly conserved region that contains His-Asp dyad 

sequence responsible for catalytic activity and a number of unique disulfide bonded Cys residues 

required for the stability of these enzymes (Murakami and Kudo 2004; Schaloske and Dennis 

2006; Nakahama et al. 2010). A majority of eukaryotic sPLA2 enzymes also have an N terminal 

signal peptide for secretion that is cleaved upon internalization into the endoplasmic reticulum or 

into the periplasm as in bacteria and a catalytic center, which contains a tightly bound water 

molecule that acts as a potential nucleophile (Verheij et al. 1980; Pickard et al. 1996; Dennis et al. 

2011; Cavazzini et al. 2013). This family of enzymes regulate a number of biological processes 

such as atherosclerosis, eicosanoid biosynthesis, host defense, and inflammation in various 

organisms (Murakami and Kudo 2004; Boilard et al. 2010; Dennis et al. 2011). In contrast to other 

fungi, little is known about the N. crassa homologues of the PLC and sPLA2, therefore, I studied 

the role of these two Ca2+ signaling genes in regulating various cell functions in N. crassa (Barman 

and Tamuli 2015; 2017). I also studied the cellular role of a unique Ca2+/H+ exchanger (CPE-1) 

that shows significant difference from its homologues found in Saccharomyces cerevisiae and 

Magnaporthe grisea in a phylogenetic analysis (Zelter et al. 2004; Barman and Tamuli 2015). I 

also investigated double mutants of the N. crassa strains involving the plc-1, splA2, and cpe-1 

genes to understand the significance of genetic interactions of these loci in regulating vegetative 

growth and sexual development in N. crassa (Barman and Tamuli 2017).                  
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Chapter 2 describes materials and methods used in my thesis work. Growth, maintenance, 

and crosses of N. crassa strains were essentially as described previously (Westergaard and 

Mitchell 1947; Davis and de Serres 1970). The N. crassa strains used in this study were either 

obtained from the Fungal Genetics Stock Center (FGSC, Manhattan, KS) or generated in our 

laboratory. Chemicals and reagents were procured from the standard suppliers, and used after 

autoclave or filter sterilization whenever required. Cloning, PCR, Reverse Transcriptase PCR, 

Real Time PCR, and other molecular biology experiments were performed by using the standard 

protocols essentially as described by Sambrook and Russell (2001) or according to manufacturer’s 

instructions. 

Chapter 3 describes the cellular roles of PLC-1, sPLA2, and CPE-1 in N. crassa. The N. 

crassa strains lacking plc-1, splA2, and cpe-1 exhibited growth defects in response to increase in 

cytosolic [Ca2+]c induced by the divalent ionophore A23187, suggesting a role for these genes in 

maintaining [Ca2+]c. The knockout mutants of the plc-1, splA2, and cpe-1 genes also showed 

significantly higher carotenoid content at 8, 22, and 30°C and increased UV survival under 

conditions that induced carotenoid accumulation. In addition, the plc-1, splA2, and cpe-1 knockout 

mutant strains showed reduced survival in hydrogen peroxide induced oxidative stress and induced 

thermotolerance after exposure to heat shock temperatures. The ∆plc-1, ∆splA2, and ∆cpe-1 

mutants carrying the plc-1, splA2, and cpe-1 transgenes complemented the carotenoid 

accumulation, oxidative stress, and thermotolerance phenotypes of the respective mutants. 

Therefore, this study revealed multiple cellular roles of plc-1, splA2, and cpe-1 genes in the 

regulation of [Ca2+]c, carotenoid accumulation, survival under stress conditions, and acquisition of 

induced thermotolerance. 

Chapter 4 describes the genetic interactions of the plc-1, splA2, and cpe-1 genes. I 

generated and studied the phenotypes of the double mutants of plc-1, splA2, and cpe-1 genes to 

understand the genetic interactions between these loci. The ∆plc-1; ∆splA2, ∆plc-1; ∆cpe-1, and 

∆cpe-1; ∆splA2 double mutants were generated by crossing the respective single mutant strains of 

opposite mating types. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed colonial 

morphology, aberrant hyphal branching, slower growth rate, shorter aerial hyphae, reduced 

biomass accumulation, early conidiation with delayed germination, inappropriate conidiation of 

submerged cultures, and slower carotenoid accumulation. In addition, crosses involving the ∆plc-

1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants as the female parent with the respective double or 
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parental single mutants and wild type strains of opposite mating type as the male parent showed 

complete absence of perithecia and resulted in a sterile phenotype. Interestingly, higher carotenoid 

accumulation in the ∆plc-1, ∆splA2, and ∆cpe-1 mutants were linked to an increased level of 

intracellular reactive oxygen species (ROS). The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 

mutants also showed aberrant hyphal morphology on medium treated with the ionophore A23187, 

and showed increased sensitivity to Ca2+ and UV stress and decreased survival percentage in 

oxidative stress and acquisition of thermotolerance induced by heat shock. However, the ∆cpe-1; 

∆splA2 double mutant did not show any synthetic effect on growth, sexual development, Ca2+ and 

UV stress, indicating no genetic interaction between cpe-1 and splA2. Therefore, this study 

revealed that genetic interactions between plc-1, splA2, and cpe-1 loci plays a crucial role for 

normal vegetative and sexual development in N. crassa.  

Chapter 5 describes studies to understand the molecular basis of the plc-1, splA2, and cpe-

1 functions, and a possible mechanistic model. Ca2+ signaling machinery acts in coordination with 

other signaling pathways for regulation of cellular processes that result in crosstalk between the 

signaling pathways (Sanders et al. 2002; Berridge et al. 2003). The crosstalk between the cAMP 

and Ca2+ signaling pathways has been well studied in plant and animal cells including the 

filamentous fungus Aspergillus niger (DeBernardi and Brooker 1996; Moore et al. 1998; 

Volotovski et al. 1998; Gorbunova and Spitzer 2002; Zaccolo and Pozzan 2003; Benčina et al. 

2005). However, I found that the addition of cAMP did not rescue the phenotypes of the ∆plc-1, 

∆splA2, and ∆cpe-1 and their double mutants. This result indicates that the Ca2+ signaling 

responses mediated by the plc-1, splA2, and cpe-1 genes occur via a cAMP independent 

mechanism. In addition, chlortetracycline hydrochloride (CTC) staining of ∆plc-1; ∆splA2 and 

∆plc-1; ∆cpe-1 double mutants showed depleted Ca2+gradient, indicating that the double deletion 

of the plc-1 and splA2, and plc-1 and cpe-1 causes disruption of Ca2+ homeostasis resulting in 

phenotypic abnormalities. I also performed quantitative real time PCR (qRT-PCR) and determined 

fold change expression of some of the important genes such as conidiation specific gene con-10, 

carotenoid biosynthetic genes al-1, al-2, and al-3, and the pheromone signaling genes ccg-4, mfa-

1, and fmf-1, and found that the product of these genes regulate the conidiation, carotenoid 

accumulation, and pheromone signaling of the plc-1, splA2, and cpe-1 genes. Taken together, these 

findings suggest that the Ca2+ release from intracellular stores, which is induced by IP3 generated 

by the PLC-1, and/or activated PKC might be necessary for the sPLA2 mediated signaling for 
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normal growth and development in N. crassa. In addition, under the conditions inducing sexual 

development, release of Ca2+ mediated by the PLC-1 and the [Ca2+]c buffering activity of the CPE-

1 Ca2+/H+ exchanger might be important in the regulation of the pheromone signaling genes 

necessary for fertility.   

Thus, in this study, I determined multiple cellular roles of plc-1, splA2, and cpe-1 in 

regulation of [Ca2+]c, carotenoid accumulation, survival under stress conditions, and acquisition of 

thermotolerance induced by heat shock. Moreover, I found that interaction of plc-1 with splA2, 

and plc-1 with cpe-1 is essential for maintaining Ca2+ homeostasis. In addition, I found that the 

interactions between the plc-1, splA2, and cpe-1 loci play an important role in both vegetative and 

sexual developments in N. crassa. Furthermore, I found that Ca2+ signaling mediated by plc-1, 

splA2, and cpe-1 is regulated by few developmentally important genes such as con-10, ccg-4, mfa-

1, and fmf-1. Therefore, this study revealed the cellular functions, genetic interactions, and 

molecular targets of the Ca2+ signaling genes plc-1, splA2, and cpe-1 in N. crassa. 
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1.1 Introduction to Neurospora crassa    

1.1.1 The biology of N. crassa 

Neurospora, meaning ‘nerve spores’ due to characteristics nerve like stripes in its sexual spores, 

is a filamentous fungus extensively used as a model organism for several decades for 

understanding numerous aspects of eukaryotic cell biology, genetics, biochemistry, and molecular 

biology (Perkins 1992; Davis 2000; Davis and Perkins 2002; Galagan et al. 2003). Neurospora 

crassa belongs to the phylum Ascomycota and it was originally discovered as the causative 

organism of orange bread mould infestations in French bakeries and was independently reported 

as Oidium aurantiacum (Payen 1843) and Penicillium sitophilum (Montagne 1843). In mid 1920s, 

Dodge and Shear identified N. crassa as a heterothallic fungus comprising of two mating types, A 

and a with eight ordered asci while Bernard Lodge and Carl Lindegren together demonstrated 

Mendelian inheritance in individual asci (Shear and Dodge 1927; Dodge 1939; Perkins 1992). In 

addition, genetic map of the sex chromosome of N. crassa was the first fungus chromosomal map 

to be reported by Lindegren (Lindegren 1936). Subsequent work on Neurospora by Beadle and 

Tatum introduced the ‘one gene one enzyme’ hypothesis (Beadle and Tatum 1941) for which they 

were awarded the Nobel Prize in “Physiology or Medicine” in 1958 for their discovery that the 

characteristic function of a gene is to control the synthesis of a particular enzyme. Thus, N. crassa 

has emerged as an excellent eukaryotic model organism and contributed significantly in 

understanding various aspects of biological processes such as cellular differentiation and 

development, DNA methylation and repair, genome defense mechanisms, mitochondrial transport, 

and post transcriptional gene silencing (Davis 2000; Davis and Perkins 2002; Galagan et al. 2003). 

N. crassa is a simple, multicellular, heterothallic, haploid organism. The genome of N. crassa is 

43 Mb in size that contains 10,082 protein coding genes and is divided into seven linkage group 

(LG I-VII, ranging in size from 4 to 10.3 Mb each; Davis and de Serres 1970; Davis and Perkins 

2000; Galagan et al. 2003). As a heterotrophic organism, N. crassa utilizes carbon and nitrogen, 

few simple salts, trace elements, biotin, and a single vitamin for its growth while depending on 

growth conditions, it propagates asexually or reproduces sexually. It is a saprophyte, exclusively 

found growing on dead and decomposed organic substrates. Neurospora possesses the widest array 

of genome defense mechanisms that operates in distinct phases of its life cycle, a reversible post 

transcriptional gene silencing (PTGS) mechanism known as ‘quelling’ (Romano and Macino 

1992) occurs in its vegetative phase, and a transcriptional gene silencing (TGS) mechanism known 
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as ‘repeat-induced point mutation-RIP’ (Cambareri et al 1989) unique to fungi and meiotic 

silencing, a PTGS mechanism (Shiu et al. 2001) occurs during its sexual phase.     

 

1.1.2 The life cycle of N. crassa 

N. crassa is a multicellular fungus with a complex life cycle consisting of both asexual (vegetative) 

and sexual phase (Raju 1992; Springer 1993). In the presence of abundant nutrients, N. crassa 

enters the asexual cycle whereby it forms multinucleate branched filaments or vegetative hyphae 

that extends parallel to the surface of the solid medium (Springer 1993). Continued hyphal growth 

and branching forms the multicellular mycelium (Springer 1993). The hyphae are segmented by 

internal cross walls or septa that allows the movement of mitochondria, organelles, and other 

inclusions between cells. Under conditions of nutrient limitations or in the presence of an air-water 

interface, specialized aerial hyphae develops from the mycelium that give rise to conidiophores 

and subsequently produces multinucleate asexual spores called macroconidia or uninucleate 

microconidia (Springer 1993). Macroconidia are primarily used as inoculum for vegetative 

cultures and also serve as a fertilizing male parent in a sexual cross. Submerged cultures of N. 

crassa normally maintains vegetative non-conidiating hyphae, however, certain environmental 

cues such as carbon or nitrogen starvation and exposure to high temperatures can also produce 

conidiophores or conidia in submerged cultures (Cortat and Turian 1974; Guignard et al. 1974; 

Plesofsky-Vig et al. 1983; That and Turian 1978). 

N. crassa is a heterothallic filamentous fungus with two nonswitching mating types that 

are determined by alternative DNA sequence called idiomorphs at one mating type locus, mat A 

and mat a. Nitrogen starvation, light, and low temperature initiates the sexual cycle that results in 

the formation of female reproductive structures termed protoperithecia (Raju 1992). A specialized 

hyphae (trichogyne) originating from the protoperithecium undergoes chemotropic growth 

towards a male cell of opposite mating type that is typically a hyphal fragment, macroconidium, 

or microconidium. Fusion between the trichogyne and the conidium is followed by transport of 

the male nucleus to the protoperithecium that initiates development of the multicellular sexual 

apparatus called ‘perithecium’ (matured protoperithecium). The male and female nuclei do not 

fuse immediately rather coexist as a dikaryon in specialized structures called ascogenous hyphae. 

The paired male and female nuclei then undergoes a series of synchronous mitotic divisions at the 

tip of a specialized hook shaped structure called the crozier. During karyogamy, nuclei of the 
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opposite mating type fuse to form a diploid zygote which immediately undergo two meiotic 

divisions and a post meiotic mitosis yielding an octad of eight spindle shaped sexual spores called 

ascospores that are packaged in a linear order in the narrow ascus. Once matured, the ascospores 

are eventually ejected through a beak (ostiole) at the tip of the perithecium in the direction of blue 

light. In the presence of suitable nutrients, the released ascospores eventually germinate and 

produce their own vegetative hyphae (Figure 1.1; Raju 1980; 1992; Springer 1993; Kim et al. 

2012). 

 

 

 

Figure 1.1: The life cycle of N. crassa. In the asexual cycle, the branched multinucleate vegetative 

mycelium develops into aerial hyphae and forms multinucleate asexual spores called 

macroconidium or uninucleate microconidium that eventually germinate to form new mycelium. 
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Sexual cycle begins with the formation of a female reproductive structure called protoperithecium 

and is fertilized by a conidium or mycelium of opposite mating type of a male parent. The fertilized 

protoperithecium (matured perithecium) undergoes a series of mitotic and meiotic divisions 

forming eight linearly ordered ascospores within an ascus. Once released, the matured 

multinucleate and pigmented ascospores develops into new hyphae and forms the multicellular 

mycelium to complete the asexual cycle or serves as male or a female parent and undergo the 

sexual cycle. Adapted from FGSC (http://www.fgsc.net/Neurospora/sectionB2.htm).  

 

1.2 Calcium signaling in N. crassa 

N. crassa possesses a wide array of environmental sensory capabilities and therefore, serves as an 

outstanding model organism for investigations of signaling. The intracellular signaling pathways 

that operate in N. crassa includes signaling mediated by G-protein-coupled receptors (GPCRs), 

signaling mediated by mitogen-activated protein kinase (MAPK), and signaling mediated by 

intracellular calcium (Ca2+; Figure 1.2). 

 

 

Figure 1.2: Overview of the major intracellular signaling pathways in N. crassa. AC: adenylyl 

cyclase; CaM: calmodulin; Ca2+/CaM reg: calcium and calmodulin regulated protein; CAP: 
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cyclase-associated protein; CT, Ca2+-transport protein; CPC: Ca2+-permeable channel protein; 

GPCR: G-protein-coupled receptor; Gα: G-protein α subunit; Gβ: G-protein β subunit; Gγ: G-

protein γ subunit; HPT: histidine-containing phosphotransfer domain protein; MAPK: mitogen 

activated protein kinase; MAPKK: MAPK kinase; MAPKKK: MAPKK kinase; PKA-R: protein 

kinase A regulatory subunit; PKA-C: protein kinase A catalytic subunit; PLC: phospholipase C; 

PKC: protein kinase C. The intracellular second messenger molecules cAMP: 3′, 5′-cyclic 

adenosine monophosphate; DAG: diacylglycerol; IP3: inositol-1, 4, 5-trisphosphate are also 

shown. Adapted from Galagan et al. 2003. 

To adapt to changing environments, cells must signal. Signaling requires messengers 

whose concentration varies with time and space (Berridge et al. 2003). Filling this role, Ca2+ have 

come to rule cell signaling (Clapman 2007). It is a ubiquitous second messenger molecule that 

plays a versatile role in intracellular signaling in all cell types and tissue. Binding of Ca2+ changes 

protein conformation and charge, which are the two universal signaling tools of signal transduction 

and thus govern protein functions (Clapman 2007). For example, Ca2+ triggers life at fertilization 

and controls the development and differentiation of cells into specialized types and several other 

cellular activities including cell death (Berridge et al. 2000; Tamuli et al. 2013). The ubiquitous 

role of Ca2+ lies in its chemistry that involves its molecular structure, balance state, binding 

strength, ionization potential, and kinetic parameters in the biological reactions. The Ca2+ ion 

typically exhibits high coordination numbers (6–8) and can accommodate 4-12 oxygen atoms in 

its primary coordination sphere. The coordination geometry of Ca2+ is often irregular (i.e. protein 

induced) due to its favourable ionic radius (100–120 pm) and its electronic structure (Swain and 

Amma 1989; Carugo et al. 1993; Jaiswal 2001). Typically, Ca2+ ion is coordinated by 6-7 oxygen 

atoms in a pentagonal bipyramidal manner or in a trigonal manner (Swain and Amma 1989). The 

Ca2+ ion has maximum affinity for carboxylate oxygen and interestingly, acidic amino acids like 

aspartic acid and glutamic acid that contain the carboxylate oxygen occur more frequently in 

proteins. Like other organisms, N. crassa  is also subjected to various environmental stimuli, and 

its Ca2+ signaling machinery plays an important role in perceiving these extracellular 

environmental changes to thrive in diverse environments (Li and Borkovich 2006; Tamuli et al. 

2013; Kumar and Tamuli 2014). In N. crassa, Ca2+ is mainly stored in the intracellular stores such 

as vacuoles (>90% of Ca2+ is sequestered in the vacuoles), Golgi, endoplasmic reticulum, plasma 

membrane vesicles, microsomes, and mitochondria; and only a small amount of  Ca2+ (~100 nM) 
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is present freely in the cytosol ([Ca2+]c; Bowman et al. 2011). This low level of [Ca2+]c is 

maintained by the Ca2+ pumps and the Ca2+ transporters and the Ca2+ buffering capacity of the 

cytoplasm. However, [Ca2+]c becomes an intracellular signal when its concentration is transiently 

increased (500-1000 nM) by the activation of the Ca2+ permeable channels that allows Ca2+ to flow 

down a concentration gradient into the cytoplasm. [Ca2+]c recovers to its original resting level by 

the increased activity of the Ca2+ pumps and the Ca2+ transporters (Zelter et al. 2004). 

The filamentous fungus N. crassa has been established as an excellent eukaryotic model 

organism that can be utilized to investigate the complex Ca2+ signaling processes. N. crassa has 

48 Ca2+-signaling proteins that comprises of three Ca2+ channel proteins, nine Ca2+/cation-

ATPases, six recognizable Ca2+/H+ exchangers, two novel putative Ca2+/Na+ exchangers, four 

novel phospholipase C-δ subtype proteins, 23 Ca2+/calmodulin regulated proteins, and one 

calmodulin (Figure 1.3, Table 1.1; Borkovich et al. 2004; Tamuli et al. 2013). The unique Ca2+ 

signaling machinery of N. crassa varies significantly from plant and animal cells especially in 

relation to second messenger systems involved in Ca2+ release from the internal stores (Galagan et 

al. 2003). N. crassa lacks inositol-1, 4, 5- trisphosphate (IP3) receptors including ADP ribosyl 

cyclase and ryanodine receptor proteins which are the key components of Ca2+ release mechanisms 

from internal stores in plants and animal cells and also lacks extracellular Ca2+ sensing receptor 

proteins reported in animal cells for sensing changes in the extracellular concentration of Ca2+ 

(Brown et al. 1993; Galagan et al. 2003; Borkovich et al. 2004). In addition, N. crassa possesses 

both Ca2+/H+ and Ca2+/Na+ exchangers, while plants possess only Ca2+/H+ exchangers, and animals 

possess only Ca2+/Na+ exchangers (Borkovich et al. 2004). Thus, N. crassa possesses intracellular 

Ca2+ release mechanisms that has yet to be identified. Also these findings suggest that the Ca2+ 

signaling machinery in N. crassa might provide novel antifungal targets for drug discovery 

(Borkovich et al. 2004; Nelson et al. 2004). Below, I give a brief description of the Ca2+ signaling 

proteins in N. crassa. 

 

1.2.1 Ca2+-permeable channels: Ca2+-permeable channels are localized across cell membranes 

and they regulate passive flow of Ca2+ across the membranes into the cytoplasm (Bootman et al. 

2001; Zelter et al. 2004; Tamuli et al. 2011). The NCU02762, NCU06703, and NCU11680 are 

three distinct Ca2+-permeable channel proteins classified as group I, II, and III respectively (Zelter 

et al. 2004; Tamuli et al. 2011). The MID-1 (mating induced death-1) protein encoded by 
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NCU06703 is a stretch activated Ca2+-permeable channel involved in regulation of ion transport 

via Ca2+ homeostasis (Lew et al. 2008).  

 

1.2.2 Ca2+ and cation-ATPases: The ATP driven plasma membrane and organelle membrane 

localized Ca2+ and cation-ATPases mediate Ca2+ uptake across cell membranes into the cytoplasm. 

N. crassa contains seven Ca2+ and cation-ATPases and two cation-ATPases. NCA-1, NCA-2, 

NCA-3, PMR-1, and PH-7 ATPases are encoded by NCU03305, NCU04736, NCU05154, 

NCU03292, and NCU08147 genes, respectively (Benito et al. 2000). While lack of NCA-1 and 

NCA-3 do not show any defect in growth or Ca2+ distribution, however, strains lacking NCA-2 

displays slower growth, Ca2+ sensitivity, and female sterility and accumulates higher Ca2+ than the 

wild type which indicates it functions to pump Ca2+ out of the cell (Bowman et al. 2011; Laxmi 

and Tamuli 2015). One of the cation-ATPases trm-9 encoded byNCU04898 was found to play role 

in growth, Ca2+ sensitivity, and acquisition of thermotolerance induced by heat shock temperatures 

in N. crassa (Laxmi and Tamuli 2015). 

 

1.2.3 Ca2+/H+ exchangers: The Ca2+/H+ exchangers pump Ca2+ ions out of the cell and transport 

Ca2+ into the intracellular Ca2+ storing organelles to reduce high [Ca2+]c into resting levels, a 

process driven by ATP hydrolysis (Zelter et al. 2004). In N. crassa, two H+ ions are exchanged per 

Ca2+ ion across membranes (Miller et al. 1990). Genome analysis identified six Ca2+/H+ 

exchangers encoded by the NCU07075, NCU00916, NCU00795, NCU06366, NCU07711, and 

NCU05360 genes in N. crassa (Galagan et al. 2003; Borkovich et al. 2004).  

 

1.2.4 Ca2+/Na+ exchangers: Ca2+/Na+ exchangers transports Ca2+ from the cytoplasm and also 

facilitate Ca2+ entry into the cell (Lytton et al. 2007). N. crassa possesses two Ca2+/Na+ exchangers 

encoded by NCU02826 and NCU08490 genes.   

 

1.2.5 Phospholipase C-δ subtype proteins: N. crassa possesses four novel phospholipase C-δ 

subtype proteins (PLC-δ) encoded by genes NCU01266, NCU02175, NCU06245, and NCU11415 

(Galagan et al. 2003; Borkovich et al. 2004). The phosphoinositide-specific PLC-δ catalyses the 

hydrolysis of plasma membrane phospholipid phosphatidylinositol-4, 5-bisphosphate (PIP2) into 

IP3 which induces Ca2+ release from intracellular Ca2+ stores and diacylglycerol (DAG) that 
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activates protein kinase C (PKC; Berridge 1987; 1993; Cornelius 1989). Interestingly, N. crassa 

lacks any recognizable IP3 receptors and both of its PKC proteins lack a C2 domain with Ca2+ 

binding sites (Galagan et al. 2003; Borkovich et al. 2004). The plc-1 encoded by NCU06245 

exhibits a high incidence of polymorphism among the natural isolates of N. crassa with a unique 

coding sequence change at the amino acid positions 200-250 (Gavric et al. 2007). The RIP induced 

mutant of plc-1 displayed colonial morphology with defects in growth rate, hyphal size, 

proportion, and branching which indicated role of plc-1 for normal growth (Garnjobst and Tatum 

1967; Gavric et al. 2007). 

 

1.2.6 Ca2+ and/or calmodulin binding proteins and calmodulin: The Ca2+ and/or calmodulin 

(CaM) binding proteins are primarily involved in regulation of [Ca2+]c and they possess several 

conserved domains like N-terminal catalytic domain, EF-hand domain with Ca2+ binding sites, 

autoinhibitory, and overlapping CaM binding domain. N. crassa possesses four Ca2+/CaM-

dependent kinases, Ca2+/CaMK-1 to 4, encoded by the genes NCU09123, NCU02283, NCU06177, 

and NCU09212, respectively (Galagan et al. 2003). Knockout mutant of CaMK-1 show phase 

delay, a small period lengthening, light-induced phase shifting of the circadian conidiation rhythm, 

and a transient slow growth phenotype (Yang et al. 2001). The CaMK-1, 2, 3, and 4 are involved 

in growth, thermotolerance, oxidative stress survival, and sexual development in N. crassa as 

revealed by respective studies in our lab (Deka et al. 2011; Tamuli et al. 2013; Kumar and Tamuli 

2014). The Ca2+ and/or CaM binding neuronal calcium sensor-1, NCS-1, encoded by NCU04379 

has a role in growth, Ca2+ stress tolerance, and ultraviolet (UV) survival (Deka et al. 2011). The 

highly conserved heterodimer calcineurin is a Ca2+ /CaM regulated serine/threonine protein 

phosphatase composed of a catalytic subunit (calcineurin A, CNA-1) that binds to CaM and a 

regulatory subunit (calcineurin A; CNB-1) that binds to Ca2+ (Klee 1979; Winkler et al. 1984). 

Induction of antisense RNA expression for the cna-1 indicated essential role of cna-1 for growth 

of N. crassa as conditional expression caused extensive hyphal branching, altered hyphal 

morphology, loss of the apical tip-high Ca2+ gradient, and eventually growth arrest (Prokisch et al. 

1997). Calcineurin B mutant, cnb-1, displays an abnormal morphology indicating that calcineurin 

regulatory subunit B is required for normal vegetative growth in N. crassa (Kothe and Free 1998). 

The NDE-1 protein encoded by NCU08980 is an external NADPH dehydrogenase of N. crassa 

mitochondria (Melo et al. 1999; 2001; Borkovich et al. 2004; Carneiro et al. 2007). It contains a 
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potential Ca2+ binding motif and the NADPH oxidation activity of the NDE-1 protein is Ca2+-

dependent (Melo et al. 1999; 2001). N. crassa encodes one CaM protein, NCU04120, that appears 

to be essential for viability and it plays role in various cellular processes including circadian clock, 

activation of chitin synthase and modulating DNA repair, DNA synthesis, and cell proliferation in 

both CHO and human cell lines (Chafouleas et al. 1984; Pavelic 1987; Chard 1987; Capelli et al. 

1993; Mirzayans et al. 1995; Sadakane and Nakashima 1996; Suresh and Subramanyan 1997; 

Galagan et al. 2003; Borkovich et al. 2004). Experiments in our lab indicated that the Cmd gene 

play role in vegetative growth, sexual development, UV survival, and survival in stress conditions 

(Laxmi and Tamuli 2015; 2016).  

 

 

 

 

Figure 1.3: Overview of Ca2+ signaling system in N. crassa. The Ca2+ signaling proteins are 

CPC: Ca2+-permeable channel; CP: Ca2+-and cation-ATPases; CT: Ca2+/H+ and Ca2+/Na+ 

exchanger: CaM: calmodulin; Ca2+/CaM-reg: calcium- and calmodulin regulated proteins; and 

PLC: phospholipase C. The intracellular second messenger molecules DAG: diacylglycerol and 
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IP3: inositol-1, 4, 5-trisphosphate are also shown. Changes in [Ca2+]c triggers a Ca2+ signaling 

cascade via Ca2+/CaM-reg proteins. Numbers in parentheses indicate the number of genes 

identified in that class and asterisk indicates that the location in the plasma membrane and/or 

organelle membranes are not determined (Galagan et al. 2003; Borkovich et al. 2004; Zelter et al. 

2004). Adapted from Tamuli et al. 2013. 

 

Table 1.1a: Ca2+ signaling proteins in N. crassa 

Sl. No. NCU No. Name Type of Protein Best overallb (e-value; 

organism; protein name; 

accession number) 

1 02762.7  Ca2+ permeable channel 0; Verticillium dahlia (cch1); 

EGY18507.1 

2 06703.7  Ca2+ permeable channel 2e-97; Paracoccidioides 

brasiliensis (MID1); 

EEH23338.1 

3 11680.7c  Ca2+ permeable channel 0; Ajellomyces dermatitidis 

(Yvc1); EGE78766.1 

4 03305.7 NCA1 Ca2+ -ATPase 0; Trichophyton tonsurans 

(SCA-1); EGD96734.1 

5 04736.7 NCA2 Ca2+ -ATPase 0; M. oryzae (Plasma 

membrane calcium-

transporting ATPase 3); 

EHA56671.1 

6 05154.7 NCA3 Ca2+ -ATPase 0; Glomerella graminicola 

(Calcium translocating 

P-type ATPase); EFQ29373.1 

7 03292.7 PMR1 Ca2+ -ATPase 0; Uncinocarpus reesii 

(PMR1); XP_002541437.1 
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8 08147.7 PH-7 Ca2+ -ATPase 0; G. graminicola 

(Potassium/sodium efflux P-

type ATPase); EFQ36596.1 

9 04898.7  Ca2+ -ATPase 0; Cordyceps militaris (Cation 

transporting ATPase 4); 

EGX91104.1 

10 03818.7  Ca2+ -ATPase 0; V. dahlia (Neo1p); 

EGY18069.1 

11 07966.7  Cation-ATPase 0; T. tonsurans (Cta3p); 

EGD97988.1 

12 10143.7d  Cation-ATPase 0; C. militaris (ATPase type 

13A2); EGX92563.1 

13 07075.7 CAX Ca2+ /H+ 

exchanger 

0; G. graminicola 

(Calcium/proton exchanger); 

EFQ30300.1 

14 00916.7  Ca2+ /H+ 

exchanger 

2e-176; A. fumigatus 

(Membrane bound cation 

transporter); XP_001481534.1 

15 00795.7  Ca2+ /H+ 

exchanger 

1e-149; A. niger (Membrane 

bound cation transporter); 

XP_001400827.2 

16 06366.7  Ca2+ /H+ 

exchanger 

0; Sclerotinia sclerotiorum 

(Ca2+/H+ antiporter); 

XP_001589752.1 

17 07711.7  Ca2+ /H+ 

exchanger 

4e-160; T. tonsurans (Vacuolar 

calcium ion transporter/H+ 

exchanger); EGD98067.1 

18 05360.7  Ca2+ /H+ 

exchanger 

0; Metarhizium anisopliase 

(Calcium Permease); 

EFY95914.1 
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19 02826.7  Ca2+/ Na+ 

exchanger 

0; V. albo-atrum 

(Sodium/calcium exchanger 

protein); XP_003004985.1 

20 08490.7  Ca2+ /H+ 

exchanger 

1e-83; A. niger 

(Sodium/calcium transporter); 

XP_001397155.1 

21 01266.7  Phospholipase C 0; Sordaria macrospora 

(Phosphoinositide-specific 

phospholipase C); 

XP_003348116.1 

22 06245.7 PLC-1 Phospholipase C 0; G. graminicola 

(Phosphatidylinositol-specific 

phospholipase C); 

EFQ28596.1 

23 11415.7e  Phospholipase C 0; G. graminicola 

(Phosphatidylinositol-specific 

phospholipase C); 

EFQ31595.1 

24 02175.7  Phospholipase C 3e-125; Botryotinia fuckeliana 

(BcPLC2); CCD34776.1 

25 04120.7 CaM Calmodulin 1e-103; Gibberella zeae 

(CaM); XP_382067.1 

26 03804.7 CNA-1 Calcineurin 

catalytic subunit 

0; S. macrospora 

(Serine/threonine-protein 

phosphatase 2B catalytic 

subunit protein); 

XP_003352213.1 

27 03833.7 CNB-1 Calcineurin 

regulatory 

subunit /variant 

2e-119; Trichoderma reesei 

(Calcineurin beta subunit); 

EGR44907.1 

28 09265.7  Calnexin 0; S. macrospora (cnx1); 
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XP_003347545.1 

29 05225.7f  Ca2+ and/or CaM 

binding protein 

0; M. oryzae (Mitochondrial 

NADH dehydrogenase); 

EHA47323.1 

30 02115.7  Ca2+ and/or CaM 

binding protein 

0; M. oryzae (EF hand domain 

containing protein); 

EHA48778.1 

31 01564.7  Ca2+ and/or CaM 

binding protein 

0; M. oryzae (Calcium 

dependent mitochondrial 

carrier protein); EHA48778.1 

32 06948.7  Ca2+ and/or CaM 

binding protein 

2e-54; Mycosphaerella 

graminicola (Calcium ion 

binding, calmodulin); 

EGP88834.1 

33 04379.7 NCS-1 Ca2+ and/or CaM 

binding protein 

4e-126; Grosmannia clavigera 

(Neuronal calcium sensor 1); 

EFX03580.1 

34 02738.7 PEF-1 Ca2+ and/or CaM 

binding protein 

2e-130; V. dahlia (Peflin); 

EGY21808.1 

35 09871.7  Ca2+ and/or CaM 

binding protein 

4e-33; V. dahlia (Centrin-3); 

EGY16271.1 

36 01241.7  Ca2+ and/or CaM 

binding protein 

0; T. reesei (Mitochondrial 

carrier protein); EGR44893.1 

37 06347.7  Ca2+ and/or CaM 

binding protein 

0; S. macrospora (Actin 

cytoskeleton-regulatory 

complex protein); 

XP_003350109.1 

38 06617.7  Ca2+ and/or CaM 

binding protein 

7e-93; V. albo-atrum (Myosin 

regulatory light chain cdc4); 

XP_003009631.1 
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39 03750.7  Ca2+ and/or CaM 

binding protein 

8e-74; B. fuckeliana 

(Calmodulin); 

XP_001560827.1 

40 08980.7 NDE-1 Ca2+ and/or CaM 

binding protein 

0; G. clavigera (Alternative 

NADH-dehydrogenase); 

EFX03867.1 

41 02283.7  Ca2+ and/or CaM 

binding protein 

0; S. macrospora 

(Calcium/calmodulin-

dependent protein kinase type 

I); XP_003344498.1 

42 09123.7  Ca2+ and/or CaM 

binding protein 

0; Sporothrix schenckii 

(Calcium/calmodulin-

dependent kinase); 

AAV80434.1 

43 09212.7  Ca2+ and/or CaM 

binding protein 

0; V. dahlia (Serine/threonine-

protein kinase srk1); 

EGY15110.1 

44 02814.7 PRD-4 Ca2+ and/or CaM 

binding protein 

0; G. clavigera 

(Serine/threonine-protein 

kinase chk2); EFX01629.1 

45 06650.7  Ca2+ and/or CaM 

binding protein 

3e-61; Nectria haematococca 

(Phospholipase A2); 

XP_003042542.1 

46 02411.7  Ca2+ and/or CaM 

binding protein 

0; G. graminicola 

(Microtubule associated 

protein); EFQ31793.1 

47 06177.7  Ca2+ and/or CaM 

binding protein 

0; M. grisea (CMKK2); 

ACM41720.1 

48 04265.7  Ca2+ and/or CaM 

binding protein 

7e-85; Bacillus megaterium 

(Betafructosidase FruA); 

AEN90524.1 
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aAdapted from Tamuli et al. 2013 

bBLASTP search at the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al. 1990; 1997; 

2005) with the default parameters for each of the 48 Ca2+ signaling proteins against the non-

redundant protein sequence databases has been indicated the respective best overall match in other 

organisms.  

cSplit from NCU07605.1 

dSplit from NCU01437.1 

eSplit from NCU09655.1 

fNCU05225.5 (was indicated as NCU08980.1 in Borkovich et al. 2004) 

 

1.3 The Ca2+ signaling proteins important for maintaining [Ca2+]c level 

In N. crassa, cytosolic Ca2+ plays a central role as an intracellular signal, however, increase in 

cytosolic Ca2+ levels are noxious to the cell, and therefore, [Ca2+]c is effectively regulated 

(Cornelius and Nakashima 1987; Berridge et al. 1998; Sanders et al. 2002). Changes in cytosolic 

Ca2+ levels are detected by three important classes of Ca2+ signaling proteins in N. crassa which 

includes novel PLC-δ subtype proteins, Ca2+ and/or CaM binding secretory phospholipase A2 

proteins (sPLA2), and Ca2+ exchangers. PLC and sPLA2 regulates important cell functions in 

different organisms including the model filamentous fungi N. crassa (Barman and Tamuli 2015; 

2017). Below, I briefly describe the structure and functions of PLC, sPLA2, and Ca2+ exchangers 

in fungi.  

 

1.3.1 Phospholipase C  

Phospholipases are ubiquitous enzymes which catalyses the hydrolysis of phospholipids yielding 

free fatty acids and a number of lipophilic signaling molecules such as DAG, free fatty acids 

(FFAs), phosphatidic acid (PA), and lysophospholipids (Köhler et al. 2006; Hong et al. 2016). 

Depending on the type of cleavage of an ester linkage within a phospholipid molecule, 

phospholipases are classified as phospholipase A (PLA1 and PLA2), phospholipase B (PLB), 

phospholipase C (PLC), and phospholipase D (PLD) (Figure 1.4 A; Köhler et al. 2006). The 

membrane bound phosphoinositide-specific PLC hydrolyses PIP2 into two important second 

messengers, IP3 and DAG. The IP3 induces release of Ca2+ from intracellular Ca2+ stores whereas 

DAG binds to Ca2+ dependent C2 domain and in turn activates PKC enzyme (Figure 1.4 B; 
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Berridge and Irvin 1984; Nishizuka 1984; Clapham 2007). Majority of eukaryotic PLCs comprises 

of five conserved domains which includes two catalytic domains X and Y, an N-terminal pleckstrin 

homology (PH) domain for membrane phospholipid interaction, a C-terminal Ca2+ dependent C2 

domain for phospholipid binding, and an EF-hand motif for Ca2+ binding and interaction of PH 

with phospholipid (Figure 1.4 C; Bristol et al. 1988; Watson and Arkinstall 1994; Sutton et al. 

1995; Yamamoto et al. 1999). PLC is involved in the regulation of numerous cellular and 

biological functions in a variety of organisms including yeast, mold, and filamentous fungi. 

 

Alternaria alternata: The opportunistic fungal pathogen A. alternata, causes brown spot disease 

in citrus plants and is also responsible for respiratory tract infections in humans (Akimitsu et al. 

2003; Salo et al. 2006). It comprises of a PLC1 gene that encodes an 1104 amino acid protein and 

possesses all the known eukaryotic PLC conserved domains (Tsai et al. 2014). The plc1 deleted 

strain showed severe morphological abnormalities including vegetative growth defect, swollen 

hyphae, and reduced sporulation with delayed germination as well as disruption of Ca2+ 

homeostasis (Tsai et al. 2014). Also the plc1 mutants produced small or almost no necrosis on 

detached citrus leaves indicating a possible role of plc-1 in pathogenicity (Tsai et al. 2014).  

Therefore, PLC1 protein regulates developmental and pathological processes in A. alternata (Tsai 

et al. 2014).  

 

Botrytis cinerea:  The air borne plant pathogen B. cinerea infects dicotyledonous host plant via 

extracellular cell wall-degrading enzymes, non-specific phytotoxic metabolites, and generation of 

reactive oxygen species (ROS; Nakajima and Akutsu 2014). The genome of B. cinerea comprises 

of two PLC proteins, BcPL1 and BcPLC2 and contains conserved catalytic X and Y domains, a 

C-terminal Ca2+ binding motif while the N-terminal PH domain typically found in majority of 

eukaryotic PLCs is present only in BcPL1 (Schumacher et al. 2008). The knock down mutants of 

bcplc1 generated by RNA-mediated gene silencing displayed various morphological defects 

including formation of small compact colonies, fewer aerial hyphae with altered hyphal 

morphology, and significantly decreased conidiation with reduced rate of germination 

(Schumacher et al. 2008). The bcplc1 deleted strain also formed small non-expanding necrotic 

lesions carried out with excised bean leaves inoculated with conidia whereas inoculation with 

mycelium completely infected the bean leaves due to formation of expanding necrotic lesions 
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(Schumacher et al. 2008). Also down regulation of a number of BCG-1 (encoding GTP binding α 

subunit) and CN (encoding calcineurin) dependent genes were observed in bcplc1 knock down 

mutants which suggested involvement of BcPLC1 in BCG-1 and CN dependent signaling 

pathways (Schumacher et al. 2008). Thus, BcPLC1 plays an essential role in growth, hyphal 

development, conidiation, conidiospore germination, virulence, and regulates the transcription of 

BCG-1 and CN encoding genes.  

 

Candida albicans: The genome of one of the most important opportunistic human pathogen C. 

albicans that causes significant morbidity and mortality in immunocompromised individuals 

encodes three putative PI-PLC proteins, CaPLC1, CaPLC2, and CaPLC3 with CaPLC1 closely 

resembles mammalian PI-PLC δ isoform while CaPLC2 and CaPLC3 resembles bacterial PI-PLCs 

(Bennett et al. 1998; Andaluz et al. 2001). CAPLC1 encodes a putative 1099 amino acid protein 

(Mw: 124.6 kDa) that contains the conserved X and Y domains, 16 predicted glycosylation sites, 

and an extended N-terminus but lacks the Ca2+ binding EF hand domain (Bennett et al. 1998). The 

X domain possesses conserved Asn, Gln, and Asp residues essential for Ca2+ binding and an 

additional stretch of 18-19 highly hydrophilic amino acid residues with two conserved His residues 

required for its catalytic activity (Bennett et al. 1998). The Y domain contains conserved Ser, Arg, 

and Tyr residues required for catalysis and substrate specificity (Bennett et al. 1998). CaPLC2 and 

CaPLC3 each encode a 343 amino acid protein and both share 99% sequence identity but without 

any significant similarity to CaPLC1 (Andaluz et al. 2001; Knechtle et al. 2005). The CaPLCs do 

not contain any N-terminal signal peptide, transmembrane region, or glycophosphatidylinositol 

(GPI) anchor attachment sites while CaPLC1 possesses a putative nuclear localization signal 

(NLS) within the X/Y domains and therefore the three CaPLCs are either cytoplasm or nucleus 

localized (Kunze et al. 2005). CaPLC1 is an essential gene since targeted disruption of CaPLC1 

could not generate any null mutant and in presence of PI-PLC specific inhibitor 1-O-octadecyl-2-

O-methyl-rac-glycero-3-phosphorylcholine (ET-18) completely prevented the growth of C. 

albicans cells (Kunze et al. 2005). The conditional mutants of CaPLC1 showed phenotypes similar 

to S. cerevisiae Plc1p including osmosensitivity (high concentration of sorbitol or NaCl), 

sensitivity to lower (18°C) or elevated temperatures (43°C), reduced growth in non-glucose carbon 

sources (such as galactose), sensitivity to nocodazole that inhibits chromosome segregation as well 

as reduced growth in filamentous growth inducing conditions and on media containing only Arg 
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as the sole nitrogen source (Kunze et al. 2005). CaPLC1 modulates various cellular functions in 

C. albicans as expression profile of different cellular genes were found to be transcriptionally 

regulated by CaPLC1 (Kunze et al. 2005). Both the CaPLC2 and CaPLC3 genes were found to be 

non-essential for growth as loss of Caplc2 and Caplc3 did not show any phenotypic defects under 

different growth and stress inducing conditions (Knechtle et al. 2005; Kunze et al. 2005). The 

Caplc2 and Caplc3 mutants showed similar survival rate like the wild type in a mouse model of 

systemic infection which indicated both Caplc2 and Caplc3 were dispensable for virulence 

(Knechtle et al. 2005; Kunze et al. 2005). Thus, C. albicans possesses two different classes of PLC 

having significantly different functional role.      

       

Cryptococcus neoformans: The basidiomycete C. neoformans is a potential human pathogen that 

causes severe neurological disorders such as meningoencephalitis in immunocompromised hosts. 

C. neoformans possesses two putative PLC genes, CnPLC1 and CnPLC2 that encodes putative 

609 and 430 amino acid proteins, respectively (Chayalkulkeeree et al. 2006). The conserved 

catalytic X and Y domains and the Ca2+ binding C2 domain are present only in CnPLC1 while 

CnPLC2 contains only the X domain in its predicted amino acid sequence (Chayalkulkeeree et al. 

2008). Disruption of CnPLC1 completely abolished the three major cryptococcal virulence traits 

including decreased expression of melanin-producing laccase 1 (Lac1), growth at the host 

physiological temperature (37°C), and secretion of cell-associated CnPlb1 and also showed 

reduced virulence in a murine model of cryptococcal infection and exhibited attenuated killing of 

Caenorhabditis elegans at 25°C (Chayalkulkeeree et al. 2006). The Cnplc1 mutant formed 

defective cell walls, abnormal cell morphology, and clumped cells with numerous bud septa and 

was unable to activate MAPK in the presence of cell-wall perturbing agents (Chayalkulkeeree et 

al. 2006). In contrast, deletion of Cnplc2 did not show any phenotypic changes in C. neoformans 

and exhibited virulence similar to wild type in a murine model of cryptococcosis (Chayalkulkeeree 

et al. 2006). In presence of the PLC inhibitor U73122, growth was inhibited in the wild type strain 

of C. neoformans while notably significant reduction in MICs (minimum inhibitory 

concentrations) of the azole drugs, amphotericin B, and flucytosine was observed in plc1 deleted 

strain which suggests plc1 can be a potential antifungal drug target (Chayalkulkeeree et al. 2006). 

Thus, C. neoformans Plc1 is essential for expression of certain cryptococcal virulence traits such 

as melanin production, growth at elevated temperatures, release and secretion of Plb1 from its GPI 
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anchored site in the plasma membrane, and is involved in maintenance of normal cell morphology, 

cell wall integrity, and activation of PKC/MAPK signaling pathway.   

 

Coprinopsis cinerea: The small ink-cap mushroom C. cinerea is an ideal eukaryotic model 

organism for genetic and cytological studies (Burns et al. 2010; Pukkila 2011). It encodes three 

putative PLC genes, CcPLC1, CcPLC2, and CcPLC3 and shares significant homology to 

corresponding PLC1 of S. cerevisiae (Oh et al. 2012). The two PLC genes, CcPLC1 and CcPLC2 

encode corresponding putative proteins of 881 and 1036 amino acids, respectively and comprises 

a PH domain, X and Y catalytic domains, and a C2 domain while CcPLC3 which encodes a 

putative protein of 659 amino acid lacks the PH domain (Oh et al. 2012). All three CcPLCs are 

differentially expressed during various stages of C. cinerea lifecycle. The wild type C. cinerea 

strain exhibit several phenotypic defects in response to the PLC inhibitor U73122 such as 

inhibition of oidia and basidiospores germination, reduced hyphal growth with irregular hyphal 

tips, open clamp connections with aberrant clamp cells (branch like structures), and protoplast 

inhibition (Oh et al. 2012). Thus, CcPLCs play critical role in growth and development of C. 

cinerea (Oh et al. 2012).  

 

Cryphonectria parasitica:  The plant pathogen C. parasitica causes chestnut blight, a destructive 

disease that forms ‘sunker cankers’ in the barks of healthy chestnut trees (MacDonald and 

Fulbright 1991). However, in presence of a double stranded (ds) RNA virus Cryphonectria 

hypovirus1 (CHV1), certain strains of C. parasitica exhibits characteristic symptoms of reduced 

virulence due to down regulation of expression of extracellular lac1 gene via interference of IP3 

mediated Ca2+ signal (Anagnostakis et al. 1982; Van Alfen et al. 1975; Larson et al. 1992; Nuss et 

al. 1992). The corresponding PLC gene of C. parasitica, CPLC1, encodes a polypeptide of 736 

amino acids (Mw: 79.8 kDa) that shares homology to the fungal PLC genes from S. cerevisiae, S. 

pombe, C. albicans, and Botryotinia fuckeliana (Chung et al. 2006). The predicted polypeptide of 

CPLC1 contains the catalytic X and Y domains which constitute the triosephosphate isomerase 

like domain (TIM-barrel), characteristic of mammalian PI-PLC δ isoform with a unique 133 amino 

acids extended segment starting from the second β-strand (Tβ2) to α-helix (Tα2) of the TIM barrel 

and a C2 domain but lacks the N-terminal PH domain and the EF-hand motifs (Essen et al. 1996; 

Chung et al. 2006). The cplc1 null mutant exhibited a few morphological changes such as bright 
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orange pigmented colonies with slower mycelial growth and no aerial mycelium, thinner and 

abrupt vegetative hyphae, and reduced conidiation but showed no temperature sensitivity or 

osmosensitivity (Chung et al. 2006). Moreover, disruption of cplc1 did not show any lac1 

transcript accumulation which indicated wild type cplc1 play a pivotal role in lac1 gene expression 

(Chung et al. 2006). Also, the cplc1 null mutant and the hypovirulent strain showed similar lowered 

necrosis on excised chestnut tree bark which suggested no possible role of cplc1 in pathogenicity 

(Chung et al. 2006). Thus, cplc1 gene is essential for growth and lac1 gene expression in C. 

parasitica. 

 

Fusarium graminearum:  F. graminearum is the causative agent of Fusarium head blight (FHB) 

disease that affects many cereal crops including barley, maize, oats, rice, and wheat and also affects 

humans and animals due to its ability to synthesize various trichothecene mycotoxins (Bennett and 

Klich 2003; Goswami and Kistler 2004; Osborne and Stein 2007). Genome of F. graminearum 

comprises of six putative PLC encoding genes, FgPLC1, FgPLC2, FgPLC3, FgPLC4, FgPLC5, 

and FgPLC6, and all six FgPLCs are differentially expressed in the mycelia (Zhu et al. 2015). In 

response to U73122, wild type F. graminearum exhibited dose dependent reduction in mycelial 

growth, colony formation, reduction in conidiation and conidial germination, inhibition of 

perithecium, and showed down regulation of trichothecene biosynthetic Tri5 and Tri6 genes in the 

mycelia (Zhu et al. 2015). Thus, FgPLCs are essential to F. graminearum in its growth and 

development and trichothecene biosynthesis.  

 

Magnaporthe oryzae: The filamentous ascomycete M. oryzae is responsible for causing rice blast, 

one of the most destructive diseases affecting cereal crops particularly cultivated rice (Ou 1985). 

Its genome comprises of five PLC encoding genes, mainly MoPLC1, MoPLC2, MoPLC3, 

MoPLC4, and MoPLC5 (Rho et al. 2009). The intron less MoPLC1 encodes a polypeptide of 847 

amino acids that contains the conserved catalytic X and Y domains, PH domain, EF hand domain, 

and a C2 domain similar to mammalian PLC-δ isoform (Rho et al. 2009). The remaining four 

MoPLCs also contain X/Y domains but lack the PH and EF hand domains while only MoPLC2 

and MoPLC3 comprises of the C2 domain (Choi et al. 2011). The PLC specific inhibitor, 

neomycin, causes inhibition of Ca2+ influx at the germ tubes apex and appressoria that suggest a 

possible role of PLC in intracellular Ca2+ ([Ca2+]int) regulation (Rho et al. 2009). Targeted 
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disruption of MoPLC1 showed various phenotypic alterations such as reduced growth rate, 

osmosensitivity (glycerol or NaCl), decreased conidiation with altered conidial morphology, 

inhibition of perithecium formation, and abnormal appressoria development (Rho et al. 2009). In 

contrast, the MoPLC2 and MoPLC3 deleted strains showed normal vegetative growth, conidium 

and appressorium morphology, however, conidia production was significantly reduced while 

multiple appressoria on separate germ tubes were formed from a single conidium probably caused 

due to a defect in cell wall integrity (Choi et al. 2011). Fewer under developed lesions were 

observed on excised rice leaves sprayed or injected with conidial suspension of MoPLC1, 

MoPLC2, and MoPLC3 mutants in contrast numerous well-developed spindle shaped lesions were 

formed by the wild type isogenic strain (Rho et al. 2009; Choi et al. 2011). Also, the abnormal 

appressoria of MoPLC1, MoPLC2, and MoPLC3 mutants failed to penetrate plant epidermal cells 

and lacked any invasive hyphae whereas the well-developed appressoria of the wild type isogenic 

strain formed swollen bulbous invasive hyphae that could penetrate plant cells (Rho et al. 2009; 

Choi et al. 2011). Complementation with a wild type allele of MoPLC1 and a mouse PLC-δ1 gene 

individually recovered most of the defective phenotypes and thus indicated functional conservation 

of PLC as a regulator of Ca2+ flux between two different kingdoms (Rho et al. 2009). The 

phenotypic abnormalities of MoPLC2 and MoPLC3 deleted strains were also complemented by 

the wild type alleles of MoPLC2 and MoPLC3 genes (Choi et al. 2011). Therefore, M. oryzae 

consists of a PLC superfamily that has inter-related but significantly distinct roles in development 

as well as pathogenesis.   

 

Saccharomyces cerevisiae:  The budding or the baker’s yeast S. cerevisiae has a putative PLC1 

gene (Plc1p) that encodes an 869 amino acid protein (Mw: 101 kDa) highly homologous to 

mammalian PI-PLC δ isoform (Yoko-o et al. 1993). The conserved C-terminal catalytic X and Y 

region separated by a stretch of 75 amino acid residues forming a PEST motif that is rich in Pro, 

Glu (and Asp), Ser, and Thr residues and a putative N-terminal Ca2+ binding EF-hand motif are 

present in the deduced amino acid sequence of Plc1p, with both X and Y showing high sequence 

identity to mammalian PI-PLC δ isoform (Flick and Thorner 1993; Payne and Fitzgerald-Hayes 

1993; Yoko-o et al. 1993). The activity of Plc1p is strictly Ca2+ dependent and it specifically 

hydrolyzes PIP2 at the physiological [Ca2+] of 0.5µM (Flick and Thorner 1993). Mutants of Plc1p 

were viable but exhibited a few phenotypic defects such as slower growth at restricted temperatures 
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(23°C) or were lethal with multiple morphological aberrations at nonpermissive temperatures 

(above 35°C) or on synthetic media or media with a high concentration of fermentable carbon 

source (Flick and Thorner 1993; Payne and Fitzgerald-Hayes 1993; Yoko-o et al. 1993). The Plc1p 

mutants also showed osmosensitivity and sensitivity to nitrogen starvation and were defective in 

utilizing non-fermentable carbon sources other than glucose at permissive temperatures (23 to 

30°C; Flick and Thorner 1993). Insertion of rat PLC-δ1 complemented the growth defect of Plc1p 

mutants which indicated possible role of PLC1 in growth, nutritional, and stress related responses 

(Yoko-o et al. 1993). Plc1p was also shown to be essential for glucose induced 

phosphatidylinositol (PtdIns) turnover and subsequent activation of plasma membrane H+-

ATPases and transduction of glucose mediated calcium signaling (Coccetti et al. 1998; Tisi et al. 

2002). Plc1p activity is also required for the generation of inositol hexakisphosphate (IP6) which 

facilitate mRNA export from the nucleus, for oxidative stress induced degradation of the yeast C-

type cyclin Ume3p, increased expression of glycerol P dehydrogenase (GPD1), enhanced 

intracellular accumulation of glycerol, and osmoresistance (Cooper et al. 1999; York et al. 1999; 

Lin et al. 2002). Plc1p interacts with Tor2p, a putative PtdIns kinase homolog involved in 

regulation of translation, cell cycle progression, and actin-cytoskeleton distribution and with 

Sgd1p, a novel nuclear protein, that affects the expression of GPD1 (Lin et al. 1998; Akhtar et al. 

2000; Lin et al. 2002). Interaction of Plc1p with the putative GPCR Gpr1p, as a component of 

nitrogen signaling pathway, induces morphogenetic transition from yeast to pseudohyphae in S. 

cerevisiae (Ansari et al. 1999). Also Plc1p was shown to interact physically with Ndc10p and 

Cep3p, components of the kinetochore complex CBF3, as deletion of PLC1 abolished this 

interaction causing a few kinetochores associated defects such as cell cycle delay, hypersensitivity 

to microtubule (MT) depolymerizing drug nocodazole, higher frequency of chromosome 

missegregation, and increased instability of minichromosomes that resulted in reduced MTs 

binding ability (Lin et al. 2000). Thus, S. cerevisiae Plc1p plays a key role in the regulation of 

numerous physiological processes.   

 

Schizosaccharomyces pombe: The genome of the fission yeast S. pombe encodes a putative PLC1-

1 protein of 899 amino acid residues (Mw: 102.5 kDa) and is a homologue of mammalian PI-PLC 

δ isoform and PLC1 of S. cerevisiae (Fankhauser et al. 1995). Like all eukaryotic PLC, it also 

possesses the characteristics X and Y domain at the C-terminal and an EF hand motif with Ca2+ 

TH-1649_11610630



                                                                        

                                                                                                                                                                         Chapter1 

23 
 

binding site at the N-terminal (Fankhauser et al. 1995). Strains lacking plc1-1 displayed defective 

growth with morphologically aberrant cells in normal minimal media (MM; Fankhauser et al. 

1995). Growth defect was partially suppressed in low inositol and low phosphate MM containing 

high concentration of nitrogen which suggests a potential role of plc1-1 in the mechanism of 

ammonium sensing (Fankhauser et al. 1995).       

 

A) 

 

 

 

B) 
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C) 

 

 

Figure 1.4: Schematics of PLC mechanism of action and domain organization. (A) 

Phospholipase A1 (PLA1), phospholipase A2 (PLA2), phospholipase B (PLB), phospholipase C 

(PLC), and phospholipase D (PLD) hydrolyses different carbon atoms on a phospholipid 

backbone. The site of action of phospholipases PLA1, PLA2, PLB, PLC, and PLD on a 

phospholipid are shown with red arrow (Köhler et al. 2006). X indicates polar head groups (e.g. 

choline, serine etc.). (B) PLC hydrolyzes the phosphatidylinositol-4, 5-bisphosphate (PIP2) to 

inositol-1, 4, 5-trisphosphate (IP3) and diacylglycerol (DAG). (C) Domain organization of PLC 

using the IBS Illustrator software (Liu et al. 2015). 

 

1.3.2 Secretory phospholipase A2  

The phospholipase A (PLA) superfamily that catalyzes the hydrolysis of membrane phospholipids 

into FFAs and other lipid soluble molecules can be classified into two types based on their site of 

cleavage of ester linkages; PLA1 cleaves at the sn-1 ester linkage while PLA2 cleaves at the sn-2 

ester bond of glycerophospholipids (Figure 1.4 A; Ghannoum 2000; Arioka et al. 2005; Köhler et 

al. 2006). One of the members of PLA2 superfamily are the low molecular weight (13-19 KDa) 

Ca2+ dependent extracellular secretory proteins (sPLA2). They are secretory enzymes that are 

involved in regulation of a number of biological processes in a range of organisms starting from 

bacteria to fungi, plants, and animals (Murakami and Kudo 2002; Boilard et al. 2010; Dennis et 

al. 2011). They were first reported in mammalian pancreatic juice and cobra venoms but later were 

also identified in reptiles, insects, plants, bacteria, viruses as well as fungi (Nakashima et al. 2003; 

Nevaleinen et al. 2012; 2013). The primary amino acid sequence of sPLA2 comprises of a highly 

conserved His-Asp dyad sequence essential for its catalysis, a number of unique disulfide bonded 

Cys residues that contributes to stability of these enzymes and an N terminal signal peptide residue 

for secretion (Murakami and Kudo 2004; Schaloske and Dennis 2006; Nakahama et al. 2010; 
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Dennis et al. 2011; Cavazzini et al. 2013). Also included in its catalytic center is a tightly bound 

water molecule that acts as a potential nucleophile (Verheij et al. 1980; Scott et al. 1990; Pickard 

et al. 1996).  

 

Tuber borchii: In fungal species, sPLA2 activity have been first identified and described in the 

ascomycete T. borchii (TbSP1; Soragni et al. 2001). T. borchii is an ectomycorrhizal fungus i.e. it 

can form a symbiotic association with the roots of several species of trees and shrubs. However, 

T. borchii is not an obligate symbiont and is capable of growing in mycelial cultures via 

exploitation of their limited saprotrophic capabilities (Soragni et al. 2001). Like most sPLA2 

enzymes, the phospholipase activity of TbSP1 (Mw 19 kDa) is Ca2+ dependent and contains a 

predicted N-terminal secretion signal peptide with a pre-protein cleavage site, a conserved (Arg-

Gly-Asp) motif, and conserved catalytic His, Ca2+ binding, and disulfide bonded Cys residues 

forming a new XIV group within the PLA2 superfamily (Soragni et al. 2001; Köhler et al. 2006). 

Expression of TbSP1 in the symbiotic fungus T. borchii was found to be upregulated and activated 

via autoproteolysis upon nutrient deprivation (carbon and nitrogen) conditions which in turn 

enhanced the establishment of symbiosis and mycorrhiza formation (Soragni et al. 2001; Cavazzini 

et al. 2013). Thus, there is a possible signaling role of TbSP1 in nutrient starved environment which 

in turn enhances mycorrhiza development of T. borchii with a specific host plant (Miozzi et al. 

2005; Nakahama et al. 2010).   

 

Helicosporium sp. HN1: The ascomycete Helicosporium sp. HN1 encodes a novel 15 kDa 

secreted protein, p15 that belongs to group XIV and its primary amino acid sequence possess a 

conserved region that comprises of four Cys residues required for its stability (Wakatsuki et 

al.1999; 2001). This particular secretory protein induces neurite outgrowth and differentiation of 

neurons from rat pheochromocytoma cell line PC12 cells via activation of the L-type Ca2+ channels 

that triggers downstream cascade of signaling events (Wakatsuki et al. 1999; 2001). Another 

sPLA2 that is included in group XIV is Scp15 (Mw: 14 kDa), isolated from Streptomyces coelicor 

and similar to fungal secretory protein, p15, contains four Cys residues and displays neurite 

stimulating activity in PC12 cells (Nakashima et al. 2003).   
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Aspergillus oryzae: The genome of the saprotrophic ascomycete A. oryzae consists of two novel, 

putative sPLA2 genes named sPlaA and sPlaB (Machida et al. 2005; Kobayashi et al. 2007; 

Nakahama et al. 2010). The deduced amino acid sequence of sPlaA is composed of 222 amino 

acids that contains putative N-terminal signal sequence of 19 amino acids and 6 Cys residues while 

sPlaB is comprised of 160 amino acids with putative signal sequence of 17 amino acids and 6 Cys 

(Nakahama et al. 2010). Both sPlaA and sPlaB exhibit distinct physiological properties such as 

sPlaA shows maximal enzyme activity for Ca2+ under acidic pH conditions with extracellular 

secretion while sPlaB displayed highest enzyme activity for Ca2+ at a neutral to alkaline pH and is 

maintained predominantly in intracellular localization (Nakahama et al. 2010). Only sPlaA 

expression was found to be strongly upregulated following carbon starvation, oxidative stress, heat 

shock, and during or after conidiation while sPlaB expression was barely detected in any of the 

conditions (Nakahama et al. 2010).     

 

1.3.3 Ca2+ exchangers 

The Ca2+ exchangers are Ca2+ transporting proteins that functions to reduce high [Ca2+]c to resting 

levels by removing the excess cytosolic Ca2+ out of the cell, and by transporting Ca2+ into the 

intracellular Ca2+ storing organelles with the simultaneous exchange of positive ions across 

membranes that is driven by ATP hydrolysis (Zelter et al. 2004). The N. crassa Ca2+ signaling 

machinery includes six novel Ca2+/H+ exchangers and two putative Ca2+/Na+ exchangers (Galagan 

et al. 2003; Borkovich et al. 2004; Zelter et al. 2004). All the Ca2+ exchangers possess conserved 

Ca2+ exchanger domains. However, little is known about the detailed cellular role for any of the 

Ca2+ exchanger in fungi. The vacuolar Ca2+/H+ exchanger of S. cerevisiae, Vcx1p/Hum1p, is 

negatively regulated by calcineurin and is involved in rapid sequestration of cytosolic Ca2+ into 

vacuoles and also functions to transport cadmium (Cd2+; Cunningham and Fink 1996; Miseta et 

al. 1999; Pittman et al. 2004). The human pathogenic fungus C. neoformans encodes a vacuolar 

Ca2+ exchanger, VCX1, which is involved in calcineurin dependent Ca2+ tolerance and is a 

potential virulence determinant of cryptococcosis (Kmetzsch et al. 2010). The N. crassa Ca2+/H+ 

exchanger called CAX, a homologue of S. cerevisiae Vcx1p/Hum1p, is involved in maintaining 

intracellular Ca2+ levels since strains lacking cax accumulates very little Ca2+ in the dense vacuolar 

fraction (Bowman et al. 2011). Out of the six Ca2+/H+ exchangers in N. crassa, NCU06366 

encoded Ca2+/H+ (or Ca2+/proton) exchanger is one of the two Ca2+/H+ exchangers that differ 
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significantly from its homologues in M. grisea, S. cerevisiae, and Arabidopsis thaliana in a 

phylogenetic analysis (Zelter et al. 2004). However, detailed knowledge about the Ca2+/H+ 

exchangers including the NCU06366 encoded Ca2+/H+ exchanger (CPE-1) has remained largely 

unknown in N. crassa.      

 

1.4 Objectives of this study 

Only a few Ca2+ signaling genes have been studied so far in N. crassa and detailed knowledge 

about the Ca2+ signaling machinery of N. crassa has remained largely unknown. Moreover, little 

is known about the functions of the homologues of PLC-1, sPLA2, and the Ca2+/H+ exchangers 

including the CPE-1 in N. crassa, therefore, I have decided to work on three broad objectives as 

given below: 

1. To understand the cellular roles of the Ca2+ signaling genes phospholipase C-1 (plc-1), secretory 

phospholipase A2 (splA2), and Ca2+/H+ exchanger-1 (cpe-1) in N. crassa. 

2. To study the cell functions regulated by the genetic interactions of the plc-1, splA2, and cpe-1 

genes in N. crassa, and   

3. To understand the molecular basis of the plc-1, splA2, and cpe-1 functions in N. crassa.  
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2.1 Materials 

2.1.1 Chemicals and other materials 

Glucose, fructose, sorbose, sucrose, sorbitol, bacto-agar, sodium dodecyl sulphate (SDS), 

cetyltrimethyl ammonium bromide (CTAB), calcium chloride (CaCl2.H2O), sodium citrate 

dehydrate (Na3citrate.2H2O), potassium phosphate monobasic (KH2PO4), potassium phosphate 

dibasic (K2HPO4), ammonium nitrate (NH4NO3), magnesium sulphate (MgSO4), citric acid 

(C6H8O7.H2O), zinc sulphate heptahydrate (ZnSO4.7H2O), ferrous sulphate heptahydrate 

(FeSO4.7H2O), copper sulphate pentahydrate (CuSO4.5H2O), manganous sulphate (MnSO4.H2O), 

boric acid (H3BO3), sodium molybdate (Na2MoO4.2H2O), potassium nitrate (KNO3), sodium 

chloride (NaCl), sodium hydroxide (NaOH), potassium acetate (CH3COOK), Tris base 

(C4H11NO3), ethylenediaminetetra acetic acid disodium salt (EDTA C10H14N2O8Na2.2H2O), skim 

milk, calcium D-pantothenate (C9H16O5N.1/2Ca), silica gel (6-12 mesh; Cat No. 214426-1KG), 

hexane, acetone, Tween 80, glacial acetic acid, absolute ethanol, Phenol:Chloroform:Isoamyl 

mixture (25:24:1), β-mercaptoethanol, glycerol, chloroform, agarose, ethidium bromide, X-gal (5 

bromo-4-chloro-3-indolyl-B-galactoside), IPTG (isopropylthio-β-d-galactoside) and other general 

laboratory chemicals and glass wares were procured from various manufacturers such as Sigma 

Aldrich (Mumbai, India), SRL (Mumbai, India), Merck (Mumbai, India), Himedia (Mumbai, 

India), Borosil (Mumbai, India), Tarsons (Kolkata, India), and Rankem reagents (Faridabad, 

India). Hygromycin B solution was obtained from Himedia (Cat. No. PCT 1503-20 ML; Mumbai, 

India), biotin was procured from SRL (Cat. No. 0248120; Mumbai, India), and TRIzol reagent was 

purchased from Invitrogen (Cat. No. 84602; CA, USA). All restriction enzymes, DNA size 

markers, and Taq DNA polymerases for PCRs were purchased from New England Biolabs (NEB, 

USA). High fidelity Taq polymerases were purchased from Thermo Fischer Scientific (Finland). 

Custom oligonucleotide primers were purchased from Bioserve, India as well as from Integrated 

DNA Technologies, USA. DNA purification kits were from Nucleospin Gel and PCR Clean-up 

(Macherey-Nagel, Duren, Germany). All other chemicals were purchased from local 

manufacturers and were of analytical grade.  
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2.1.2 N. crassa strains  

1. 74-OR23-1 A (FGSC 987), and OR8-1 a (FGSC 988) 

These are standard wild type N. crassa laboratory strains. The wild type strains FGSC 987 and the 

FGSC 988 were obtained from the Fungal Genetics Stock Center (FGSC; http://www.fgsc.net/, 

University of Missouri, Kansas City, MO 64110; McCluskey et al. 2010).  

 

2. Knockout mutants of N. crassa Ca2+ signaling genes used in this study 

These strains (Table 2.1) were generated using a high-throughput gene knockout procedure 

developed by the Neurospora functional genomics project 

(http://geiselmed.dartmouth.edu/dunlaploros/genome/; Colot et al. 2006) and obtained from the 

FGSC.  

 

Table 2.1: List of the knockout mutants of N. crassa Ca2+ signaling genes used in this study  

Sl. No.  

 

NCU No.  Mating 

type 

Type of Protein Reference 

1 

 

07075 mat a Ca2+/H+ exchanger FGSC 11248 

2 

 

07075 mat A Ca2+/H+ exchanger FGSC 11249 

3 

 

0795 mat a Ca2+/H+ exchanger FGSC 12376 

4 

 

0795 mat A Ca2+/H+ exchanger FGSC 12375 

5 

 

02826 mat a Ca2+/H+ exchanger FGSC 11530 

6 

 

02826 mat A Ca2+/H+ exchanger FGSC 11529 

7 

 

06366 mat a Ca2+/H+ exchanger FGSC 11407 

8 06366 mat A Ca2+/H+ exchanger FGSC 11408 
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9 

 

08490 mat a Ca2+/H+ exchanger FGSC 12468 

 

10 

 

07605 mat A Ca2+ permeable channel FGSC 11253 

11 

 

06703 mat a Ca2+ permeable channel FGSC 11707 

12 

 

06703 mat A Ca2+ permeable channel FGSC 11708 

13 

 

03305 mat a Ca2+ ATPase FGSC 13287 

14 

 

04736 mat A Ca2+ ATPase FGSC 13071 

15 

 

05154 mat a Ca2+ ATPase FGSC 13036 

16 05154 mat A 

 

Ca2+ ATPase FGSC 13037 

17 

 

04898 mat A Ca2+ ATPase FGSC 13040 

18 

 

07966 mat a Cation-ATPase FGSC 11410 

19 07966 

 

mat A Cation-ATPase FGSC 11409 

20 01266 mat a 

 

Phospholipase C FGSC 12022 

21 

 

06245 mat a 

 

Phospholipase C FGSC 11411 

22 

 

09655 mat a 

 

Phospholipase C FGSC 11271 

23 09655 mat A Phospholipase C FGSC 11271 

24 02175 mat a Phospholipase C FGSC 12023 
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25 

 

05225 mat a 

 

Ca2+ and/or CaM binding protein FGSC 11405 

26 

 

05225 mat A Ca2+ and/or CaM binding protein FGSC 11406 

27 02115 mat a 

 

Ca2+ and/or CaM binding protein FGSC 13049 

28 02738 mat a 

 

Ca2+ and/or CaM binding protein FGSC 15890 

30 06948 

 

mat a 

 

Ca2+ and/or CaM binding protein FGSC 11541 

31 06948 

 

mat A Ca2+ and/or CaM binding protein FGSC 11542 

32 04379 mat a 

 

Ca2+ and/or CaM binding protein FGSC 11403 

 

33 04379 mat A Ca2+ and/or CaM binding protein FGSC 11404 

 

34 

 

03750 mat a Ca2+ and/or CaM binding protein FGSC 11531 

35 02283 

 

mat a Ca2+ and/or CaM binding protein FGSC 12448 

36 02283 

 

mat A Ca2+ and/or CaM binding protein FGSC 12449 

37 09123 

 

mat a Ca2+ and/or CaM binding protein FGSC 12548 

38 09123 

 

mat A Ca2+ and/or CaM binding protein FGSC 12549 

39 

 

02814 mat a Ca2+ and/or CaM binding protein FGSC 11169 

40 02814 mat A Ca2+ and/or CaM binding protein FGSC 11170 

41 09212 mat a Ca2+ and/or CaM binding protein FGSC 11545 
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42 

 

06650 mat a Ca2+ and/or CaM binding protein FGSC 11246 

43 

 

06650 mat A Ca2+ and/or CaM binding protein FGSC 11247 

44 

 

06177 mat a Ca2+ and/or CaM binding protein FGSC 11537 

45 06177 

 

mat A Ca2+ and/or CaM binding protein FGSC 11536 

 

3. erg-3RIP A and erg-3RIP a strains 

The RIP-induced erg-3 mutants lack a functional sterol C-14 reductase (Prakash et al. 1999). They 

have slow growth rate than the wild type and are female sterile. The erg-3RIP A and erg-3RIP a 

strains were a kind gift from Dr. D. P. Kasbekar, Centre of Cellular and Molecular Biology, 

Hyderabad. 

 

4. his-3 A strains 

The his-3 mat A strains (FGSC 6031 and 6032) are deficient for the enzyme histidinol 

dehydrogenase and requires medium supplemented with histidine for growth. These strains were 

obtained from the FGSC.  

 

5. Strains generated in this study 

For targeted integration of exogenous DNA into the his-3 locus, the  Δplc-1::hph::his-3 mat A 

(21), Δplc-1::hph::his-3 mat A (29), Δplc-1::hph::his-3 mat A (36), Δplc-1::hph::his-3 mat A (76), 

ΔsplA2::hph::his-3 mat A (10), ΔsplA2::hph::his-3 mat A (21), ΔsplA2::hph::his-3 mat A (51), 

Δcpe-1::hph::his-3 mat A (4), Δcpe-1::hph::his-3 mat A (16), Δcpe-1::hph::his-3 mat A (36), 

Δcpe-1::hph::his-3 mat A (40), Δcpe-1::hph::his-3 mat A (60), and Δcpe-1::hph::his-3 mat A (65) 

recipient strains were generated in this study by crossing the individual knockout strains with the 

his-3 strain of the opposite mating types. These recipient strains were selected by scoring for 

resistance to hygromycin B and histidine auxotrophy and verified by PCR analysis.   
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The Δplc-1::hph::Pccg-1::plc-1::gfp hop A (1), Δplc-1::hph::Pccg-1::plc-1::gfp hop A (13), 

Δplc-1::hph::Pccg-1::plc-1::gfp hop A (23), Δplc-1::hph::Pccg-1::plc-1::gfp hop A (24), Δplc-

1::hph::Pccg-1::plc-1::gfp hop A (39), ΔsplA2::hph::Pccg-1::splA2::gfp hop A (72), 

ΔsplA2::hph::Pccg-1::splA2::gfp hop A (73), ΔsplA2::hph::Pccg-1::splA2::gfp hop A (74), 

ΔsplA2::hph::Pccg-1::splA2::gfp hop A (76), ΔsplA2::hph::Pccg-1::splA2::gfp hop A (78), 

ΔsplA2::hph::Pccg-1::splA2::gfp hop A (83), ΔsplA2::hph::Pccg-1::splA2::gfp hop A (90), 

ΔsplA2::hph::Pccg-1::splA2::gfp hop A (91), Δcpe-1::hph::Pccg-1::cpe-1::gfp hop A (2), Δcpe-

1::hph::Pccg-1::cpe-1::gfp hop A (11), Δcpe-1::hph::Pccg-1::cpe-1::gfp hop A (12), Δcpe-

1::hph::Pccg-1::cpe-1::gfp hop A (18), Δcpe-1::hph::Pccg-1::cpe-1::gfp hop A (19), Δcpe-

1::hph::Pccg-1::cpe-1::gfp hop A (35), and Δcpe-1::hph::Pccg-1::cpe-1::gfp hop A (40) homokarotic 

strains were generated for complementation studies as described in Chapter 3.  

For genetic interaction studies, the ∆cpe-1; ∆splA2 mat A (4), ∆cpe-1; ∆splA2 mat A (19), 

∆cpe-1; ∆splA2 mat a (10), ∆cpe-1; ∆splA2 mat a (24), ∆plc-1; ∆splA2 mat A (17), ∆plc-1; ∆splA2 

mat A (20), ∆plc-1; ∆splA2 mat a (6), ∆plc-1; ∆splA2 mat a (15), ∆plc-1; ∆cpe-1 mat A (10), ∆plc-

1; ∆cpe-1 mat A (23), ∆plc-1; ∆cpe-1 mat a (14), and ∆plc-1; ∆cpe-1 mat a (20) double mutants 

were generated by crossing the individual knockout mutant strains of opposite mating types as 

described in Chapter 4.  

 

2.1.3 Bacterial strain 

The Escherichia Coli DH5α, genotype SupE44 DlacU169 (f80lacZ DM15) hsdR17 recA1 end A1 

gyrA96 thi-1 relA1, is a recombination-deficient amber suppressing strain used for plating and 

growth of plasmids (Sambrook and Russell 2001). The f80 lacZ′ DM15 mutation permits α-

complementation with the amino terminus of -galactosidase encoded in pUC vectors. It was used 

for all routine transformations, plasmid isolation, and selection of recombinants. 

 

2.1.4 Plasmid vectors 

(i) pBARGEM7-1 

The plasmid vector pBARGEM7-1 is of size 4.5 kb and carries the fungal selectable marker bar, 

polylinker, and lacZ′ sequence including the T7 and SP6 promoters, bacterial selectable marker 

ampicillin, and pUC origin (FGSC 19; Pall and Brunelli 1993; Figure 2.1). The expression of bar 

gene is under the control of A. nidulans trpC promoter. The bar gene encodes a phosphinothricin 

TH-1649_11610630



 

                                                                                                                                                          Chapter 2 

34 

 

acetyl transferase that detoxifies the antibiotic basta present in the selection medium and therefore, 

serves as a selectable marker for fungal transformants. The polylinker region containing the lacZ′ 

sequence is sub cloned from pGEM7Zf (+) vector. Insertion of DNA fragments into the polylinker 

region disrupt the function of the lacZ′ gene and recombinant clone can be screened by blue white 

selection on the concept of α-complementation (Ullmann et al. 1967). 

 

 

Figure 2.1: Schematic of the pBARGEM7-1 vector. The size of the vector is 4.5 kb. The unique 

restriction sites are underlined in the polylinker region of lacZ′ sequence. The plasmid map is 

adapted from Pall and Brunelli 1993. 

 

(ii) pMF272 

The plasmid vector pMF272 (Figure 2.2) of size 8.4 kb, carries the GFP variant gene (sgfp), lacZ′ 

sequence including the T7 and SP6 promoters, bacterial selectable marker ampicillin, and a 

multiple cloning site (MCS) for translational fusion of Neurospora genes to sgfp (Freitag et al. 

2004). The sgfp gene is a derivative of GFP with substitution of serine to threonine at position 65 

(S65T) which results in increased brightness, and mutations to shift the codon bias closer to that 

found in humans. It is under the control of inducible N. crassa ccg-1 promoter, which is strongly 
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induced by glucose deprivation or stress (McNally and Free 1988). The Pccg-1::sgfp cassette was 

constructed using the pBM60 backbone that allows his-3 targeting of the transgene by gene 

replacement (Margolin et al. 1997). 

 

 

 

Figure 2.2: Schematic of the pMF272 vector. The size of the vector is 8.4 Kb. It consists of a 

MCS region with unique restriction sites. The plasmid map is available at 

www.fgsc.net/plasmid/image/609.jpg. 
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(iii) pRS426 

The pRS526 is a yeast-type episomal shuttle plasmid vector used for gene cloning in host S. 

cerevisiae and E. coli. In E. coli, it has the pBM1 origin of replication from pBR322 and carries 

bacterial selectable marker ampicillin resistance gene, polylinker, and lacZ′ sequence including T7 

and T3 promoters. The lacZ′ gene encodes α peptide of beta-galactosidase, which permits 

transformed colonies selection through blue-white screening. The unique cloning sites present in 

the polylinker region of the lacZ′ sequence are SacI BxtXI SacII EagI NotI SpeI BamHI SmaI EcoRI 

HindIII ClaI SalI XhoI I KpnI. For replication in S. cerevisae, the pRS426 carries origin of 

replication from 2 micron circle plasmid along with the REP3 and FRT sequences necessary for 

high copy propagation. The yeast auxotrophic marker URA3 is present for selection of transformed 

yeast. In S. cerevisiae, the copy number is about 20 per haploid cell (Figure 2.3). The pRS426 was 

used as a host vector in generating various knockout mutants of N. crassa including knockout 

mutants of Ca2+ signaling genes through high throughput gene knockout procedure (Colot et al. 

2006; described in Chapter 3). 
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Figure 2.3: Schematic of the pRS426 vector. The size of the vector is 5.726 kb. The unique 

restriction sites are SacI BxtXI SacII EagI NotI SpeI BamHI SmaI EcoRI HindIII ClaI SalI XhoI 

KpnI are present in the polylinker region of lacZ′ sequence. The URA3, an auxotrophic marker for 

selection in S. cerevisae, and ampR marker for selection in E. coli through blue-white screening. 

The plasmid map is available at http://www.creativebiogene.com/pRS426-phagemid-in-E.-coli-

vector-VET1104-179-16.html.  

 

2.1.5 Bacterial media, antibiotics, and commonly used solutions 

Commonly used solutions described below were prepared essentially as described by Sambrook 

and Russell 2001. 

1. Bacterial media: Luria Bertani (LB) broth, LB agar, terrific broth, and SOC medium were 

purchased from Himedia (Mumbai, India), prepared according to manufacturer’s protocol and 

sterilized by autoclaving. 

 

2. 20% IPTG: IPTG is isopropylthio-β-D-galactoside. A 20 % solution of IPTG was prepared by 

dissolving 2 g of IPTG in 8 ml of sterile water. The volume of the solution was adjusted to 10 ml 

and sterilized by passing it through a 0.22-μm disposable filter. The solution was dispensed into 1 

ml aliquots and stored at -20ºC. 

 

3. X-gal (20 mg/ml): X-gal is 5 bromo-4-chloro-3-indolyl-B-galactoside. A stock solution of 20 

mg/ml X-gal was prepared in N, N-Dimethylformamide (DMF) in an amber Eppendorf tube to 

prevent damage by light and stored at -20ºC. 

 

4. 5 M NaCl: Dissolved 29.22 g of NaCl in 80 ml of distilled water, and adjusted the volume to 

100 ml. The stock was then sterilized by autoclaving and stored at room temperature. 

 

5. 10N NaOH: Dissolved 40 g of NaOH pellet slowly in 80 ml of distilled water, stirring 

continuously in a plastic beaker placed on ice, adjusted the volume to 100 ml and stored at room 

temperature. 
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6. 2 M KCl: Dissolved 14.9 g of KCl in a final volume of 100 ml of distilled water and stored at 

room temperature. 

 

6. 5 M CaCl2.2H2O: Amount of 73.5 g of CaCl2.2H2O was dissolved in distilled water to a final 

volume of 100 ml. The solution was sterilized by autoclaving. 

 

7. 0.1% DEPC: DEPC is Diethylpyrocarbonate. 0.1% DEPC solution was prepared in sterile 

distilled water and sterilized by autoclaving. 

 

8. 8 M LiCl: Amount of 33.9 g of LiCl was dissolved in a final volume of 100 ml of DEPC treated 

sterile distilled water and sterilized by autoclaving. 

 

9. 1 M Glucose: Amount of 18.016 g of glucose was dissolved in a final volume of 100 ml of 

distilled water and sterilized by autoclaving. 

 

10. 1 M Sorbitol: Amount of 18.21 g of sorbitol was dissolved in distilled water to a final 

volume of 100 ml and sterilized by autoclaving. 

 

11. 5 M Sucrose: Amount of 85.575 g of sucrose was dissolved in distilled water to a final volume 

of 100 ml and sterilized by autoclaving. 

 

12. Ampicillin: A 1000X stock solution of 100 mg/ml ampicillin was made in sterile double-

distilled water and stored in aliquots of 200 µl at -20°C. 

 

13. Hygromycin B (100 mg/ml): A stock solution of 100 mg/ml was prepared by dissolving an 

amount of 100 mg of hygromycin B in 1 ml of sterile water and stored as aliquots of 200 µl at -

20°C. 

 

14. Basta (100 mg/ml): Basta is glufosinate ammonium sulphate. A stock solution of 100 mg/ml 

was prepared by dissolving an amount of 100 mg of basta in 1 ml of sterile distilled water and 

stored as aliquots of 200 µl at -20°C. 
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15. Ethidium bromide (10 mg/ml): 50 mg of ethidium bromide was dissolved in 5 ml of distilled 

water to prepare 10 mg/ml stock. 

 

16. 6X Gel-loading Buffer (Type III): A solution of 0.25% (w/v) bromophenol blue, 0.25% (w/v) 

xylene cyanol FF, and 30% glycerol (v/v) was made in sterile water and stored at 4°C. 

 

17. 10% SDS: SDS is sodium dodecyl sulphate. Dissolved 10 g of SDS in 90 ml of distilled water, 

heated to 68ºC, and stirred with a magnetic stirrer to assist dissolution. The volume was adjusted 

to 100 ml and stored at room temperature. 

 

18. 1 M Tris: Dissolved 121.1 g of Tris base in 800 ml of distilled water, adjusted pH to the desired 

value by adding concentrated HCl (~ 70 ml, 60 ml, and 42 ml of concentrated HCl was added for 

pH 7.4, 7.6, and 8.0, respectively), adjusted the volume to 1 liter with distilled water and sterilized 

by autoclaving. 

 

19. 0.5 M EDTA (pH 8.0): EDTA is disodium ethylenediaminetetra-acetate.2H2O. 186.1g of 

EDTA was dissolved in 800 ml of distilled water, adjusted pH to 8.0 by NaOH, adjusted volume 

to 1 liter and sterilized by autoclaving. 

 

20. 0.5 M EGTA (pH 8.0): EGTA is ethylene glycol bis (β-aminoethyl ether) N, N, N′, N′- 

tetraacetic acid. Amount of 19.017 g of EGTA was dissolved in 60 ml of sterile water and adjusted 

pH to 8.0 with NaOH pellets. Final volume was adjusted to 100 ml and sterilized by autoclaving. 

 

21. RNAase A: Dissolved pancreatic RNAase (DNAase free, Sigma) at a concentration of 

10 mg/ml in 10 mM Tris-Cl (pH 7.5), 15 mM NaCl, and stored at -20°C. 

 

22. Alkaline lysis Solution I: Amount of 50 mM glucose, 25 mM Tris-Cl (pH 8.0), and 10 mM 

EDTA (pH 8.0) was added from their stock solutions in a final volume of 100 ml distilled water. 

Sterilized by autoclaving and stored at 4ºC. 
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23. Alkaline lysis Solution II: Amount of 0.2 N NaOH and 1% SDS were added in a required 

volume. The solution was freshly prepared just prior to use. 

 

24. Alkaline lysis Solution III: For a volume of 100 ml solution, 60 ml of 5 M potassium acetate, 

11.5 ml of glacial acetic acid, and 23.5 ml of distilled water were mixed together. Sterilized by 

autoclaving and stored at 4ºC. 

 

25. 50X TAE: The stock solution of 50X TAE for one liter contains 242 g Tris base, 57.1 ml of 

glacial acetic acid, and 100 ml of 0.5 M EDTA (pH 8.0). 

 

26. 1 X TE: The solution was prepared by adding10 mM Tris-HCl (pH 8.0) and 1 mM EDTA (pH 

8.0) from their respective stocks. 

 

27. 10X MOPS electrophoresis buffer: MOPS is a 3[N-Morpholino] Propanesulphonic acid. The 

stock solution of 10X MOPS for 1 litre contains 41.8 g of MOPS (0.2 M), 20 ml sodium acetate 

solution (20 mM), and 20 ml EDTA (10 mM). After dissolving, 41.8 g of MOPS in DEPC-treated 

water, pH was adjusted to 7.0 with 2 N NaOH and then added sodium acetate solution and EDTA 

in an indicated volume. Solution was filter sterilized using 0.45-μm Millipore filter and stored at 

room temperature protected from light. 

 

28. Lysis buffer for Neurospora genomic DNA isolation: The lysis buffer contains 10 mM Tris 

HCl (pH 7.5), 0.5 M NaCl, 10 mM EDTA, 1% SDS, and 1% CTAB. 

 

29. Lysis buffer for Neurospora RNA isolation: The lysis buffer contains 100 mM Tris HCl (pH 

8.0), 0.6 M NaCl, 10 mM EDTA (pH 8.0), 4.5 % SDS, and 2 % β-mercaptoethanol. 

 

2.1.6 Solutions for growth, maintenance, and crossing of Neurospora strains 

Media for culturing Neurospora are prepared essentially as described in Davis and De Serres 1970. 

1. Biotin solution 

5 mg of biotin was dissolved in 100 ml of 50% (v/v) ethanol, stored at 4°C. 
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2. Trace element solution 

Trace element solution was prepared by adding the following compounds successively, with 

stirring to 95 ml of distilled water. 

Citric acid.1H2O                   5.00 g 

ZnSO4.7H2O                         5.00 g 

Fe(NH4)2(SO4)2.6H2O          1.00 g 

CuSO4.5H2O                         0.25 g 

MnSO4.1H2O                        0.05 g 

H3BO3 0.05 g 

Na2MoO4.2H2O                    0.05 g 

The final volume was adjusted to 100 ml; 1 ml of chloroform was added as a preservative, and 

stored at room temperature. 

 

3. Vogel’s medium N 

Vogel’s medium N (Vogel, 1964) was prepared as a 50X-strength solution as follows: 

To 750 ml of distilled water, the following ingredients were added in order, dissolving each one 

prior to addition of the next. 

Na3 citrate.5H2O                                               150 g 

KH2PO4 250 g 

NH4NO3 100 g 

MgSO4.7H2O                                                    10 g 

CaCl2.2H2O (predissolved in 20 ml H2O) 5 g 

Biotin solution                                                  5 ml 

Trace element solution                                     5 ml 

The volume of the solution was adjusted to one liter and 3 ml of chloroform was added as a 

preservative. 

 

4. Vogel’s glucose medium (VGM) 

Vogel’s medium N            1X 

Glucose 1.5 % (w/v) 
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5. VGM agar  

Vogel’s medium N            1X 

Glucose 1.5% (w/v) 

Agar   2.0% (w/v) 

                       

6. Vogel’s sucrose medium (VSM) 

Vogel’s medium N            1X 

Sucrose 2 % (w/v) 

 

7. VSM agar  

Vogel’s medium N            1X 

Sucrose 2 % (w/v) 

Agar 2.0% (w/v) 

 

8. 4X Synthetic crossing medium (SCM) 

4X strength synthetic crossing medium (SCM) was prepared by adding the following compounds 

with stirring to 500 ml of water. After adding the following components, the solution was sterilized 

by autoclaving. 

KNO3                               2.0 g 

K2HPO4   1.4 g 

KH2PO4 1.0 g 

MgSO4.7H2O 1.0 g 

CaCl2.2H2O 0.2 g 

NaCl 0.2 g 

Biotin solution                   0.2 ml 

Trace element solution      0.2 ml 

      

9. SCM agar 

SCM 1X 

Glucose 1.5% (w/v) 

Agar 2.0% (w/v) 
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10. 10X FGS 

Fructose 0.5% (w/v) 

Glucose    0.5% (w/v) 

Sorbose 20% (w/v) 

 

11. Vogel’s sorbose agar medium 

FGS 1X 

Vogel’s medium N           1X 

Agar 2.0% (w/v) 

 

12. Top agar 

FGS 1X 

Vogel’s medium N             1X 

Agar 2.8% (w/v) 

 

13. Media for circadian clock study 

Vogel’s medium N            1X 

Glucose 0.1 % (w/v) 

Arginine 0.17% (w/v) 

Biotin 50 ng/ml 

Agar 1.5 % (w/v)   

                                                                                                                                                                                                                    

14. Skim milk: Sterile milk was prepared by suspending 3.5 g milk powder in 50 ml of deionized 

water and stored at 4°C. 

 

15. Media supplements 

L-Histidine: 2 ml per 100 ml medium from a stock of 50 mg/ml in distilled H2O. L-Histidine 

supplement stock solution was autoclaved and stored at 4°C. 
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16. Sterilization 

All glasswares and plasticwares were sterilized by autoclaving at 120°C (250F) at a steam 

pressure of 100 kPa (15 psi) for 20 min. Solutions were prepared in double-distilled water and 

generally sterilized by autoclaving. Heat-sensitive solutions were sterilized by filtering through a 

sterile 0.45 μm nitrocellulose filter (Millipore). For RNA isolation, all glasswares were first treated 

with 0.1 % DEPC solution for overnight, dried in oven at 150ºC, and sterilized by autoclaving. 

 

2.2 Methods 

2.2.1 Growth conditions 

Growth and maintenance of the Neurospora strains were essentially as described in Davis and De 

Serres (1970). Strains were routinely grown on Vogel’s media (Vogel 1964) for vegetative growth 

and on synthetic crossing medium (Westergaard and Mitchell 1947) for crossing and sexual 

development.  

 

2.2.2 Crossing and ascospore collection 

Crosses between N. crassa strains were essentially as described previously (Westergaard and 

Mitchell 1947; Davis and de Serres 1970). Crosses were performed by confrontation between 

opposite mating type mycelia inoculated as plugs on synthetic crossing agar medium in 55-mm-

Petri dishes. The crosses were incubated at 22°C in a low temperature incubator (usually BOD 

incubator) for three to four weeks. Ascospores began to shot within 16-18 days, and harvested by 

washing the lids with ~1 ml of sterile H2O after 21-25 days. Ascospores were then plated on 

Vogel’s sorbose agar medium, activated by heat shock at 65°C for 30-60 min in a shaking water 

bath, and picked under dissection microscope by cutting out a small agar block containing the 

ascospore and transferred onto a slant with minimal or selective media followed by incubation at 

30°C for growth. 

 

2.2.3 Stock management 

Silica stocks were prepared to store N. crassa strains. Strains were grown in Vogel’s glucose agar 

slant for at 30C for 3 days and then at room-temperature under light for four days. Silica (6-12 

Mesh, Grade 40) was sterilized by autoclaving and dried for two-three days at 60°C and further 

cooled to room temperature before use. Cryo tubes (4.5 ml) were filled with dried silica and kept 
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in ice for 30 min. For each strain, one ml of 5% autoclaved skimmed milk was added to the culture 

tube and vortexed vigorously. Spore suspension was drawn up into a Pasteur pipette and dispensed 

into the pre-chilled silica gel and vigorously vortexed for five min, breaking up any clumps in the 

process. Tubes were regularly vortexed for eight-ten days. After a week or more, stocks were kept 

at -20°C until further use. 

 

2.2.4 Colony morphology  

For colony morphology, strains were grown in either 90-mm-Petri dishes or 250 ml flasks 

containing Vogel’s glucose agar medium and incubated for three days in the dark at 30C followed 

by four days under light at room temperature and photographed (Nikon Coolpix P500). 

 

2.2.5 Growth rate  

Growth was measured by placing mycelial plug in the center of 90-mm-Petri dishes containing 

Vogel’s glucose agar medium and incubated at 30°C. Colony growth was marked after 12 h from 

inoculation point with an interval of 3 h over a period of 24 h to obtain radial growth rate. Strains 

that showed lower growth rate on Petri dishes were further analyzed by using standard race tube 

assay (Figure 2.4; Ryan et al. 1943). Race tubes were partially filled with 13 ml of Vogel’s glucose 

agar medium and inoculated with mycelial plug at one end and incubated at 30°C for three days. 

The apical growth rate of N. crassa was determined by mycelial extension rates at every 12 h 

interval in race tube and the distance of the hyphal growth front from the inoculation point was 

measured and plotted against time. Radial and apical growth rates were calculated as cm/h.  

 

 

Figure 2.4: Standard race tube (Perkins et al. 2000) 

 

2.2.6 Mycelial mass accumulation analysis 

For mass accumulation in solid media, mycelial plug was inoculated at the center of 90-mm-Petri 

dishes containing Vogel’s glucose agar medium overlaid with a cellophane layer and incubated 
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under the conditions of either 30C for three days in the dark, or 30C for two days in the dark 

followed by illumination at room temperature for one day. Following incubation, cellophane was 

removed and mycelial mass was taken (Yang et al. 2002). For mass accumulation in liquid media, 

mycelial plug was inoculated in 250 ml flasks containing VGM for three days at 30C with shaking 

at 180 rpm, mycelial mat formed were then dried at 60C, and dry weight was measured.  

 

2.2.7 Aerial hyphae development analysis 

For aerial hyphae, 1×106 conidia/ml were inoculated in sterile test tubes containing Vogel’s 

glucose medium and grown in the dark at 30C for three days and under light at room temperature 

for four days. Height of aerial hyphae was measured and then photographed (Nikon Coolpix P500). 

 

2.2.8 Hyphal morphology analysis 

For hyphal morphology, strains were grown for 12-16 h on a thin layer of Vogel’s glucose agar 

medium on glass slides at 30C and examined under Trinocular inverted microscope (AxioVert 

A1 FL, Carl Zeiss) at 20X magnification. 

 

2.2.9 Conidial cell count 

For quantification of conidia production, mycelial plug was inoculated in 250 ml flasks containing 

Vogel’s glucose agar medium and incubated at 30°C in the dark for two days followed by 

incubation under light at 22°C for four days. Conidia were scraped from the agar surface with 

sterile distilled water and briefly agitated for thorough resuspension of conidia. Conidial counting 

was performed using a haemocytometer under Trinocular inverted microscope (AxioVert A1 FL, 

Carl Zeiss). 

 

2.2.10 Time course quantification of conidia 

For time course conidia analysis, strains were grown in 55-mm-Petri dishes containing Vogel’s 

glucose agar medium and incubated in complete darkness at 30°C. Conidia were harvested at 

regular intervals of 12 h for a period of 72 h and quantified using a haemocytometer under 

Trinocular inverted microscope (AxioVert A1 FL, Carl Zeiss). 
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2.2.11 Conidial germination assay 

Conidial germination was assayed both qualitatively and quantitatively. For qualitative assay, 

~1×106 conidia/ml were inoculated in sterile test tubes containing Vogel’s glucose medium and 

incubated at 25C with shaking at 180 rpm. An aliquot of the cultures was observed under the 

microscope (AxioVert A1 FL, Carl Zeiss) at intervals of 0, 24, 48, and 60 h to determine 

conidiation efficiency. For quantitative assay, 100 l from a 1×104 conidia/ml conidial suspension 

of each of the strains were inoculated onto the surface of Vogel’s glucose agar medium and 

incubated at 25C. Germination of conidia was observed under the Trinocular inverted microscope 

(AxioVert A1 FL, Carl Zeiss) at intervals of 0, 8, 12, 24, 36, 48, and 60 h. Percent germination 

was calculated as (germinated conidia/total number of conidia) × 100% (Zhu et al. 2015).  

 

2.2.12 Submerged culture conidiation assay 

For conidiation in submerged cultures, ~1×106 conidia/ml were inoculated in 250 ml flasks 

containing Vogel’s glucose medium supplemented with or without 2% peptone (w/v) and 

incubated at 30°C with shaking at 180 rpm for 16 h. Aliquots of these cultures were observed 

under the microscope (AxioVert A1 FL, Carl Zeiss) to assay formation of conidiophores (Yang et 

al. 2002).  

 

2.2.13 Carotenoid accumulation estimation 

For analysis of carotenoid accumulation, sterile 90-mm-Petri dishes containing Vogel’s glucose 

agar medium supplemented with 0.2% tween 80 were inoculated with conidia at a concentration 

of ~1×106 conidia/ml (Zalokar 1954). Cultures were initially incubated for 48 h in the dark at 30C 

and further incubated at three different temperatures of 8, 22, and 30C either with or without an 

exposure to white light for 24 h (illuminated with two fluorescent bulbs, Philips TL-D 18W/54 

lamp, 18W, 6500 K, 1015 lumens). Mycelia from these cultures were collected, lyophilized, and 

pulverized into fine powder with mortar and pestle. Subsequently, acetone and hexane were used 

in consecutive steps for extraction of total carotenoids from 25 mg of dry weight powdered sample. 

Total carotenoid content was determined by taking the maximum absorbance value at 470 nm and 

using the formula: 
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Total carotenoid content (µg/g) = [Total absorbance × Total volume of extract (1 ml) × 104] / 

[Absorption coefficient (2500) × sample weight (g)] as described previously (Rodriguez-Amaya 

and Kimura 2004). 

 

2.2.14 Time course carotenoid accumulation estimation  

For time course analysis of carotenoid accumulation, ~1×106 conidia/ml were grown in 90-mm-

Petri dishes containing Vogel’s glucose medium supplemented with 0.2% tween-80 and incubated 

at three different temperatures of 8, 22, and 30C with simultaneous exposure to white light for 0, 

1, 3, 6, 9, and 12 h. Carotenoids accumulated in the mycelia were then extracted from the three 

temperatures at indicated times using acetone and hexane in consecutive steps. Total carotenoid 

content was determined by taking the maximum absorbance value at 470 nm and using the formula 

as described in section 2.2.13.  

 

2.2.15 Fertility assay 

For fertility assay, strains (female parent) were cultured either on 55-mm-Petri dishes or test tubes 

containing synthetic crossing medium at room temperature with constant light for seven days and 

subsequently fertilized with the male parent. After 7 days post fertilization, perithecia formed if 

any were viewed under Trinocular inverted microscope (AxioVert A1 FL, Carl Zeiss) and images 

captured. Ascospores were harvested by washing the lids with ~1 ml of sterile H2O after 21-25 

days. Ascospores were then plated on Vogel’s sorbose agar medium, activated by heat shock at 

65°C for 30-60 min in a shaking water bath and picked. Picking was done under dissection 

microscope by cutting out a small agar block containing the ascospore and transferred onto a slant 

with minimal or selective media followed by incubation at 30°C for growth. Ascospores viability 

was determined by dividing the total number of ascospores by the number of viable ascospores on 

plates.  

 

2.2.16 Calcium ionophore assay 

To test elevated intracellular Ca2+ sensitivity on the mutants, mycelial plug was inoculated onto 

one corner of 90-mm-Petri dishes and 10 µl each of a 9.5 mM stock solution of A23187 (test) or 

ethanol (control) was spotted onto the other corner on Vogel’s glucose agar medium (Lew et al. 

2008). Petri dishes were incubated at 30C for two-three days and colonies were observed under 
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Trinocular inverted microscope (AxioVertA1FL, Carl Zeiss). Hyphal images were captured with 

an AxioCam ICc3 CCD camera. The Petri dishes were also photographed after 38 h of growth 

using a digital camera (Nikon Coolpix P500). 

 

2.2.17 Calcium sensitivity assay 

For calcium sensitivity test, mycelial plug ~ 1 cm diameter taken from a three days old culture of 

each strain was inoculated at the center of 90-mm-Petri dishes containing Vogel’s glucose agar 

medium supplemented with 0.0, 0.2, 0.3, and 0.4 M CaCl2 and incubated at 30°C. Colony diameter 

was measured after 12 h with an interval of 3 h over a period of 24 h. Radial growth rate was 

calculated as cm/h. 

 

2.2.18 Osmotic stress assay 

For osmotic stress, ~ 1 cm diameter mycelial plug from a three days old culture of each strain was 

inoculated at the center of 90-mm-Petri dishes containing Vogel’s glucose agar medium 

supplemented with or without the hyperosmotic agents 0.75 M NaCl, 0.75 M KCl, 1.5 M Sucrose, 

and 1.5 M Sorbitol and incubated at 30°C. Colony diameter was measured after 12 h with an 

interval of 3 h over a period of 24 h. Radial growth rate was calculated as cm/h. 

 

2.2.19 Temperature sensitivity assay 

Temperature sensitivity assay was performed by inoculating ~1 cm diameter mycelial plug at the 

center of 90-mm-Petri dishes containing Vogel’s glucose agar medium and incubated at three 

different temperatures of 20, 30, and 40°C. Colony diameter was measured after 12 h with an 

interval of 3 h over a period of 24 h. Radial growth rate was calculated as cm/h. 

 

2.2.20 Oxidative stress assay 

For H2O2 induced oxidative stress assay, ~1×106 conidia/ ml were inoculated in Vogel’s glucose 

medium and germinated with shaking at 200 rpm for 2 h in the dark at 30C. Germlings obtained 

were supplemented with (test) or without (control) H2O2 at a final concentration of 10 mM and 

further germinated for 1 h at 30°C. Germlings were plated on Vogel’s sorbose agar medium and 

incubated at 30°C for 24 h. Percent survival was scored by dividing the number of viable colonies 
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from plates exposed to H2O2 (test) by the number of colonies from plates not exposed to H2O2 

(control) and multiplying by 100. 

 

2.2.21 Thermotolerance assay 

For thermotolerance assay, ~1×106 conidia/ ml were inoculated in Vogel’s glucose medium and 

germinated with shaking at 200 rpm for 2 h in the dark at 30C. The 2 h germlings obtained were 

held at 30C (control), 30C (uninduced thermotolerance), and 44C (induced thermotolerance). 

Both 30C (uninduced) and 44C (induced) germlings were then given a 52C lethal heat shock 

for 20 minutes. Germlings were finally plated on Vogel’s sorbose agar medium followed by 

incubation at 30C for 24 h (Yang and Borkovich 1999). Percent survival was calculated by 

dividing the number of viable colonies from plates subjected to heat-treatment (induced or 

uninduced) by the number of colonies on plates held at 30°C (control) and multiplying by 100. 

 

2.2.22 Phytosphingosine sensitivity assay 

For phytosphingosine (PHS) assay, ~1×106 conidia/ ml were inoculated in Vogel’s glucose 

medium and germinated with shaking at 200 rpm for 2 h in the dark at 30C. The 2 h germlings 

obtained were exposed to 10 µg/ml PHS for 0, 30, 60, 90, and 120 min. Germlings were finally 

plated on Vogel’s sorbose agar medium followed by incubation at 30C for 24 h. Percent survival 

was calculated by dividing the number of viable colonies from plates exposed to PHS by the 

number of colonies on plates with a 0 min exposure to PHS (control) and multiplying by 100. 

 

2.2.23 Ultraviolet sensitivity assay 

For UV sensitivity assay, conidia were grown in 250 ml flasks containing Vogel’s glucose agar 

medium at 30°C in the dark for 48 h and then at room temperature with constant light for three 

days. For quantitative analysis, ~1000 conidia were plated on Vogel’s sorbose agar medium and 

irradiated with 50, 100, 150, and 200 J/m2 of UV (253 nm wavelength) in a UVC 500 cross linker 

(Hoefer, UK). The plates were incubated at 30°C in the dark for 48 h and number of colonies on 

each plate counted. 
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2.2.24 UV sensitivity assay relative to carotenoid accumulation 

For UV sensitivity assay relative to carotenoid accumulation, conidia were grown in 250 ml flasks 

containing Vogel’s glucose agar medium at 30°C in the dark for 48 h and then at 8, 22, and 30C 

with or without white light illumination (illuminated with two fluorescent bulbs, Philips TL-D 

18W/54 lamp, 18W, 6500 K, 1015 lumens). For quantitative analysis, ~1000 conidia were plated 

on Vogel’s sorbose agar medium and irradiated with 50, 100, 150, and 200 J/m2 of UV (253 nm 

wavelength) in a UVC 500 cross linker (Hoefer, UK). The plates were incubated at 30°C in the 

dark for 48 h and number of colonies on each plate was counted. 

 

2.2.25 Membrane potential assay 

For membrane potential assay, ~1×106 conidia/ ml were germinated at 200 rpm for 2 h at 30C in 

Vogel’s glucose medium. The 2 h germlings were treated either with ionophore (test) or toluene 

(control) and further incubated with 3.87 µM DiBAC (Alcántara-Sánchez et al. 2004). After 30 

minutes of incubation, observations were made under microscope (AxioVertA1FL, Carl Zeiss) 

with a 450-490 nm excitation filter and 515 nm emission filter and cells were photographed. 

 

2.2.26 Antioxidative assay 

For antioxidative assay, ~1×106 conidia/ml were inoculated in Vogel’s glucose agar medium 

supplemented with 0.2% tween-80 and incubated at 30C for 48 h. Cultures were further incubated 

for 2 h in the presence of 1 mM N-acetyl-L-cysteine (NAC), and then exposed to white light at 8, 

22, and 30C for an additional 2 h. Mycelia from these cultures were collected, lyophilized, and 

pulverized into fine powder with mortar and pestle. Subsequently, acetone and hexane were used 

in consecutive steps for extraction of total carotenoids from 25 mg of dry weight powdered sample. 

Total carotenoid content was determined by taking the maximum absorbance value at 470 nm and 

using the formula described in section 2.2.13. N-acetylglycine (NAG) was used as a negative 

control.     

 

2.2.27 Reactive oxygen species estimation 

For qualitative assay for ROS, strains were grown in Vogel’s glucose agar medium for two days 

in the dark and either exposed to white light or kept in the dark for one day at 8, 22, and 30C. 

Conidia were harvested and inoculated in Vogel’s glucose medium containing 25 µM 2’, 7’- 
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dichlorofluorescein-diacetate (DCFH-DA) for 60 min. Treated conidia were further washed with 

sterile distilled H2O. An aliquot of the cultures was taken and observed by fluorescence 

microscopy (AxioVert A1 FL, Carl Zeiss) with a 450-490 nm excitation filter and 515 nm emission 

filter. Conidia that showed green fluorescence was captured.   

 

2.2.28 Assay for visualization of internal septation of germlings and hyphae 

For visualization of internal septation of germlings, ~1×106 conidia/ml were inoculated in Vogel’s 

glucose medium and germinated with shaking at 200 rpm for 2 h in the dark at 30C. 2 h germlings 

were then stained with calcoflour white (CFW; 0.1% in 0.05 M PBS). For visualization of internal 

septation of vegetative hyphae, strains were grown in Vogel’s glucose agar medium for 12 h in the 

dark at 30C. 12 h growing hyphae were then stained with CFW (0.1% in 0.05 M PBS). The sample 

slides of germlings and hyphae were incubated in the dark for 20 minutes and observed under a 

Trinocular inverted fluorescence microscope (AxioVert A1 FL, Carl Zeiss) under DAPI filters 

with exposure time of 300-400 ms.  

 

2.2.29 Assay for visualization of intracellular distribution of Ca2+ 

For visualization of intracellular distribution of Ca2+, strains were grown in Vogel’s glucose agar 

medium for 12 h in the dark at 30C. The 12 h growing hyphae were then supplemented with 200 

µM chlortetracycline hydrochloride (CTC) or 20 µM 1-N-Phenylnaphthylamine (NPN) in 0.1% 

dimethyl sulphoxide (DMSO). CTC and NPN fluorescence were observed under a Trinocular 

inverted fluorescence microscope (AxioVert A1 FL, Carl Zeiss) under DAPI filters with exposure 

time of 300-400 ms.  

 

2.2.30 Isolation of sterols from N. crassa strains and analysis by UV spectrophotometry 

The N. crassa strain of interest was grown in Vogel’s glucose medium at 30°C for 3 to 5 days. The 

mycelial mass was harvested by vacuum filtration and lyophilized. The dried mycelia were ground 

with glass beads (0.2 mm in diameter) using a mortar and a pestle to a fine powder. About 50 mg 

of the powdered mycelia was taken in a 1.5 ml microfuge tube and 750 μl each of methanol and 

chloroform was added to the tube and kept on a rotary shaker overnight. The mycelial mass was 

removed by centrifugation at 12,000 rpm for 10 minutes. The chloroform-methanol extract which 

contains the lipids was washed once with 0.9 % NaCl and twice with 2 M KCl to remove the 
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saponifiable lipids. The aqueous and organic phases were separated by centrifugation and the 

bottom organic phase was transferred to a fresh tube. This step separates the saponifiable lipids 

from non-saponifiable lipids like sterols. The organic phase containing the sterols was air-dried 

and the sterols were dissolved in about 20 ml of chloroform. This sample was diluted 1: 200 in 

ethanol and its UV absorption spectrum (200 to 300 nm) was recorded in a Cary 100 Bio UV-

visible spectrophotometer (Agilent technologies, USA). 

 

2.2.31 Scoring for antibiotic resistance 

Antibiotic resistance was scored by streaking conidia onto 1.5% agar plate’s containing Vogel’s 

sorbose agar medium and supplemented with the antibiotic. The antibiotics used were hygromycin 

B (220 µg /ml from 100 mg/ml stock in water), and basta (400 µg/ml from 100 mg/ml stock in 

water).  

 

2.2.32 Preparation of ultracompetent cells 

Ultracompetent cells were prepared essentially as described by Inoue et al. 1990. A single colony 

of E. coli DH5α maintained on a fresh LB agar plate was inoculated into 5 ml of LB and incubated 

at 37C at 200 rpm for 16 h. One ml of this overnight culture was inoculated into 100 ml of LB 

medium and incubated at 18°C at 200 rpm, till the OD600 reached 0.750. The culture was chilled 

on ice and centrifuged at 1,500 g for 15 min at 4°C to pellet the cells. The cells were then 

resuspended in 32 ml of ice cold Transformation Buffer (TB: 10 mM PIPES of pH 6.7, 15 mM 

CaCl2, 250 mM KCl, 55 mM MnCl2) and incubated on ice for 10 min. The centrifugation was 

treated and the cells were resuspended in 8 ml of TB containing 7% DMSO, distributed into 100 

ml aliquots, frozen in liquid nitrogen, and stored at -80 °C. Ultracompetent cells were used for 

cloning experiments involving ligation of DNA fragments with blunt-ended termini. 

 

2.2.33 Transformation of ultracompetent E. coli cells by heat shock 

Competent cells were removed from the -80°C freezer and thawed on ice. Ligated DNA sample 

(~50-100 ng) was added to the competent cells and mixed gently. The cells were incubated on ice 

for 30 min, following which they were subjected to heat shock at 42°C in water bath (Julabo 

GmbH, Germany) for 90 sec. After the heat shock 800 ml of SOC was added to the cells and the 

tubes were incubated at 37°C with shaking at 250 rpm for 1 h. Cultures were centrifuged at 8000 
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rpm for 5 min to pellet down the cells. Supernatant was removed and pellet was resuspended in 

200 µl of SOC broth. The cells were plated on 90-mm-LB agar plates containing 100 mg/ml of 

ampicillin. The plates were incubated at 37°C for 12-14 h. 

 

2.2.34 Isolation of plasmid DNA from bacterial culture 

2.2.34.1 Small-scale isolation of plasmid DNA from bacterial culture 

Small-scale or minipreparation of plasmid was made by alkaline lysis with SDS (Sambrook and 

Russell 2001). Briefly, 5 ml of overnight bacterial culture was centrifuged in microfuge tube for 2 

min at 6000 rpm. Pellet was resuspended in 100 ml alkaline lysis solution I with vigorous 

vortexing. After mixing the contents, 200 ml of freshly alkaline lysis solution II was added to the 

bacterial suspension, contents were mixed by inverting the tubes 4-5 times, and kept on ice for 10 

min. To the viscous bacterial lysate, 150 ml alkaline lysis solution III was added, mixed by 

inverting the tube, and kept on ice for 3-5 min. The tube was centrifuged for 10 min at 12,000 rpm 

and 4°C. The supernatant was transferred to the fresh microfuge tube and equal volume of phenol: 

chloroform: isoamyl alcohol (25:24:1) was added, centrifuged for 10 min at 12,000 rpm and 4°C. 

The aqueous phase was taken in a fresh microfuge tube (1.5 ml) and plasmid DNA precipitated by 

adding 1.5 volumes of absolute ethanol. The tube was gently inverted few times and the DNA was 

pelleted by centrifuging the tube for 10 min at 12,000 rpm. The supernatant was discarded and the 

pellet was washed with 70% ethanol by centrifuging for 2 min at 12,000 rpm. The ethanol trace 

was completely removed and the DNA pellet was allowed to dry at room temperature for 15 min. 

Finally, the pellet was dissolved in about 30 µl of 1X TE buffer (pH 8.0) and stored at 4ºC. 

 

2.2.34.2 Large scale isolation of plasmid DNA from bacterial culture 

Large-scale preparation of plasmid DNA (~500 mg) was made by alkaline lysis method (Sambrook 

and Russell 2001). Briefly, centrifuged overnight (250 ml with antibiotic) at 6,000 rpm for 10 min. 

The pellet was suspended in 9 ml of alkaline lysis solution I, 1 ml of a freshly prepared solution 

of 10 mg/ml lysozyme, and 20 ml of freshly prepared alkaline lysis solution II. The contents were 

thoroughly mixed by gently inverting the bottle several times and incubated for 5-10 min at room 

temperature. 10 ml of alkaline lysis solution III was added to the contents and gently mixed by 

swirling several times and placed the mixtures on ice for 5-10 min. The bacterial lysate was 

centrifuged for 15 min at 12,000 rpm at 4°C. The supernatant was transferred to the fresh tube and 
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0.6 volume of isopropanol was added and stored the tube at room temperature for 10 min. The 

precipitated nucleic acid was recovered by centrifugation at 12,000 rpm at room temperature and 

washed once with 70% ethanol. The pellet was dried at room temperature and then dissolved in 

200 ml of TE buffer. RNAase A treatment was given to the plasmid solution and then stored at -

20°C for further use. 

 

2.2.35 Transformation of the N. crassa strain by electroporation 

The protocol was based on the method as described previously (Margolin et al. 1997; Bhat et al. 

2004). The recipient strain was grown in six to eight 250 ml conical flasks on Vogel’s glucose agar 

medium for a week at 30°C. The conidia were harvested in sterile water and separated from the 

mycelium by passing the suspension through cheesecloth attached to a 250 ml conical flask (the 

mouth of a 250 ml conical flask was covered with cheesecloth and sterilized by autoclaving 

beforehand). The conidial suspension was taken in a 30 ml Corex tube and centrifuged at 800 rpm 

for 6 min in a Sorvall HB-4 rotor in 4°C. The conidial mass was washed twice in 30 ml water and 

resuspended in 1 M sorbitol at a concentration of 3x109 spores/ml. About 40 µl of the conidial 

suspension was mixed with the transforming DNA and the mixture was placed in a pre-chilled 0.2 

cm gap sterile electroporation cuvette (BioRad Laboratories, Hercules, CA). Electroporation was 

performed using a BioRad Gene Pulser apparatus (BioRad Laboratories, Hercules, CA). The 

conditions for electroporation were 1.5 KV, 25 µF, and 600 W. The time constant varied from 13 

to 15 ms. Immediately, after the pulse, 600 ml of chilled 1 M sorbitol was added, kept in ice for 5 

min, and the transformant conidial suspension was mixed with top agar and plated on a Vogel’s 

sorbose agar plate. Usually about 4-5 transformants were obtained per plate and were ‘pickable’ 

under a dissection microscope after 2 days. A control transformation was done without adding 

DNA to eliminate the possibility of any contamination. 

 

2.2.36 Neurospora genomic DNA isolation 

The strain of interest was grown in Vogel’s glucose medium at 30°C for 2 to 3 days with shaking 

at 200 rpm. The mycelial mass was harvested by vacuum filtration and lyophilized. The dried 

mycelia were ground with glass beads (0.2 mm in diameter) using a mortar and a pestle to a fine 

powder. Approximately, 150 mg of the powdered mycelia was taken in a 1.5 ml microfuge tube 

and 1 ml of lysis buffer added to it. Complete mixing of the mycelia and lysis buffer was achieved 
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using a pipette tip or a toothpick. The tube was incubated at 65°C for 30 min, followed by 

centrifugation at 15,000 rpm for 10 min. The supernatant was taken in a fresh microfuge tube and 

500 µl of phenol: chloroform: isoamyl alcohol mixture (25:24:1) was added. The tube was rotated 

in a cell mixer for 15 min and centrifuged at 15,000 rpm for 10 min. The aqueous phase was 

carefully removed and the phenol: chloroform: isoamyl alcohol treatment repeated. The aqueous 

phase was taken in a fresh microfuge tube and washed with 600 µl of chloroform to remove the 

last traces of phenol. The aqueous phase was taken in a fresh tube and genomic DNA precipitated 

by adding 1.5 volumes of absolute ethanol. The tube was gently inverted few times and the 

genomic DNA pelleted by centrifuging the tube for 10 min at 15,000 rpm. The supernatant was 

discarded and the pellet was washed with 70% ethanol by centrifuging for 2 min at 15,000 rpm. 

The traces of ethanol were completely removed and the genomic DNA pellet was allowed to dry 

at room temperature for 15 min. Finally, the pellet was dissolved in about 60 µl of 1X TE buffer 

(pH 8.0) and stored at 4ºC. All centrifugations were carried out at 25ºC. 

 

2.2.37 Neurospora RNA isolation 

RNA was isolated from N. crassa strains as described previously 

(http://www.fgsc.net/fgn37/sokol.html). The conidia of the strain of interest were grown in 250 ml 

flasks in Vogel’s glucose medium at 30°C with shaking at 180 rpm for 12 to 16 h. The mycelial 

mass was harvested by vacuum filtration and immediately frozen in liquid nitrogen. The frozen 

tissue was ground to a fine powder using a mortar and a pestle. The powder (~25 mg) was 

immediately transferred into a 2 ml microfuge tube containing 300 µl TRIzol reagent (Invitrogen, 

CA) to protect RNA from degradation by RNAase followed by further addition of the mixture of 

750 µl lysis buffer (0.6 M NaCl, 10 mM EDTA, 100 mM Tris HCl, pH 8.0, 4% SDS) and 750 µl 

phenol (saturated with 0.1 M Tris HCl, pH 8.0). The tube was rotated in a cell mixer for 20 min 

and centrifuged at 10,000 rpm for 10 min. The upper aqueous phase was carefully removed and 

transferred to a fresh 2 ml microfuge tube containing an equal volume of phenol (saturated with 

0.1 M Tris HCl, pH 8.0). The mixture was vortexed for few seconds and centrifuged for 10 min at 

10,000 rpm. The upper aqueous phase was transferred to a fresh 2 ml microfuge tube and 750 µl 

of 8 M LiCl was added. The mixture was stored overnight at 4°C for 16-20 h. The next day mixture 

was vortexed briefly and centrifuge for 10 min at 10,000 rpm. The pellet was resuspended, which 

is not always visible, in 0.3 ml double distilled water, mixed with 0.03 ml 3 M Na-acetate (pH 5.2) 
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and 750 µl ethanol. The mixture was stored at -20°C for 2 h and centrifuged for 10 min at 10,000 

rpm. The supernatant was discarded and the precipitate was washed with 70% ethanol. The RNA 

pellet was dried in room temperature for 10 to 15 min and re-dissolved in 30 µl DEPC treated or 

RNAase free water. The RNA solution was stored at -80°C.  

 

2.2.38 Quantitation of nucleic acids 

The concentration of nucleic acids was estimated by measuring the OD at 260 nm in nanodrop 

spectrophotometer (eppendorf, Germany). The following empirical relationships were used to 

calculate the concentrations. An OD260 of 1 corresponds to ~50 μg/ml for double stranded DNA, 

40 μg/ml for single-stranded DNA and RNA, ~20 μg/ml for single-stranded oligonucleotides. The 

purity of nucleic acids was estimated by calculating the OD260/OD280 ratio. Pure preparations of 

DNA and RNA have OD260/OD280 values of 1.8 and 2.0, respectively. 

 

2.2.39 Polymerase Chain Reaction  

The routine polymerase chain reaction (PCR) reaction was carried out using Taq DNA polymerase 

and according to the manufacturer’s protocol (Cat no. M0273S, NEB, USA). Taq DNA 

polymerase isolated from Thermus aquaticus and has no proofreading ability. Therefore, for 

subsequent cloning purposes, Phusion High-Fidelity DNA polymerase was used (Cat no. F-530S, 

Thermo Scientific, USA). The enzyme possesses proofreading activity (3′-5′ exonuclease activity). 

The enzyme isolated from Pyroccocus furiosus was further processed by Phusion DNA 

Technology to bring a novel Pyroccocus-like enzyme with a processivity enhanced domain. 

Ordinarily, the PCR conditions were varied with respect to the product size and annealing 

temperature of the primers. All PCRs were performed with Arktik Thermal Cycler (Thermo Fisher 

Scientific, Finland). 

 

2.2.40 Reverse transcriptase PCR 

For reverse transcriptase PCR (RT-PCR) based gene expression study, total RNA was isolated 

from the mycelia using the procedure as described in Neurospora RNA isolation. cDNA was 

synthesized from two µg of total RNA template using Thermo Scientific Verso cDNA synthesis 

kit (Cat no. AB-1453/A, USA). The cycling condition for cDNA synthesis was 50°C for 45 min 

followed by 95°C for 2 min for one cycle. The cDNA template was further subjected to PCR 
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cycling with gene specific primers to analyze the expression of gene. The PCR amplicons were 

analyzed in 1.2 % agarose gel with 100 bp DNA ladder for size comparison of amplicons. 

 

2.2.41 Quantitative real time PCR 

Pure RNA preparation isolated from N. crassa was used for quantitative real time PCR (qRT-

PCR). One µg of total RNA was used to synthesize cDNA using Thermo Scientific Verso cDNA 

synthesis kit as described in section 2.2.40. qRT-PCR was performed in  an ABI 7500 Fast Real 

time PCR system (Applied Biosystems, USA) with the SYBR® select master mix (Applied 

Biosystems, USA) by using 100 ng of cDNA and 10 mM each of primer in a final reaction volume 

of 15 µl. In general, 15 µl reaction mixture contained 7 µl of cDNA (100 ng), 0.5 µl of forward 

and reverse primer and 7 µl sybr green. The PCR cycle was as follows: 95°C for 10 min followed 

by 40 cycles of 95°C for 15 s and 60°C for 1 min. The 2-∆∆C
T quantification method was used to 

calculate the fold change expression of each gene, using the β-tubulin gene as an endogenous 

control and wild type as calibrator (Livak and Schmittgen 2001).  

 

2.2.42 Digestion of DNA with restriction endonuclease 

For analytical and preparative purposes, plasmid DNA were digested with specific restriction 

endonucleases (NEB, USA). An aliquot of ~50-100 ng of DNA was digested with 5 units of 

restriction endonuclease in a final volume of 30 µl. The reaction was carried out for 3 h using 

suitable buffers and assay conditions as specified by manufacturer’s protocol. The digested DNA 

fragments were analyzed by agarose gel electrophoresis. Digestion with two enzymes was done 

after consulting the enzyme compatibility chart present in the NEB. 

 

2.2.43 Ligation reactions 

Ligation reactions were carried out using Quick Ligation TM Kit (Cat no. M2200S, NEB). The 20 

µl ligation reaction volume contained ~50 ng of a linearized DNA vector, a 3-fold molar excess of 

insert, 10 µl of 2X ligation buffer (132 mM Tris-HCL, 20 mM MgCl2, 2 mM dithiothreitol, 2 mM 

ATP, 15 % polyethylene glycol 6000), and 1 µl quick T4 DNA ligase enzyme. The ligation was 

performed for 15-20 min at 25°C in cooling water bath (MRC Scientific Instruments). 
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2.2.44 Agarose gel electrophoresis 

The DNA samples were loaded with one-sixth the volume of 6X DNA loading dye (0.25% 

bromophenol blue, 0.25% xylene cyanol, 30% glycerol). Depending upon the size of the fragments 

to be resolved, the samples were loaded on 0.7% to 1.5% agarose gels cast on 1X TAE containing 

0.5 μg/ml ethidium bromide. Electrophoresis was carried out in 1X TAE at 5 V/cm. Standard DNA 

size markers were run alongside for estimation of DNA fragment sizes. The ethidium bromide 

stained DNA samples were visualized on a gel doc (Image 4.1, Bio-Rad, USA, or Mega Bio print, 

Vilbert Lormat, France). RNA samples were resolved in 1.2% agarose gel containing 2.2 M 

formaldehyde and 1X MOPS buffer and 0.5 µg/ml ethidium bromide. 

 

2.2.45 Purification of DNA fragments from agarose gels 

PCR amplified DNA subsequently used for cloning, sequencing, and transformation was purified 

from agarose gels using Nucleospin Gel and PCR Clean-up (Macherey-Nagel, Duren, Germany). 

The sample containing DNA was resolved on a 1% high purity agarose gel. The DNA bands were 

visualized on a gel doc and the DNA band to be eluted was excised and transferred to a weighed 

1.5 ml centrifuge tube. DNA from the gel slice was eluted according to the instructions provided 

by the manufacturer. 

 

2.2.46 Sequence analysis 

Basic local alignment search tool (BLAST; Altschul et al. 1990; 1997) was performed using 

software tools available from NCBI and Conserved Domain Database (CDD; Marchler-Bauer and 

Bryant 2004; Marchler-Bauer et al. 2009) was used to identify conserved domains in the protein. 

Protein sequences were aligned with Clustal X (Thompson et al. 1997) then transferred to 

GeneDoc for visualization (Nicholas et al. 1997). Phylogenetic trees (Felsenstein 1985; Rzhetsky 

and Nei 1992) were constructed from these alignments using the software Molecular Evolutionary 

Genetic Analysis version 5 (MEGA 5; Tamura et al. 2007).  

 

2.3 Databases and software programs used 

1. Basic Local Alignment Search Tool (BLAST): BLAST program (Altschul et al. 1990; 1997; 

2005) was used to compare nucleotide or protein sequences to sequence databases. This is 

available at http://blast.ncbi.nlm.nih.gov/Blast.cgi.  
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2. Clustal W: The Clustal W software was used for multiple alignment of DNA and protein 

sequence. It is available at http://www.ebi.ac.uk./clustal or commonly used offline software is 

Clustal X (Thompson et al. 1997). 

 

3. Conserved Domain Database (CDD): CDD (Marchler-Bauer and Bryant 2004; Marchler-

Bauer et al. 2009) was used to identify conserved domains in the proteins. This is available at 

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi.  

 

4. ExPasy Translate tool: The ExPasy Translate tool was used for translating DNA sequences to 

protein sequences. It is available at http://web.expasy.org/tools/DNA. 

 

5. GeneDoc: GeneDoc software (Nicholas et al. 1997) was used for finding conserved domains 

among aligned sequences of DNA or protein. It is available at http://www.nrbsc.org/gfx/genedoc/. 

 

6. Genomatix software: The Genomatix software (Quandt et al. 1995) was used for promoter 

analysis of genomic DNA sequence. It is available at http://www.genomatix.de/cgi-

bin//matinspector_prof/mat_fam. 

 

7. Maps sites for restriction enzymes: This was used for restriction analysis of DNA sequences. 

It is available at http://www.restrictionmapper.org/. 

 

8. Molecular Evolutionary Genetic Analysis Version 5 (MEGA 5) tool: The MEGA software 

(Tamura et al. 2007) was used to depict the evolutionary relationship among the organisms or gene 

sequences. It is available at http://www.megasoftware.net/. 

 

9. N. crassa genome databases: Genome resource for Neurospora is available at 

http://fungidb.org. The web site for Fungal Genetics Stock Center is http://www.fgsc.net/. 

 

10. NCBI/EMBL: NCBI at http://www.ncbi.nlm.nih.gov/ or EMBL at http://embl.org/ is used to 

retrieve the primary sequence of proteins or nucleic acid. 
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11. Primer3: Primer3 was used for analysis of the secondary structure of oligonucleotide primers. 

It is available at http://bioinfo.ut.ee/primer3-4.0/. 

 

12. Prediction of putative calmodulin (CaM) binding site: To predict putative CaM binding site 

in the protein a previously described software program 

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence.html; Yap et al. 2000) was used.  

 

13. Site for reverse-complement: To convert a DNA sequence into reverse-complement 

counterpart, sequence manipulation suite (SMS) software package was used. It is available at 

http://www.bioinformatics.org/sms/index.html. 

 

14. Search Tool For The Retrieval Of Interacting Genes/Proteins (STRING): STRING 

version 10.0 (Szklarczyk et al. 2015) available at http://string-db.org/ was used to predict 

functional protein association networks. 
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Chapter 3 

Understanding the cellular roles of homologues of 

phospholipase C-1, secretory phospholipase A2, and 

calcium proton exchanger-1 in Neurospora crassa 
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3.1 Introduction 

The genome of N. crassa is ~40 Mb in size and contains ~10,082 protein coding genes including 

a set of 48 genes that encode for Ca2+ channel proteins, Ca2+/cation-ATPases, Ca2+/H+ exchangers, 

Ca2+/Na+ exchangers, PLC-δ subtype proteins, CaM, and Ca2+ and/or CaM binding proteins 

(Galagan et al. 2003; Borkovich et al. 2004). The Neurospora functional genomics project 

(http://geiselmed.dartmouth.edu/dunlaploros/genome/) aimed to generate knockout mutants for all 

the ~10,082 genes for functional analysis using a high-throughput gene knockout procedure (Colot 

et al. 2006). This knockout procedure essentially used a gene targeting cassette that contains ~1-

1.5 kb of 5′ flanking sequence of the target ORF followed by the selectable marker hph (gene for 

hygromycin B phosphotransferase) under the trpC promoter that confers resistance to antibiotic 

hygromycin and flanked by the engineered MmeI restriction site, and ~1-1.5 kb of 3′ flanking 

sequence of the target ORF (Figure 3.1; Gritz and Davies 1983; Staben et al. 1989).   

We have obtained 43 knockout, including 31 homokaryotic and 12 heterokaryotic mutants 

of the Ca2+ signaling genes from the FGSC. The generation of the knockout mutant for the 

remaining five Ca2+ signaling genes were not successful indicating that these genes could be 

essential for viability. I had initially screened 28 Ca2+ signaling knockout mutants (Table 3.1) for 

their hyphal morphology in response to increased intracellular free Ca2+. The Ca2+ ion is a universal 

messenger that plays a central role in intracellular signaling in eukaryotes and its concentration 

varies with space, time, and amplitude (Berridge et al. 1998; Clapham 2007). The target protein 

undergoes changes in its conformation and charge upon Ca2+ binding and thus governs protein 

functions (Clapham 2007). The Ca2+ concentration in the extracellular fluid is ~10-3 M, whereas 

the resting [Ca2+]c is ~100 nm, however, transient increase in [Ca2+]c upto 1µM or more either due 

to entry of extracellular Ca2+ or release of Ca2+ from intracellular stores triggers Ca2+ signaling 

(Chin and Means 2000; Bootman et al. 2001). The increase in [Ca2+]c is detected by multiple Ca2+ 

sensing proteins triggering a versatile Ca2+ signaling events. High [Ca2+]c is toxic to cells and 

therefore, [Ca2+]c is effectively regulated in N. crassa using active transport mechanisms across 

plasma membrane, Ca2+ buffering in organelles, and vacuolar Ca2+ sequestration (Bowman et al. 

2011). The Ca2+ signaling machinery regulates numerous physiological processes and also plays 

an important role in perceiving extracellular environmental changes to thrive in diverse 

environments in N. crassa (Galagan et al. 2003; Borkovich et al. 2004).     
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Figure 3.1: Strategy for generating the knockout constructs. The primer pairs 5F and 5R, and 

3F and 3R, were used to PCR amplify the 5′ and 3′ flank fragments, respectively, from the wild 

type. The 5′ tails of 5R and 3F primers are homologous to the hph cassette and incorporate MmeI 

sites (M), whereas, the 5′ tails of 5F and 3R are homologous to the yeast shuttle vector pRS426 

vector (Christianson et al. 1992). Homologous recombination allows the formation of circular 

constructs and using the primers 5F and 3R, the final linear deletion cassette is amplified from the 

yeast pooled DNA. The hph is transcribed in the antisense direction relative to the transcription of 

the target gene. Adapted from Colot et al. 2006. 
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3.2 Results 

3.2.1 Calcium ionophore assay 

3.2.1.1 Effect of increased cytosolic Ca2+ levels on hyphal morphology of the N. crassa 

knockout mutants of Ca2+ signaling genes  

The universal second messenger Ca2+ regulates a wide range of signal transduction pathways in 

eukaryotes including filamentous fungi (Gadd 1994; Berridge et al. 1998). In N. crassa, Ca2+ is 

mainly stored in the intracellular stores such as vacuoles (>90% of Ca2+ is sequestered in the 

vacuoles), Golgi, endoplasmic reticulum; however, only a small amount of Ca2+ (~100 nM) is 

present freely in the cytosol indicated as [Ca2+]c (Bowman et al. 2011). The low levels of [Ca2+]c 

is tightly regulated by various Ca2+ signaling proteins and efficient interaction between these 

signaling proteins is essential for maintaining Ca2+ homeostasis and generating appropriate cellular 

responses in N. crassa. Therefore, to identify the Ca2+ signaling genes important for maintaining 

Ca2+ homeostasis in N. crassa, I studied hyphal morphology of knockout mutants of 28 Ca2+ 

signaling genes in response to elevated intracellular Ca2+ caused by the addition of the ionophore 

A23187 in Vogel’s glucose agar medium in Petridishes (100 mm diameter; Table 3.1). Ionophores 

are mobile ion carriers that facilitates simultaneous exchange of protons and divalent metal ions 

across biological membranes (Babcock et al. 1976). The ionophore A23187 is directly involved in 

Ca2+ transport across membranes of cells and organelles either by activation of Ca2+ influx through 

native Ca2+ channels or phospholipase C dependent mobilization of Ca2+ from intracellular stores 

or activation of Ca2+ influx through store regulated mechanism (Figure 3.2 A; Dedkova et al. 2004; 

Nelson et al. 2004). In N. crassa, A23187 causes an increase in [Ca2+]c by facilitating the release 

of Ca2+ from intracellular Ca2+ stores (Nelson et al. 2004). To test the effect of A23187 on hyphal 

growth, mycelial plugs of the wild type and the Ca2+ signaling mutant strains were inoculated onto 

one corner of Petri dish containing Vogel’s glucose agar medium and A23187 (test) or ethanol 

(control) was spotted onto the other corner as described in Chapter 2 (Lew et al. 2008). Plates were 

incubated at 30°C for two-three days and colonies were observed under the Trinocular inverted 

microscope (AxioVert A1 FL, Carl Zeiss). Among the 28 Ca2+ signaling knockout mutants studied, 

three mutants ∆NCU06245, ∆NCU06650, and ∆NCU06366 showed morphological defects on 

Vogel’s medium containing the divalent ionophore A23187 (Figure 3.2 B). In presence of the 

ionophore, the ∆NCU06245 mutant exhibited characteristics spherical sac like structures at the 

apex of hyphae with reduced branching while compact branching with similar apical sac like 
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structures was observed in the ∆NCU06650 mutant (Figure 3.2 B). The ∆NCU06366 mutant 

displayed apical hyper branching phenomenon in presence of the ionophore (Figure 3.2 B). The 

remaining 25 Ca2+ signaling knockout mutants exhibited similar hyphal morphology like the wild 

type strain. I also studied the apical growth rate of the strains using the standard race tube assay 

(Ryan et al. 1943; Ryan 1950). Mycelial plugs of the wild type and the three single mutants were 

inoculated at one end of the race tube containing Vogel’s glucose agar medium and incubated at 

30°C for 72 h. The hyphal growth front was marked periodically at an interval of 12 h for 72 h, 

and the distance of the hyphal growth front from the inoculation point was plotted against time 

(discussed in Chapter 2). Interestingly, hyphal extension rates of ∆NCU06245, ∆NCU06650, and 

∆NCU06366 mutants on normal Vogel’s glucose agar medium without the addition of ionophore 

were similar to the wild type strain (Figure 3.2 C; Table 3.2). Therefore, the aberrant 

morphological defects in response to increased [Ca2+]c prompted me to study ∆NCU06245, 

∆NCU06650, and ∆NCU06366 mutants in detail.  

 

Table 3.1: List of the N. crassa strains  

Sl. 

No. 

FGSC No. 

(a/A) or 

Strain No. 

NCU no. or 

Strain Type 

Type of Protein Source 

1 988/997 Wild type             - FGSC 

 

2 

 

11248/11249 

 

7075.2 

 

Ca2+/H+ exchanger 

 

FGSC 

 

3 12376/12375 795.2 Ca2+/H+ exchanger FGSC 

 

4 11530/11529 2826.2 Ca2+/H+ exchanger FGSC 

 

5 11407/11408 6366.2 Ca2+/H+ exchanger FGSC 

 

6 12468/NA 8490.2 Ca2+/H+ exchanger FGSC 
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7 NA/11253 7605.2 Ca2+ permeable channel FGSC 

 

8 11707/11708 6703.2 Ca2+ permeable channel FGSC 

 

9 13287/NA 3305.2 Ca2+ ATPase FGSC 

 

10 NA/13071 4736.2 Ca2+ ATPase FGSC 

 

11 13036/13037 5154.2 Ca2+ ATPase FGSC 

 

12 NA/13040 4898.2 Ca2+ ATPase FGSC 

 

13 11410/11409 7966.2 Cation- ATPase FGSC 

 

14 12022/NA 1266.2 Phospholipase C FGSC 

 

15 11411/NA 6245.2 Phospholipase C FGSC 

 

16 11271/11271 9655.2 Phospholipase C FGSC 

 

17 12023/NA 2175.2 Phospholipase C FGSC 

 

18 11405/11406 5225.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

19 13049/NA 2115.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

20 15890/NA 2738.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

21 11541/11542 6948.2 Ca2+ and/or CaM binding 

protein 

FGSC 
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22 11403/11404 4379.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

23 11531/NA 3750.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

24 12448/12449 2283.2 Ca2+ and/or CaM binding 

protein 

FGSC 

25 12548/12547 9123.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

26 11169/11170 2814.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

27 11545/NA 9212.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

28 11246/11247 6650.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

29 11537/11536 6177.2 Ca2+ and/or CaM binding 

protein 

FGSC 

 

 

 

(A) 
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(B) 

 

(C) 
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Figure 3.2: Effect of increased [Ca2+]c on growth phenotype of the N. crassa strains. (A) 

Chemical structure of calcium ionophore A23187. The ionophore A23187 facilitates Ca2+ release 

from intracellular Ca2+ stores with simultaneous exchange of positive ions across membranes 

(Dedkova et al. 2004). Its chemical structure is available at 

http://www.sigmaaldrich.com/catalog/product/sigma/c7522?lang=en&region=IN. (B) Ca2+ 

ionophore assay. The wild type, ∆NCU06245, ∆NCU06650, and ∆NCU06366 mutant strains were 

grown in Petri dishes containing the ionophore zone (test) and the ethanol zone (control) and 

incubated at 30°C. Images were captured under a Trinocular inverted microscope (AxioVert A1 

FL, Carl Zeiss) when hyphae of the strains touched both the zones (38 h of growth at 30°C). Ten 

images for each strain is captured and a representative image is shown. Scale bar 20 µm. (C) 

Growth phenotype of the N. crassa strains. The apical growth of the wild-type, ∆NCU06245, 

∆NCU06650, and ∆NCU06366 mutant strains were measured at 30ºC using ‘race tubes’ over a 

period of 72 h containing Vogel’s glucose agar medium. Error bars indicate the standard deviations 

calculated from the data for three independent experiments (n=3). 

 

Table 3.2: Average growth rates of the wild type, ∆NCU06245, ∆NCU06650, and 

∆NCU06366 mutant strains in race tubes 

                                Strains Average growth rates (cm/h) 

                                Wild type 0.300 ± 0.0153 

                                ΔNCU06245 0.314 ± 0.0153 

                                ΔNCU06650 0.323 ± 0.0246 

                                ΔNCU06366 0.308 ± 0.0162 

 

3.2.1.2 Confirmation of the ∆NCU06245, ∆NCU06650, and ∆NCU06366 knockout mutants 

by PCR analysis  

The ∆NCU06245, ∆NCU06650, and ∆NCU06366 knockout mutants were generated by the NIH 

Neurospora functional genomics project (http://geiselmed.dartmouth.edu/dunlaploros/genome/; 

Colot et al. 2006) and confirmed using Southern analysis (http://borkovichlims.ucr.edu/southern/). 

I verified ΔNCU06245, ΔNCU06650, and ΔNCU06366 knockout mutants using the forward 

primers HI-NCU06245-F, HI-NCU06650-F, and HI-NCU06366-F specific for upstream of the 5′ 

flanks of the genes plc-1, splA2, and cpe-1 respectively, along with the common reverse primer 
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5HPHR that is specific for the hph cassette used to generate the knockout mutants (Figure 3.3 A; 

Table 3.3; Entry 1-4; Colot et al. 2006; Deka et al. 2011). Amplicons of sizes 2 kb, 2.044 kb, and 

1.981 kb, respectively, indicated presence of the Δplc-1, ΔsplA2, and Δcpe-1 alleles in the mutants 

(Figure 3.3 B). 

 

Table 3.3: Primers used for knockout confirmation and complementation analysis  

Sl. No. Primer Sequence (5′→3′) Source 

1 HI-NCU06245-F AGTTGGTCGCCTCCTAGAAC This study 

2 HI-NCU06650-F GCCGGACGGCAACTGAATAT This study 

3 HI-NCU06366-F CTG CAA GGA GGC TAA TTC GG This study 

4 5HPHR ATCCACTTAACGTTACTGAAATC Deka et al. 2011 

5 PLC-1-GFP-5F ATGCCAGCAGCTGTCCATGG This study 

6 PLC-1-GFP-5R CAACCTCAACTTCTTGCTTATC This study 

7 SPLA2-GFP-5F ATGAAGTTCTTCTCTGCCCTC This study 

8 SPLA2-GFP-5R ATAATACAACGGATCCTCGCC This study 

9 CPE-1-GFP-5F ATGACATCGCCCTACCATGC This study 

10 CPE-1-GFP-5R ATGATGACCACCCTCCGACC This study 

11 Pccg-1-Fw CCATCATCAGCCAACAAAGC This study 

12 GFP-Rv AACTTGTGGCCGTTTACGTC This study 
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(A) 
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(B) 

 

 

Figure 3.3: Confirmation of knockout mutants of NCU06245, NCU06650, and NCU06366. 

(A) Primer design for PCR verification of the ∆NCU06245, ∆NCU06650, and ∆NCU06366 

knockout mutants. (B) Confirmation of the ∆NCU06245, ∆NCU06650, and ∆NCU06366 

knockouts using PCR. The ∆NCU06245, ∆NCU06650, and ∆NCU06366 mutants were verified 

using the forward primers HI-NCU06245-F 5′-AGT TGG TCG CCT CCT AGA AC-3′, HI-

NCU06650-F 5′-GCC GGA CGG CAA CTG AAT AT-3′ and HI-NCU06366-F 5′- CTG CAA 

GGA GGC TAA TTC GG -3′ specific for upstream of the open reading frame of the genes plc-1, 

splA2, and cpe-1, respectively, along with the common reverse primer 5HPHR 5′-ATC CAC TTA 

ACG TTA CTG AAA TC-3′ that is specific for the hph cassette used to generate the knockout 

mutants (Colot et al. 2006; Deka et al. 2011). Amplification of PCR products of size 2 kb, 2.044 

kb, and 1.981 kb, respectively, indicate presence of the Δplc-1, ΔsplA2, and Δcpe-1 alleles in the 

mutants. PCR products of the ∆plc-1 (lane 1), ∆splA2 mutant (lane 2), ∆cpe-1 mutant (lane 3), and 

wild type (lane 4; used as negative control) were visualized in a 0.8% agarose gel. M: 1 kb DNA 

ladder (NEB). 
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3.2.2 Sequence analysis 

3.2.2.1 The NCU06245, NCU06650, and NCU06366 genes encode the phospholipase C-1 

(PLC-1), secretory phospholipase A2 (sPLA2), and Ca2+/H+ exchanger-1 (CPE-1), 

respectively, in N. crassa 

The NCU06245, NCU06650, and NCU06366 genes encode three distinct types of Ca2+ signaling 

proteins. The analysis of homologous sequences of NCU06245, NCU06650, and NCU06366 were 

performed using information obtained from fungal genome database 

(http://geiselmed.dartmouth.edu/dunlaploros/genome/; http://fungidb.org). The NCU06245 is 

genetically mapped in supercontig three from position 2027776-2031034 (-) at the right arm of 

linkage group three (LG IIIR; Figure 3.4 A), the NCU06650 is mapped in supercontig five from 

position 4123065-4123980 (-) at the LG VR (Figure 3.4 B), and the NCU06366 is mapped in 

supercontig four from position 2765568-2768250 (-) at the LG IVR (Figure 3.4 C). The genomic 

sequence of NCU06245 (Figure 3.5 A) and NCU06650 (Figure 3.5 B) contains two exons and one 

intron each, while NCU06366 possesses three exons and two introns (Figure 3.5 C). The 

NCU06245, NCU06650, and NCU06245 encoded proteins contain several conserved domains 

(Figure 3.6 A-C). The NCU06245 gene is predicted to encode a 711 amino acid residues 

phospholipase C-1 (PLC-1; GenBank accession no. AAZ23795.1; 

http://fungidb.org/fungidb/app/record/gene/NCU06245) protein sharing sequence similarity with 

the PLC homologues of A. capsulatus, C. higginsianum, and MoPLC2 and MoPLC3 proteins of 

M. oryzae with e-values 9e-171, 0, 0 and 6e-171, 43, 52, 51, and 43% identities, and 96, 97, 97, 

and 97% similarities, respectively (Figure 3.6 A). Sequence analysis of the NCU06245 

homologues revealed important Ca2+ and H+ binding residues essential for its catalytic activity 

similar to PLC homologues of Cryphonectria parasitica, M. grisea, and Arabidopsis thaliana 

(Figure 3.6 A; Chung et al. 2006). The NCU06650 gene is predicted to encode a conserved 

hypothetical secretory phospholipase A2 (sPLA2; GenBank accession no. XP_960883.1; 

http://fungidb.org/fungidb/app/record/gene/NCU06650) of 186 amino acid residues that shares 

sequence similarity to sPLA2 homologues of A. capsulatus, A. oryzae, T. borchii and V. alfalfa 

with e-values 7e-35, 5e-31, 2e-31, and 1e-51; 55, 41, 50, and 57% identities; 66, 88, 58, and 77% 

similarities, respectively (Figure 3.6 B). The NCU06650 encoded sPLA2 protein possesses an N-

terminal signal peptide residue (residues 1-30) presumably for secretion, a highly conserved region 

(residues 122–153) that contains a catalytic histidine residue, and two disulphide-bonded Cys 
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residues similar to the sPLA2 homologue of T. borchii and belongs to the group XIV (GXIV) 

sPLA2 group of enzymes (Figure 3.6 B; Soragni et al. 2001; Takayanagi et al. 2015). In addition, 

the NCU06366 gene encodes a Ca2+/H + exchanger (calcium proton exchanger-1; CPE-1; GenBank 

accession no. ESA42901.1; http://fungidb.org/fungidb/app/record/gene/NCU06366) of 505 amino 

acid residues with a high degree of similarity to the A. capsulatus, A. niger, C. higginsianum and 

M. oryzae homologues of CPE with e-values 4e-153, 6e-143, 0, and 8e-141; 50, 52, 59, and 68% 

identities; 93, 89, 95, and 67% similarities, respectively (Figure 3.6 C). The NCU06366 gene 

product contains nine transmembrane domains as predicted by the TMHMM program possibly for 

Ca2+ transport (Figure 3.6 C; http://www.cbs.dtu.dk/services/TMHMM/; Zelter et al. 2004; Guttery 

et al. 2013). Moreover, a phylogenetic analysis with a subset of homologues of different fungi 

revealed that NCU06245, NCU06650, and NCU06366 proteins of N. crassa were clustered within 

the Sordariomycetes clade (Figure 3.7). Therefore, the NCU06245, NCU06650, and NCU06366 

genes encode the N. crassa homologues of the PLC-1, sPLA2, and CPE-1, respectively.  

 

 

 

Figure 3.4: Genomic location of NCU06245, NCU06650, and NCU06366 in N. crassa. (A) 

Genetic map of NCU06245 localized at the right arm of supercontig three from position 2027776-

2031034 (-). (B) Genetic map of NCU06650 localized at the right arm of supercontig five from 

position 4123065-4123980(-). (C) Genetic map of NCU06366 localized at the right arm of 

supercontig four from position 2765568-2768250 (-). 
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Figure 3.5: Genetic organization of NCU06245, NCU06650, and NCU06366 in N. crassa. (A) 

NCU06245 gene possesses two exons and one intron (B) NCU06650 contains two exons and one 

intron (C) NCU06366 possesses three exons and two introns. 
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(B) 
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(C) 

 

 

Figure 3.6: Sequence analysis. (A) Sequence alignment of PLC-1 homologues. The positions of 

the hydrogen binding residues (inverted triangles), and the Ca2+ binding residues (filled triangles) 

are indicated above and below the alignment, respectively (Chung et al. 2006). (B) Sequence 

alignment of sPLA2 homologues. The predicted secretion signal peptide is underlined in red. The 

highly conserved portion of sPLA2 is underlined in black. The positions of the catalytic histidine 

residue (open circle) and disulphide bonded cysteine residues (filled triangles) are indicated below 

the alignment (Soragni et al. 2008). (C) Sequence alignment of CPE-1 homologues. The sequence 

corresponds to transmembrane segments (I to IX) as predicted with TMHMM program are shown 

underlined (http://www.cbs.dtu.dk/services/TMHMM/; Zelter et al. 2004; Guttery et al. 2013). The 

sequences used in the analyses are AC, A. capsulatus; ArC, Acremonium chrysogenum; AM, 

Aureobasidium melanogenum, AN, A. niger; AO, A. oryzae; BB, Beauveria bassiana; CF, C. 

fioriniae, CH, C. higginsianum; CI, Coccidioides immitis; CM, C. militaris; CP, Cladophialophora 
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psammophila; CrP, C. parasitica; CvP, Claviceps purpurea, CT, Chaetomium thermophilum,  FO, 

Fusarium oxysporum; GC, G. clavigera; GG, Gaeumannomyces graminis; HN1, Helicosporium 

sp., GL, Glarea lozoyensis, MA, M. anisopliae;  MB, Marssonina brunnea; MO, M. oryzae; MP, 

Macrophomina phaseolina; MT, Myceliophthora thermophila; NC, N. crassa; NH, N. 

haematococca, OP, Ophiostoma piceae; PA, Podospora anserine, PB, Paracoccidioides 

brasiliensis; PO, Pyronema omphalodes, PT, Pyrenophoratritici-repentis; SA, Scedosporium 

apiospermum, SB, S. borealis; SM, S. macrospora; SS, S. schenckii; TB, T. borchii; TE, T. 

equinum; TR, T. reesei; VA, V. alfalfae; VD, V. dahliae, VV, Villosiclava virens. X2 program was 

used to produce the alignments. Conserved amino acids are indicated in black (100%), dark grey 

(>80%) and light grey (>60%) in the alignments. The proteins are described by GenBank accession 

number, organism, and class. 
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Figure 3.7: Phylogenetic analysis. Phylogenetic analysis of PLC-1 (A), sPLA2 (B), and CPE-1 

(C) homologues, respectively. The sequences used in the analyses are AC, A. capsulatus; ArC, A. 

chrysogenum; AM, A. melanogenum, AN, A  niger; AO, A. oryzae; BB, B. bassiana; CF, C. 

fioriniae, CH, C. higginsianum; CI, C. immitis; CM, C. militaris; CP, C. psammophila; CrP, C. 

parasitica; CvP, C. purpurea, CT, C. thermophilum,  FO, F. oxysporum; GC, G. clavigera; GG, 

G. graminis; HN1, Helicosporium sp., GL, G. lozoyensis, MA, M. anisopliae;  MB, M. brunnea; 

MO, M. oryzae; MP, M. phaseolina; MT, M. thermophila; NC, N. crassa; NH, N. haematococca, 

OP, O. piceae; PA, P. anserine, PB, P. brasiliensis; PO, P. omphalodes, PT, P. tritici-repentis; 

SA, S. apiospermum, SB, S. borealis; SM, S. macrospora; SS, S. schenckii; TB, T. borchii; TE, T. 

equinum; TR, T. reesei; VA, V. alfalfae; VD, V. dahliae, VV, V. virens. Phylogenetic analyses 

were performed using the minimum evolution method, 500 Bootstrap replications (bootstrap 

values are indicated in the point as nodes) as test of phylogeny, and the software MEGA5. The 

proteins are described by GenBank accession number, organism, and class. 

 

3.2.3 The hyphal growth defect of the Δplc-1, ΔsplA2, and Δcpe-1 mutants on ionophore 

treatment was not due to the dissipation of membrane potential  

In addition to the electroneutral exchange of positive ions, ionophores are also capable of 

disrupting plasma membrane potentials by causing depolarization of intact cells (Nicholls 2006). 

Therefore, in order to test if the hyphal growth defects of the ∆NCU06245, ∆NCU06650, and 

∆NCU06366 mutants upon ionophore treatment was due to dissipation of membrane potential, I 

used the fluorescent membrane potential indicator bis(1,3-dibutylbarbituric acid) (DiBAC) that 

fluoresces when membranes are depolarized (Figure 3.8 A; Alćantara-Sánchez et al. 2004). The 

voltage sensitive probe DiBAC can enter depolarized yet intact cells where it interacts with 

cytoplasmic proteins or membrane and exhibits slow but enhanced fluorescence (Yamada et al. 

2001). I inoculated conidia of the wild type and the three mutant strains at a concentration of 

~1×106 conidia/ml in Vogel’s glucose medium and incubated at 30°C for 2 h with shaking at 200 

rpm. Germlings obtained were then treated with either the ionophore A23187 or toluene, used as 

a control, incubated further with the fluorophore DiBAC, and observed under a Trinocular inverted 

fluorescence microscope (AxioVert A1FL, Carl Zeiss). The A23187 treated germlings of 

∆NCU06245, ∆NCU06650, and ∆NCU06366 were not stained at all by DiBAC, whereas the 

germlings treated with toluene followed by DiBAC incubation produced enhanced green 
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fluorescence (Figure 3.8 B). Therefore, this result suggested that the hyphal growth defect of the 

∆NCU06245, ∆NCU06650, and ∆NCU06366 mutants was not due to dissipation of membrane 

potential.    

 

(A) 

 

 

 

(B) 
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Figure 3.8: Effect of A23187 ionophore on membrane potential of the N. crassa strains. (A) 

Chemical structure of DiBAC [bis (1,3-dibutylbarbituric acid) trimethine oxonol; λex = 485 nm, 

and λem= 515 nm]. The membrane potential sensitive fluorophore DiBAC fluoresces when 

membranes are depolarized (Alćantara-Sánchez et al. 2004). Its chemical structure is available at 

http://www.sigmaaldrich.com/catalog/product/sial/d8189?lang=en&region=IN. (B) Membrane 

potential assay. Germlings of the wild type, ∆NCU06245, ∆NCU06650, and ∆NCU06366 mutant 

strains were treated either with ionophore (test) or toluene (control) and incubated with 3.87 µM 

DiBAC at 30°C. Post-incubation observations were made under a Trinocular inverted microscope 

with a 450-490 nm excitation filter and 515 nm emission filter, observed under a microscope 

(AxioVert A1 FL, Carl Zeiss), and photographed using a CCD camera (AxioCam ICc3, Carl 

Zeiss). Ten images for each strain is captured and a representative image is shown. Scale bar 20 

µm. 

 

3.2.4 Oxidative stress assay 

3.2.4.1 The Δplc-1, ΔsplA2, and Δcpe-1 mutants showed increased sensitivity to hydrogen 

peroxide induced oxidative stress 

Oxidative stress causes an increased production of ROS with a significant decrease in the cell’s 

anti-oxidative defense mechanisms causing imbalance in the normal redox state of the cells and 

eventually results in irreversible oxidative damage to lipids, proteins, and DNA including 

apoptosis (Figure 3.9; Scheiber and Chandel 2014; Zorov et al. 2014; Görlach et al. 2015). Various 

environmental factors and external cues induces oxidative stress in fungal cells that causes 

generation of high intracellular ROS and disruption of Ca2+ homeostasis (Belozerskaya and 

Gessler 2006). Regulation of cellular ROS concentration is needed during various stages of fungal 

development and also for generating appropriate physiological responses (Gessler et al. 2006). 

Therefore, to determine if the plc-1, splA2, and cpe-1 genes play any role in survival of N. crassa 

in oxidative stress, I tested the viability of Δplc-1, ΔsplA2, and Δcpe-1 mutants in hydrogen 

peroxide (H2O2) induced oxidative stress. H2O2 is a deleterious agent capable of generating ·OH 

radicals via the Haber Weiss reaction and eventually lipid peroxides derived from H2O2 can cause 

irreversible damage to cell membranes (Haber and Weiss 1934; Halliwell and Gutteridge 1984). 

To test the effect of H2O2 on viability, conidia of the wild type and the mutant strains were 

germinated in the dark and supplemented with or without (control) H2O2. Percent survival was 
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determined and the number of viable colonies were counted (discussed earlier in chapter 2). The 

Δplc-1, ΔsplA2, and Δcpe-1 mutants showed reduced survival percentage as compared to wild type 

and the resistance to H2O2 induced oxidative stress tolerance followed the trend wild type>Δcpe-

1>ΔsplA2>Δplc-1 (Figure 3.10; Table 3.4). Therefore, the Δplc-1, ΔsplA2, and Δcpe-1 mutants 

showed an increased sensitivity to H2O2 induced oxidative stress indicating that the plc-1, splA2, 

and cpe-1 genes play a role in oxidative stress tolerance.         

 

 

 

Figure 3.9: A schematic representation of effects of increased intracellular ROS production. 

Oxidative stress refers to overall increase in cellular ROS formed in response to a number of 

environmental and external stressors (e.g. light, UV, ionizing radiation or heat exposure) including 

endogenous sources causing damage to lipids (lipid peroxidation), proteins (protein aggregation), 

and DNA (DNA damage) (Scheiber and Chandel 2014; Zorov et al. 2014). Increased accumulation 

of ROS and accumulated Ca2+ also causes mitochondrial dysfunction and damages mitochondrial 

membrane potential that triggers cytoplasmic release of cytochrome C which activates the caspase 

family of proteases and ultimately leads to apoptosis (Zorov et al. 2014; Görlach et al. 2015). 

Various scavenging enzymes and antioxidants balances the redox state of a cell minimizing 

harmful oxidative damage (Görlach et al. 2015).  
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Figure 3.10: Oxidative stress assay. Germlings of wild type, Δplc-1, ΔsplA2, and Δcpe-1 mutant 

strains were incubated at 10 mM H2O2 at 30C and percent survival determined. Error bars indicate 

the standard deviations calculated from the data for three independent experiments (n=3) with P-

values < 0.05 (*), <0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test.  

 

Table 3.4: Percent survival of the wild type, Δplc-1, ΔsplA2, and Δcpe-1 mutants at 10 mM 

H2O2 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P 

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 

 

     Strains                   Percent survival at 10 mM H2O2
 

     Wild type 58 ± 1.41 

     Δplc-1 43 ± 2.12 (*) 

     ΔsplA2 43 ± 3.53 (**) 

     Δcpe-1 50 ± 2.82 (*) 
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3.2.4.2 The plc-1, splA2, and cpe-1 null mutations contributed to ROS production upon 

exposure to H2O2   

The increased sensitivity of the Δplc-1, ΔsplA2, and Δcpe-1 mutants to oxidative stress induced 

by H2O2 suggested an increased ROS level in these mutants. Therefore, I measured the endogenous 

amounts of ROS using the non-fluorescent dye 2’, 7’- dichlorofluorescein-diacetate (DCFH-DA; 

Figure 3.11 A; Radman et al. 2004). The oxidant sensitive probe DCFH-DA passes through the 

cell membrane, where it is hydrolyzed by the intracellular esterases to 2′, 7′-

dichlorodihydrofluorescein (DCFH). DCFH is further oxidized to the highly fluorescent molecule 

2′, 7′-dichlorofluorescein (DCF) in the presence of ROS inside the cells (Figure 3.11 B). 

Fluorescence of DCF is therefore considered as an indicator of ROS production. I detected ROS 

levels in conidia treated with or without H2O2 using DCFH-DA. I observed conidial counts for the 

Δplc-1, ΔsplA2, and Δcpe-1 mutants stained with DCFH-DA were more  than those from the wild 

type, indicating an increased amounts of ROS were produced in Δplc-1, ΔsplA2, and Δcpe-1 

mutants treated with exogenous H2O2 (Figure 3.11B).        

                                                                                 (B) 

                                                                                       

(A) 
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(C) 

 

 

Figure 3.11: Estimation of ROS production of the N. crassa strains. (A) Chemical structure of 

DCFH-DA (2’, 7’- dichlorofluorescein-diacetate; λex= 485 nm and λem= 515 nm). The fluorophore 

DCFH-DA fluoresces in the presence of intracellular ROS, therefore, its fluorescence is considered 

as an indicator of degree of oxidative stress (Radman et al. 2004). Its chemical structure is available 

at http://www.sigmaaldrich.com/catalog/product/sigma/d6883?lang=en&region=IN. (B) 

Mechanism of action of DCFH-DA is available at https://www.cellbiolabs.com/reactive-oxygen-

species-ros-assay#details. (C) DCFH-DA assay. Approximately, 1000 conidia of the wild type, 

Δplc-1, ΔsplA2, and Δcpe-1 mutant strains were incubated with 10 µM DCFH-DA for 30 min and 

further treated with 10 mM H2O2 for 90 min. Fluorescence signal were captured using a Trinocular 

inverted microscope (AxioVert A1 FL, Carl Zeiss) with a 450-490 nm excitation filter and 515 nm 

emission filter. Each image is representative of ten different microscopic fields. Scale bar 20 µm.  
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3.2.5 Thermotolerance assay 

3.2.5.1 The Δplc-1, ΔsplA2, and Δcpe-1 mutants showed an increased sensitivity to heat shock 

Since the response pathway to oxidative stress, heat shock, and thermotolerance are interrelated in 

N. crassa (Kapoor et al. 1990), therefore, I also investigated the roles for plc-1, splA2, and cpe-1 

genes in thermotolerance-to a lethal temperature. Induced thermotolerance is the increased 

survival of cells pre-incubated at a sub-lethal (heat shock) temperature after subsequent exposure 

to a lethal temperature, whereas, uninduced thermotolerance is the survival of cells after exposure 

to a lethal temperature, without pre-incubation at a heat shock temperature (Kapoor et al. 1990). 

Incubation of N. crassa cells at sub-lethal heat shock temperatures leads to synthesis of heat shock 

proteins which subsequently protects the cells from lethal temperature (Kapoor et al. 1995; Yang 

and Borkovich 1999). To determine thermotolerance of Δplc-1, ΔsplA2, and Δcpe-1 mutants, I 

determined viability of the mutant colonies after exposure to a lethal temperature with or without 

pre-exposure to a sublethal heat shock temperature of 44°C. Percent survival was determined and 

the number of viable colonies were counted (discussed earlier in chapter 2). The Δplc-1, ΔsplA2, 

and Δcpe-1 mutants showed decreased survival percentage relative to the wild type under induced 

thermotolerance, whereas, survival of the ΔsplA2 and Δcpe-1 was slightly higher than the wild 

type, and no viable colony was observed in the Δplc-1 mutant in uninduced thermotolerance 

(Figure 3.12; Table 3.5). These results suggested that plc-1, splA2, and cpe-1 genes might play a 

role in survival at lethal temperatures mediated by prior expression of heat shock proteins, 

indicating a role of these genes in acquisition of thermotolerance induced by heat shock.   
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Figure 3.12: Thermotolerance assay. Germlings of wild type, Δplc-1, ΔsplA2, and Δcpe-1 

mutant strains were exposed to 52C lethal temperature with (induced) or without (uninduced) pre-

exposure to a sublethal heat shock temperature at 44C and percent survival determined. Error bars 

indicate the standard deviations calculated from the data for three independent experiments (n=3) 

with P-values < 0.05 (*), <0.01 (**), and < 0.001 (***) compared with the wild type strain as 

measured by one-way ANOVA test.  

 

Table 3.5: Percent survival of the wild type, Δplc-1, ΔsplA2, and Δcpe-1 mutants upon heat 

shock 

Strains Percent survival upon exposure to heat shock (52°C)    

 Induced (44°C)            Uninduced (30°C)   

Wild type 67.63 ± 5.41 0.83 ± 0.37   

Δplc-1 55.80 ± 3.93 (*) 0.00 ± 0.00   

ΔsplA2 38.44 ± 4.62 (**) 2.00 ± 0.82   

Δcpe-1 50.84 ± 7.21 (**) 2.59 ± 0.53   

 Results are shown as mean ± standard deviation for three independent experiments (n=3) with 

P-values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 
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3.2.6 Phytosphingosine assay 

3.2.6.1 The Δplc-1, ΔsplA2, and Δcpe-1 mutants showed an increased sensitivity to 

phytosphingosine 

Programmed cell death (PCD) is a characteristics cell suicidal phenomenon of both prokaryotic 

and eukaryotic systems in which cells in response to various external or endogenous stimuli 

undergo a unique genetic programme leading to death, thereby, maintaining homeostasis in 

multicellular organisms (Cheng et al. 2003; Green and Kroemer 2004; Hamann et al. 2008; Madeo 

et al. 2004; Castro et al. 2008; Vidiera et al. 2009). Therefore, to determine if the plc-1, splA2, and 

cpe-1 genes in N. crassa have any role in PCD, I used phytosphingosine (PHS), a natural 

phospholipid widely distributed in plants and animals including humans, which causes PCD in N. 

crassa (Figure 3.13 A; Castro et al. 2008). Conidia from the wild type, Δplc-1, ΔsplA2, and Δcpe-

1 mutants were exposed to PHS in different time periods and their percent survival was determined 

(discussed earlier in Chapter 2). I observed that conidia from the Δplc-1, ΔsplA2, and Δcpe-1 

mutants showed similar sensitivity to PHS exposure as they showed upon exposure to H2O2 or heat 

shock (Figure 3.13 B; Table 3.6). Therefore, I concluded that Δplc-1, ΔsplA2, and Δcpe-1 mutants 

are more sensitive to PHS indicating a role of the plc-1, splA2, and cpe-1 genes in survival under 

the PHS-induced PCD.     
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(B)   

 

Figure 3.13: Structure of phytosphingosine and its effect on the N. crassa strains. (A) 

Chemical structure of PHS (Phytosphingosine). The natural phospholipid PHS is responsible for 

causing apoptotic like cell death in filamentous fungi (Cheng et al. 2003; Castro et al. 2008). Its 

chemical structure is available at http://www.chemspider.com/Chemical-Structure.108921.html. 

(B) The PHS sensitivity assay. Conidia of wild type, Δplc-1, ΔsplA2, and Δcpe-1 mutant strains 

were exposed to 10 µg/ml PHS at different time intervals and percent survival determined. Error 

bars indicate the standard deviations calculated from the data for three independent experiments 

(n=3) with P-values < 0.05 (*), <0.01 (**), and < 0.001 (***) compared with the wild type strain 

as measured by one-way ANOVA test.  
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Table 3.6: Percent survival of the wild type, Δplc-1, ΔsplA2, and Δcpe-1 mutants upon 

exposure to PHS 

Strains                            Percent survival upon exposure to PHS 

 0 min 30 min 60 min 90 min 120 min 

Wild type 100 ± 0.00 93 ± 6.00 68 ± 1.00 (***) 28.5 ± 0.50 9.5 ± 4.50 (**) 

Δplc-1 100 ± 0.00 50.5 ± 10.50 (*) 30.5 ± 7.50 (*) 19.5 ± 11.50 (*) 7.5 ± 2.50 (***) 

ΔsplA2 100 ± 0.00 46.5 ± 0.50 (*) 32 ± 3.00 (**) 10 ± 4.00 (**) 7 ± 4.00 (**) 

Δcpe-1 100 ± 0.00 44 ± 3.00 (*) 37.5 ± 2.50 (*) 9 ± 1.00 (***) 5 ± 2.00 (***) 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 

 

3.2.7 Carotenoid analysis 

3.2.7.1 The Δplc-1, ΔsplA2, and Δcpe-1 mutants showed higher carotenoid accumulation 

Carotenoid amounts in Δplc-1, ΔsplA2, and Δcpe-1 mutants were examined to test the effect of 

these mutations in carotenoid biosynthesis. Carotenoids are the most widespread and naturally 

occurring pigment i.e. characteristic of organisms for all major taxa and play significant roles in 

certain important biological processes including photosynthesis, vision, and quenching of free 

radicals and singlet oxygen (Vershinin 1999). Cultures of N. crassa strains shows characteristics 

orange pigmentation mainly due to the accumulation of the xanthophyll neurosporoxanthin and 

variable amounts of carotenoid precursors in mycelia and air-borne conidia (Zalokar 1954; Avalos 

et al. 2013). Light and temperature are two important factors that affect carotenoid biosynthesis 

with neurosporoxanthin biosynthesis greatly enhanced upon illumination at low temperature, 

whereas illumination at normal temperature results in the accumulation of carotenoid precursors 

(Harding et al. 1969; Harding 1974; Estrada et al. 2008; Diaz-Sanchez et al. 2011). Therefore, I 

determined carotenoid content in Δplc-1, ΔsplA2, and Δcpe-1 mutants in both light and dark and 

also at three different temperatures of 8, 22, and 30°C. The three mutants showed higher carotenoid 

content than wild type at all three temperatures of 8, 22, and 30°C in light and also showed 

marginally increased amounts of carotenoid in dark relative to the wild type (Figure 3.14 A-C; 

Table 3.7). Therefore, this result suggested that plc-1, splA2, and cpe-1 genes might be involved 

in carotenoid accumulation in N. crassa. I also assessed conidiation in Δplc-1, ΔsplA2, and Δcpe-
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1 mutants, however, conidia amount in the three mutants were found to be similar to the wild type 

strain suggesting that these mutations do not affect asexual sporulation in N. crassa (Figure 3.15).   

 

(A) 

 

(B) 
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(C) 

 

Figure 3.14: Carotenoid accumulation in the N. crassa strains. The wild type, Δplc-1, ΔsplA2, 

and Δcpe-1 mutant strains were grown in Petri dishes containing Vogel’s glucose agar medium 

and incubated at 30°C in the dark for 48 h followed by with or without exposure to white light at 

8°C (A), 22°C (B), and 30°C (C) for 24 h. Error bars indicate the standard deviations calculated 

from the data for three independent experiments (n=3) with P-values < 0.05 (*), <0.01 (**), and < 

0.001 (***) compared with the wild type strain as measured by one-way ANOVA test.      
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Table 3.7: Carotenoid content of the wild type, Δplc-1, ΔsplA2, and Δcpe-1 mutants at three 

different temperatures 

    Strains                                                                     Carotenoids (µg/g dry weight) 

 

                                                                                                8°C                                      22°C                                         30°C 

                            Light                Dark            Light                 Dark             Light                    Dark 

                             

    Wild type 

 

 

151 ± 20.1          21 ± 4.3          66 ± 12                 35 ± 4             74 ± 5.4                   18 ± 3 

     Δplc-1            253 ± 3 (***)      34 ± 6.1 (**)  126 ± 11(***)      55 ± 3.1 (**)  144.2 ± 20.2 (**)     49.4 ± 8 (**) 

 

     ΔsplA2 2    255 ± 12.2 (***) 46 ± 6 (*)       169 ± 3.1 (**)      41 ± 5 (*)       177.4 ± 14 (***)     38.1 ± 9 (*) 

 

     Δcpe-1 235 ± 6.1 (**)     50 ± 11.2 (*)   175 ± 17.2 (***)  48 ± 4 (*)      160.1 ± 10 (***)     47 ± 2 (***) 

  

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-values < 

0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured by one-way 

ANOVA test. 
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Figure 3.15: Conidiation of the N. crassa strains. Conidia of Δplc-1, ΔsplA2 and Δcpe-1 mutants 

were quantified after 48 h incubation in the dark at 30C followed by continuous exposure to light 

at 22C for 96 h. The bars indicate two independent determinations for each strain. 

 

3.2.8 Ultraviolet sensitivity assay 

3.2.8.1 The Δplc-1, ΔsplA2, and Δcpe-1 mutants showed increased ultraviolet survival 

Carotenoids are known to be powerful antioxidants that protects cells and tissues from harmful 

UV damage in fungi and humans (Luque et al. 2012). Carotenoids are capable of quenching singlet 

oxygen species thereby neutralizes several attacks of ROS. Therefore, in order to test whether the 

increased carotenoid accumulation in Δplc-1, ΔsplA2, and Δcpe-1 mutants could provide 

protection against harmful UV radiation, I performed the UV sensitivity assay. To test this, conidia 

of the wild type and the three mutant strains at a concentration of ~1×106 conidia/ml were 

inoculated in Vogel’s glucose agar medium and incubated at 30°C for 48 h in the dark and then 

either at 8, 22, and 30°C with or without illumination. Subsequently, conidia were harvested, 

washed with sterile water, and finally re-suspended in sterile water. Approximately, 1000 conidia 

were then plated on Vogel’s sorbose agar medium and irradiated with UV doses of 100, 200, and 

300 J/m2 in a UVC 500 cross linker (Hoefer, UK). The results from the UV dose response curves 

indicated that conidia from the three mutants produced at 8, 22, and 30°C in both light and dark 

had increased UV survival relative to the wild type (Figure 3.16 A-F). However, when grown in 

conditions not inducing carotenoids accumulation, which is incubation at 30ºC for 48 h followed 

by illumination under light at room temperature for 96 h, the UV-dose response curves of Δplc-1, 

ΔsplA2 and Δcpe-1 mutants were similar to wild type (Figure 3.17). Taken together, these results 

suggested that the increased carotenoid content in Δplc-1, ΔsplA2, and Δcpe-1 mutants might have 

contributed to their increased UV survival at the three temperatures.   
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(E)  

 

(F) 

 

Figure 3.16: UV sensitivity assay relative to carotenoid accumulation. Dose-response curves 

of the wild-type and mutant strains after exposure to UV radiation after carotenoid accumulation 

for 48 h in the dark at 30C followed by incubation at 8, 22, or 30°C for 24 h either in light 

illumination (A-C), or in continuous darkness (D-F). Percent survival was obtained by dividing 
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the number of colonies from plates irradiated with UV by the number of colonies on plates with 

no UV irradiation (control). Error bars indicate standard deviations calculated from the data for 

three independent experiments (n=3). 

 

 

Figure 3.17: UV sensitivity assay. Dose-response curves of the wild-type and mutant strains after 

incubation at 30ºC for 48 h followed by illumination under light at room temperature for 96 h and 

irradiated with different doses of UV. Percent survival was obtained by dividing the number of 

colonies from plates irradiated with UV by the number of colonies on plates with no UV irradiation 

(control). Error bars indicate standard deviations calculated from the data for three independent 

experiments (n=3). 

 

3.2.9 Cloning of plc-1, splA2, and cpe-1 gene products from the wild type for 

complementation analysis 

To complement the Δplc-1, ΔsplA2, and Δcpe-1 mutants, I PCR amplified plc-1, splA2, and cpe-

1 genes of sizes 2,192, 762, and 1,656 bp, respectively, from the wild type using the gene specific 

primers, and ligated into the Sma I site of pMF272 vector (Figure 3.18 A-C; Table 3.3; Entry 5-

10). The ligated products were transformed into the E. coli DH5α ultra-competent cells, and 

plasmids constructs were isolated. I verified the correct clones using PCR and restriction digestion 
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using XbaI and PacI enzymes, and isolated three recombinant plasmids pAB-1, pAB-2, and pAB-

3 containing the plc-1, splA2, and cpe-1 genes, respectively (Figure 3.18 D-G).   
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(B)                                                                                   (C) 

            

 

 

(D)                                                                                   (E) 

  

 

(F)                                                                                   (G) 
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Figure 3.18: Cloning of plc-1, splA2, and cpe-1 fragments from the wild type for 

complementation analysis. (A) Schematics showing the primers to PCR amplify the plc-1, splA2, 

and cpe-1 fragments. The primer pairs PLC-1-GFP-5F and PLC-1-GFP-5R, SPLA2-GFP-5F and 

SPLA2-GFP-5R, CPE-1-GFP-5F and CPE-1-GFP-5R (Table 3.3), used to amplify the plc-1, 

splA2, and cpe-1 fragments respectively (~2.19, 0.762, and 1.65 kb in sizes) from the wild-type, 

are indicated. The relative positions of the start (ATG) and the stop (TAA) codons are shown. The 

sizes of the PCR amplified product is shown below. (B) Visualization of the PCR amplicons of 

the plc-1, splA2, and cpe-1. The plc-1, splA2, and cpe-1 fragments of size ~2.19 (lane 1), 0.762 

(lane 2), and 1.65 (lane 3) kb, respectively, were resolved in a 0.8 % agarose gel; M, 1 kb DNA 

ladder (NEB). (C) Visualization of the vector. The pMF272 undigested (lane 1) and SmaI digested 

(lane 2) plasmid DNA of 8.4 kb was visualized using a 0.8 % agarose gel; M, 1 kb DNA ladder 

(NEB). (D) Plasmid constructs. The plasmid constructs isolated from E. coli DH5α transformants, 

M, 1 kb DNA ladder (NEB); lane 1, pMF272 vector (uncut); lane 2, pMF272 vector containing 

the plc-1 insert and designated as pAB-1 (~10.59 kb); lane 3, pMF272 vector containing the splA2 

insert (~9.162 kb) and designated as pAB-2; lane 4, pMF272 vector containing the cpe-1 insert 

(~10.05 kb) and designated as pAB-3. (E) Restriction digestion analysis of pAB-1, pAB-2, and 

pAB-3 plasmid constructs. The pAB-1, pAB-2, and pAB-3 plasmid constructs were digested with 

XbaI and PacI restriction enzymes and resolved in 0.8 % agarose gel. Digestion with XbaI and 

PacI restriction enzymes resulted in release of inserts of sizes ~2.19, 0.762, and 1.65 kb from pAB-

1, pAB-2, and pAB-3 constructs, respectively. M, 1 kb DNA ladder (NEB); lane 1, digested pAB-

1 (release of 2.19 kb fragment); lane 2, digested pAB-2 (release of 0.762 kb fragment); lane 3, 

digested pAB-1 (release of 1.65 kb fragment); lane 4, digested pMF272 vector (negative control); 

lane 5, undigested pMF272 vector (negative control). (F) PCR amplification of pAB-1, pAB-2, 

and pAB-3 plasmid constructs using Pccg-1-Fw primer and the gene specific reverse primer (Table 

3.3; Entry 5-11). PCR products were resolved in 0.8 % agarose gel. M, 1 kb DNA ladder (NEB); 

lane 1, PCR amplified product for verifying plc-1 insert in the pAB-1 construct using Pccg-1-Fw 

and PLC-1-GFP-R (~2.28 kb); lane 2, another PCR amplified product for verifying plc-1 insert in 

the pAB-1 construct using Pccg-1-Fw and PLC-1-GFP-R (~2.28 kb); lane 3, PCR amplified 

product for verifying splA2 insert in the pAB-2 construct using Pccg-1-Fw and SPLA2-GFP-R 

(0.852 kb); lane 4, another PCR amplified product for verifying splA2 insert in the pAB-2 construct 

using Pccg-1-Fw and SPLA2-GFP-R (0.852 kb); lane 5, PCR amplified product for verifying cpe-
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1 insert in the pAB-3 construct using Pccg-1-Fw and CPE-1-GFP-R (1.74 kb); lane 6, PCR 

amplified product for verifying cpe-1 insert in the pAB-3 construct using Pccg-1-Fw and CPE-1-

GFP-R (1.74 kb); lane 7, PCR amplification was not observed for the pMF272 plasmid control 

using the Pccg-1-Fw and gene specific primer pairs. (G) PCR amplification of pAB-1, pAB-2, and 

pAB-3 plasmid constructs using gene specific forward primer and GFP-Rv primer (Table 3.3; 

Entry 5-10 and 12). PCR products were resolved in 0.8 % agarose gel. M, 1 kb DNA ladder (NEB); 

lane 1, PCR amplified product for verifying plc-1 insert in the pAB-1 construct using PLC-1-GFP-

F and GFP-Rv (~2.273 kb); lane 2, another PCR amplified product for verifying plc-1 insert in the 

pAB-1 construct using PLC-1-GFP-F and GFP-Rv (~2.273 kb); lane 3, PCR amplified product for 

verifying splA2 insert in the pAB-2 construct using SPLA2-GFP-F and GFP-Rv (~0.845 kb); lane 

4, another PCR amplified product for verifying splA2 insert in the pAB-2 construct using SPLA2-

GFP-F and GFP-Rv (~0.845 kb); lane 5, PCR amplified product for verifying cpe-1 insert in the 

pAB-3 construct using CPE-1-GFP-F and GFP-Rv (~1.733 kb); lane 6, another PCR amplified 

product for verifying cpe-1 insert in the pAB-3 construct using CPE-1-GFP-F and GFP-Rv (~1.733 

kb). 

 

3.2.10 Transformation of the pAB-1, pAB-2, and pAB-3 constructs into the Δplc-1::hph::his-

3 mat A, ΔsplA2::hph::his-3 mat A, and Δcpe-1::hph::his-3 mat A strains, respectively 

The Δplc-1::hph::his-3 mat A (4), ΔsplA2::hph::his-3 mat A (D), and Δcpe-1::hph::his-3 mat A (d) 

recipient strains were generated by crossing the Δplc-1::hph mat a with plc-1::his-3 mat A, 

ΔsplA2::hph mat a with splA2::his-3 mat A, and Δcpe-1::hph mat a with cpe-1::his-3 mat A (Figure 

3.19 A). The f1 progenies from these crosses were screened on minimal media containing 220 

µg/ml of hygromycin B, and genotype of the recipient strains was PCR verified (Figure 3.19 B). 

The his-3 targeted gene replacement allows for the generation of functional and non-functional 

version of his-3 with the targeted sequences lying between his-3+::gene::his-3 (Aramayo and 

Metzenberg 1996). The pAB-1, pAB-2, and pAB-3 constructs containing the plc-1, splA2, and 

cpe-1 fragments were transformed into the Δplc-1::hph::his-3 mat A, ΔsplA2::hph::his-3 mat A 

and Δcpe-1::hph::his-3 mat A recipient strains, respectively, by electroporation (described in 

Chapter 2). The heterokaryotic transformants were selected on sorbose containing minimal media 

and were further crossed with the Δplc-1, ΔsplA2, and Δcpe-1 mutants of opposite mating type to 
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obtain the homokaryotic progenies. I verified the presence of the plc-1, splA2, and cpe-1 transgenes 

in the homokaryotic progenies using PCR (Figure 3.19 C-D).  
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(B) 

 

 

(C) 

 

 

(D)  

 

 

Figure 3.19: Transformation of the pAB-1, pAB-2, and pAB-3 constructs into the hygR his-3 

mat A recipient strains. (A) A schematic representation of crosses for generation of hygR his-3 

mat A recipient strains. The Δplc-1::hph::his-3 mat A (4), ΔsplA2::hph::his-3 mat A (D), and Δcpe-
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1::hph::his-3 mat A (d) strains were generated by crossing the single mutants with his-3 mat A 

strain (i-iii). (B) PCR verification of the recipient strains of N. crassa for complementation 

analysis. The Δplc-1::hph::his-3 mat A, ΔsplA2::hph::his-3 mat A, and Δcpe-1::hph::his-3 mat A 

strains were confirmed using the gene specific forward primers specific for upstream of the open 

reading frame of the genes plc-1, splA2, and cpe-1, respectively, along with the common reverse 

primer 5HPHR (Figure 3.8 A; Table 3.3; Entry 1-4). PCR products were resolved in a 0.8% agarose 

gel. M, 1 kb DNA ladder (NEB); lane 1, PCR amplification verifying the presence of the knockout 

allele (~2 kb in size) in the Δplc-1 mutant (control); lane 2, PCR amplification to verify the Δplc-

1 mutant allele (~2 kb in size) in Δplc-1::hph::his-3 mat A; lane 3, PCR amplification verifying 

the presence of the knockout allele (~2.044 kb in size) in the ΔsplA2 mutant (control), lane 4, PCR 

amplification to verify the ΔsplA2 mutant allele (~2.044 kb in size) in ΔsplA2::hph::his-3 mat A; 

lane 5, PCR amplification verifying the presence of the knockout allele (~1.98 kb in size) in the 

Δcpe-1 mutant (control); lane 6, PCR amplification to verify the Δcpe-1 mutant allele (~1.98 kb in 

size) in Δcpe-1::hph::his-3 mat A; lanes 7, 8, 9, wild type control (no PCR product as target 

sequence for 5HPHR primer is absent in the wild type). (C) PCR verification of the homokaryotic 

transformants. The Δplc-1::hph::Pccg-1::plc-1::gfp; ΔsplA2::hph::Pccg-1::splA2::gfp, and Δcpe-

1::hph::Pccg-1::cpe-1::gfp homokaryotic transformants were confirmed using the Pccg-1-Fw 

primer and GFP-Rv primer (Table 3.3; Entry 11-12). PCR products were resolved in a 0.8% 

agarose gel. M, 1 kb DNA ladder (NEB); lane 1, PCR amplified product for verifying plc-1 allele 

in Δplc-1::hph::Pccg-1::plc-1::gfp HoP-1 (~2.364 kb in size); lane 2, PCR amplified product for 

verifying plc-1 allele in Δplc-1::hph::Pccg-1::plc-1::gfp HoP-13 (~2.364 kb in size); lane 3, PCR 

amplified product for verifying splA2 allele in ΔsplA2::hph::Pccg-1::splA2::gfp HoP-72 (~945 bp 

in size); lane 4, PCR amplified product for verifying splA2 allele in ΔsplA2::hph::Pccg-

1::splA2::gfp HoP-74 (~945 bp in size); lane 5, PCR amplified product for verifying cpe-1 allele 

in Δcpe-1::hph::Pccg-1::cpe-1::gfp HoP-2 (~1.8 kb in size); lane 6, PCR amplified product for 

verifying cpe-1 allele in Δcpe-1::hph::Pccg-1::cpe-1::gfp HoP-11 (~1.8 kb in size); lane 7, wild 

type control (no PCR product) (D) PCR verification of the Δplc-1, ΔsplA2, and Δcpe-1 mutant 

alleles in the homokaryotic transformants. Presence of the hph allele in the Δplc-1::hph::Pccg-

1::plc-1::gfp; ΔsplA2::hph::Pccg-1::splA2::gfp, and Δcpe-1::hph::Pccg-1::cpe-1::gfp homokaryotic 

transformants were confirmed using the gene specific forward primers specific for upstream of the 

open reading frame of the genes plc-1, splA2, and cpe-1, respectively, along with the common 
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reverse primer 5HPHR (Figure 3.8 A; Table 3.3; Entry 1-4). PCR products were resolved in a 

0.8% agarose gel. M, 1 kb DNA ladder (NEB); lane 1, PCR amplification verifying the presence 

of the knockout allele (~2 kb in size) in the Δplc-1 mutant (control); lane 2, PCR amplification 

verifying the Δplc-1 mutant allele (~2 kb in size) in Δplc-1::hph::Pccg-1::plc-1::gfp HoP-1; lane 3, 

PCR amplification verifying the Δplc-1 mutant allele (~2 kb in size) in Δplc-1::hph::Pccg-1::plc-

1::gfp HoP-13; lane 4, PCR amplification verifying the ΔsplA2 mutant allele (~2.044 kb in size) 

in ΔsplA2 mutant (control); lane 5, PCR amplification verifying the ΔsplA2 mutant allele (~2.044 

kb in size) in ΔsplA2::hph::Pccg-1::splA2::gfp HoP-72; lane 6, PCR amplification verifying the 

ΔsplA2 mutant allele (~2.044 kb in size) in ΔsplA2::hph::Pccg-1::splA2::gfp HoP-74; lane 7, PCR 

amplification verifying the presence of the knockout allele (~1.98 kb in size) in the Δcpe-1 mutant 

(control); lane 8, PCR amplification verifying the Δcpe-1 mutant allele (~1.98 kb in size) in Δcpe-

1::hph::Pccg-1::cpe-1::gfp HoP-2; lane 9, PCR amplification verifying the Δcpe-1 mutant allele 

(~1.98 kb in size) in Δcpe-1::hph::Pccg-1::cpe-1::gfp HoP-11; lanes 10, 11, 12, wild type control 

(no PCR product as target sequence for 5HPHR primer is absent in the wild type).    

 

3.2.11 Complementation of the Δplc-1, ΔsplA2, and Δcpe-1 mutants  

I tested four homokaryotic transformants each containing the plc-1, splA2, and cpe-1 transgenes, 

for their ability to complement the oxidative stress, thermotolerance, and carotenoid accumulation 

phenotypes of the corresponding knockout mutants. I found that the homokaryotic transformants 

complements viability in exposure to oxidative stress (Figure 3.20; Table 3.8), thermotolerance 

(Fig. 3.21; Table 3.9), and carotenoid accumulation at all three temperatures of 8, 22, and 30°C 

(Figure 3.22 A-C; Table 3.10), of the ∆plc-1, ∆plc-1, and ∆cpe-1 mutants.  Therefore, I concluded 

that plc-1, splA2, and cpe-1 genes play a role in carotenoid accumulation at all the three different 

temperatures tested, survival in oxidative stress, and thermotolerance. 
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Figure 3.20: Complementation of oxidative stress sensitivity phenotype of Δplc-1, ΔsplA2, 

and Δcpe-1 mutants. Germlings of wild type, Δplc-1, ΔsplA2, Δcpe-1 mutants, and the 

homokaryotic transformants were incubated at 10 mM H2O2 at 30C and percent survival 

determined. Error bars indicate the standard deviations calculated from the data for three 

independent experiments (n=3) with P-values < 0.05 (*), <0.01 (**), and < 0.001 (***) compared 

with the wild type strain as measured by one-way ANOVA test.  
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Table 3.8: Percent survival of the wild type, Δplc-1, ΔsplA2, Δcpe-1 mutants, and the 

homokaryotic transformants at 10 mM H2O2 

     Strains Percent survival at 10 mM H2O2
 

     Wild type 65 ± 4.24 

     Δplc-1 47 ± 3.53 (*) 

     ΔsplA2 40 ± 2.83 (**) 

     Δcpe-1 41 ± 6.36 (*) 

    Pccg-1::plc-1::gfp 61 ± 2.82 

   Pccg-1::splA2::gfp 62 ± 5.66 

  Pccg-1::cpe-1::gfp 67 ± 3.54 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P 

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured by 

one-way ANOVA test. 

 

 

Figure 3.21: Complementation of heat shock sensitivity phenotype of Δplc-1, ΔsplA2, and 

Δcpe-1 mutants. Germlings of wild type, Δplc-1, ΔsplA2, Δcpe-1 mutants, and the homokaryotic 

transformants were exposed to 52C lethal temperature with (induced) or without (uninduced) pre-
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exposure to a sublethal heat shock temperature at 44C and percent survival determined. Error bars 

indicate the standard deviations calculated from the data for three independent experiments (n=3) 

with P-values < 0.05 (*), <0.01 (**), and < 0.001 (***) compared with the wild type strain as 

measured by one-way ANOVA test.  

 

Table 3.9: Percent survival of the wild type, Δplc-1, ΔsplA2, Δcpe-1 mutants, and the 

homokaryotic transformants upon heat shock  

Strains Percent survival upon exposure to heat shock (52°C)  

 Induced (44°C) Uninduced (30°C) 

Wild type 75.10 ± 3.48 1.51 ± 0.32 

Δplc-1 46 ± 6.12 (*) 0.81 ± 0.48 

ΔsplA2 48 ± 4.32 (*) 1.59 ± 0.53 

Δcpe-1 52 ± 1.55 (*) 1.75 ± 1.20 

Pccg-1::plc-1::gfp 78.33 ± 4.51 1.99 ± 0.77 

Pccg-1::splA2::gfp 74 ± 5.29 1.99 ± 0.32 

Pccg-1::cpe-1::gfp 75 ± 5.29 0.76 ± 0.28 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 
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(C) 

 

Figure 3.22: Complementation of increased carotenoid accumulation phenotype of Δplc-1, 

ΔsplA2, and Δcpe-1 mutants. The wild type, Δplc-1, ΔsplA2, Δcpe-1 mutants, and the 

homokaryotic transformants were grown in Petri dishes containing Vogel’s glucose agar medium 

and incubated at 30°C in the dark for 48 h followed by with or without exposure to white light at 

8°C (A), 22°C (B), and 30°C (C) for 24 h. Error bars indicate the standard deviations calculated 

from the data for three independent experiments (n=3) with P-values < 0.05 (*), <0.01 (**), and < 

0.001 (***) compared with the wild type strain as measured by one-way ANOVA test.   
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Table 3.10: Carotenoid content of the wild type, Δplc-1, ΔsplA2, Δcpe-1 mutants, and the 

homokaryotic transformants at three different temperatures 

Strains                                                                          Carotenoids (µg/g dry weight) 

                                                                                              8°C                                     22°C                                    30°C 

                            Light              Dark            Light              Dark            Light               Dark 

                          

Wild type 

 

 

169 ± 15.2        28 ± 3.1         89 ± 11.3           22 ± 4            66 ± 4                 28 ± 2.2 

 

 

Δplc-1            297 ± 8             39 ± 3.8        143 ± 13.1          35 ± 2            147 ± 16.2         42.3 ± 5.3 

(***)                (*)                 (***)                  (*)                  (**)                    (**) 

 

ΔsplA2 2    248 ± 10          41 ± 6            165 ± 13.4         33 ± 5            157.4 ± 11         39 ± 8 

((   (***)                (*)                  (***)                 (*)                  (**)                   (*) 

 

Δcpe-1 298 ± 12          45 ± 9.2          170 ± 12.2        43 ± 6.3         142.1 ± 13.4       42 ± 4 

(***)               (*)                   (***)                 (**)               (***)                   (***) 

 

Pccg-1::plc-1::gfp 192 ± 13          22 ± 2.9          110 ± 14.4        36 ± 3            92 ± 6                 32 ± 8     

                                                                         (*)                           

   

Pccg-1::splA2::gfp 202 ± 4.4         34 ± 3             104 ± 6             29 ± 5.2         106 ± 9               20 ± 6.1 

 

 

Pccg-1::cpe-1::gfp 136 ± 14          38 ± 3.8          98.2 ± 7            38 ± 3.3         84 ± 5                 33 ± 2 

                                                                        (*)                          

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 
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3.3 Discussion 

The universal signaling molecule Ca2+ modulates numerous physiological processes in N. crassa 

such as Ca2+ stress tolerance (Deka et al. 2011; Laxmi and Tamuli 2015; Gohain et al. 2016), 

circadian clock (Deka and Tamuli 2013), cytoskeletal organization (Gadd 1994), growth (Deka et 

al. 2011; Gohain et al. 2016), hyphal branching (Barman and Tamuli 2015), infection structure 

differentiation (Shaw and Hoch 2000), secretion (Shaw and Hoch 2000), sexual development 

(Tamuli et al. 2011, 2016; Kumar and Tamuli 2014), sporulation (Barman and Tamuli 2015), and 

UV survival (Deka et al. 2011; Gohain et al. 2016; Laxmi and Tamuli 2016). The Ca2+ signaling 

machinery of N. crassa consists of 48 Ca2+ signaling proteins including novel PLC, Ca2+ and/or 

CaM binding sPLA2, and Ca2+ exchangers (Galagan et al. 2003; Borkovich et al. 2004). The PLC 

and sPLA2 proteins belong to the phospholipase superfamily. PLC catalyses the hydrolysis of PIP2 

into second messengers IP3 and DAG. IP3 diffuses through the cytosol and binds to IP3 receptors 

inducing Ca2+ release from intracellular Ca2+ stores, and DAG activates protein kinase C (PKC), 

thereby, triggers a range of cellular activities (Rhee and Bae 1997). Eukaryotic PLCs consists of 

two catalytic domains X and Y, an N-terminal phospholipid interacting pleckstrin homology (PH) 

domain, a Ca2+ binding EF-hand motif for interaction of PH with membrane phospholipid and a 

C-terminal Ca2+ dependent C2 domain for binding with phospholipid (Bristol et al. 1988; Watson 

and Arkinstall 1994; Sutton et al. 1995; Yamamoto et al. 1999). The sPLA2 enzymes, which are 

Ca2+ dependent extracellular secretory enzymes with relatively low molecular weight (13-19 kDa), 

hydrolyze the sn-2 ester linkage of glycerophospholipids releasing two potential signaling 

molecules FFAs and 1-acyl-lysophospholipid (1-acyl-LPL) that are capable of controlling a range 

of biological functions in various organisms (Ghannoum 2000; Cavazzini et al. 2013). A majority 

of eukaryotic sPLA2 have a highly conserved region containing a His-Asp dyad sequence 

responsible for catalytic activity and a number of unique disulfide bonded cysteine residues 

required for its stability (Murakami and Kudo 2004; Schaloske and Dennis 2006). Another group 

of Ca2+ signaling molecules are the Ca2+ exchangers that maintain Ca2+ homeostasis during steep 

rises in intracellular Ca2+ due to environmental changes, or following signal transduction caused 

by events such as hyperosmotic shock, hormone response, and response to mating pheromones. 

Ca2+ exchangers act as Ca2+ pumps removing excess [Ca2+]c by transporting Ca2+ out of the cell 

and into the intracellular Ca2+ stores with the simultaneous exchange of positive ions across 

membranes (Zelter et al. 2004; Tamuli et al. 2013). All the Ca2+ exchangers possess conserved 
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Ca2+ exchanger domains for transport of Ca2+ across intracellular membranes (Galagan et al. 2003; 

Borkovich et al. 2004; Zelter et al. 2004; Tamuli et al. 2013).  

The genome of N. crassa possesses four PLC-δ subtype proteins, two distinct sPLA2 

proteins, and six novel Ca2+/H+ exchangers and two putative Ca2+/Na+ exchangers (Galagan et al. 

2003; Borkovich et al. 2004; Zelter et al. 2004). The NCU06245 gene designated plc-1 (Figure 3.6 

A) encodes a homologue of PLC-δ that is highly divergent among the natural isolates of N. crassa. 

The NCU06245 gene exhibits high incidence of polymorphisms resulting in a coding sequence 

changes for amino acid positions 200-250 unique to N. crassa (Gavric et al. 2007). In N. crassa, 

the NCU06650 and NCU09423 genes encode for two distinct sPLA2 proteins possessing Ca2+-

dependent lipolytic activity with preferential cleavage of sn-2 ester linkage of substrates to produce 

1-acyl lysophospholipids (Takayanagi et al. 2015). The NCU06650 was designated splA2 (Figure 

3.6 B), and contains a putative CaM binding site from the amino acid residues 135 to 158 of 

sequence TCHALANVYYAAVREFGRTKGELQ, which was absent in the NCU09423, with 

normalized scores 1 to 9 (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence.html; Yap et al. 

2000) and also classified as a Ca2+ and/or calmodulin (CaM) protein (Borkovich et al. 2004). The 

NCU06366 gene designated cpe-1 (Figure 3.6 C) encodes a putative Ca2+/H+ exchanger involved 

in maintaining intracellular levels of Ca2+ and is found to be significantly different from 

homologues found in S. cerevisiae and M. grisea in a phylogenetic analysis (Zelter et al. 2004).    

  In this chapter, I investigated the functions of plc-1, splA2, and cpe-1 genes in N. crassa. 

Strains lacking plc-1, splA2, and cpe-1 displayed growth defects in response to increase in [Ca2+]c 

induced by the Ca2+ ionophore A23187 (Figure 3.2 B). The ∆plc-1, ∆splA2, and ∆cpe-1 mutants 

showed sensitivity to H2O2 induced oxidative stress (Figure 3.10; Table 3.4). The deletion of plc-

1, splA2, and cpe-1 was also associated with an increased amount of ROS on exposure to 

exogenous H2O2 (Figure 3.11 B). Moreover, the ∆plc-1, ∆splA2, and ∆cpe-1 mutants displayed a 

reduction in induced thermotolerance (Figure 3.12; Table 3.5), and an increase in sensitivity to 

PHS (Figure 3.13; Table 3.6). The ∆plc-1, ∆splA2, and ∆cpe-1 mutants also exhibited an altered 

carotenoid profile (Figure 3.14; Table 3.7) and the increase in the amounts of carotenoid was linked 

to UV-survival of the strains (Figure 3.16 A-F). In addition, fragments carrying the plc-1, splA2, 

and cpe-1 transgenes complemented the sensitivity to oxidative stress (Figure 3.20; Table 3.8), 

reduced thermotolerance (Figure 3.21; Table 3.9), and increased carotenoid accumulation (Figure 

3.22 A-C; Table 3.10) phenotypes of the ∆plc-1, ∆splA2, and ∆cpe-1 mutants. Therefore, the plc-
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1, splA2, and cpe-1 genes regulates multiple cellular pathways possibly via maintaining Ca2+ 

homeostasis in N. crassa. 

I published results described in this Chapter in Journal of Microbiology (Barman and 

Tamuli 2015), and also presented as posters in (i) “International Consultative Meeting on 

Seribiotechnology, 2012” held at Institute of Bioresources and Sustainable Development, Imphal, 

Manipur, (ii) “8th International Conference on Yeast Biology, 2013” held at Industrial Microbial 

Technology, Chandigarh, India, (iii) “International conference on Disease Biology and 

Therapeutics, 2014” held at Institute of Advanced Study in Science and Technology, Guwahati, 

Assam, and (iv) “Molecular Intricacies of Plant Pathogenic Micro-organisms, an Alternative Meet, 

2015” held at Department of Molecular Biology and Biotechnology, Tezpur University, Tezpur, 

Assam. 

In the next Chapter, I describe the phenotypic analysis of the plc-1, splA2, and cpe-1 double 

mutants to determine the cellular processes controlled by the genetic interactions between their 

loci.  
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4.1 Introduction 

Genetic interactions of Ca2+ signaling genes regulate numerous cell functions in N. crassa (Deka 

and Tamuli 2013). Genetic interaction can be either negative or positive, if the observed phenotype 

of a double mutant is stronger or less severe, respectively, than the phenotypes of the single mutant 

(Baryshnikova et al. 2013). Possible genetic interactions have been shown to occur between loci 

that controls or affects the same phenotype. Such genetic interactions can be either additive or 

multiplicative whereby the two loci act independent of each other. Genetic interactions can also 

occur between two loci that are dependent on each other and such genetic interactions can be either 

epistatic, where mutation in one locus masks the effects of mutation at the second locus, or it can 

be intergenic suppression (novelty), where mutation in one locus reverses the effects of mutation 

at the other locus such that a wild type phenotype is observed, or it can also be synergistic whereby 

the phenotype is affected due to interactive communications between the two loci (Lakin-thomas 

and Brody 1985; Morgan and Feldman 2001). Antagonistic interaction, a type of novel interaction, 

is the one where the phenotype of the double mutant is far severely affected than the single mutants 

alone and can be either sub-lethal or lethal (Gavric and Griffiths 2003).   

The complex Ca2+ signaling machinery of N. crassa consists of 48 Ca2+ signaling proteins 

that effectively interact in coordination for triggering a range of Ca2+ signaling responses and to 

maintain Ca2+ homeostasis (Borkovich et al. 2004; Barman and Tamuli 2015). In the previous 

chapter, I described the role of N. crassa homologues of plc-1, splA2, and cpe-1 genes in regulation 

of [Ca2+]c, carotenoid accumulation, oxidative stress, and thermotolerance (Barman and Tamuli 

2015). However, cell function regulated by the interactions of plc-1, splA2, and cpe-1 remains 

largely unknown in N. crassa. Therefore, to gain deeper insight into the genetic interactions of plc-

1, splA2, and cpe-1 in regulating various cell functions, I have generated and studied the double 

mutants of plc-1, splA2, and cpe-1 genes.  

 

4.2 Results 

4.2.1 Generation of the ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double mutants 

The Δplc-1, ΔsplA2, and Δcpe-1 single mutants were generated and confirmed by the Neurospora 

functional genomics project (https://www.broadinstitute.org/fungal-genome-

initiative/neurospora-crassa-genome-project; 

http://geiselmed.dartmouth.edu/dunlaploros/genome/; Colot et al. 2006). I described the 
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genetic loci of plc-1, splA2, and cpe-1 genes, and their individual knockout mutants in Chapter 3 

(Figures 3.3 A-B; 3.4 A-C; Barman and Tamuli 2015). To generate the ∆cpe-1; ∆splA2, ∆plc-1; 

∆splA2, and ∆plc-1; ∆cpe-1 double mutants, the single mutant strains of opposite mating types 

were crossed (Figure 4.1 A i-iii), ascospores from these crosses were harvested after 21 days, and 

germinated on Vogel’s sorbose agar medium after heat shock at 60C for 50 min. Progenies were 

then transferred to Vogel’s glucose agar medium and incubated for two days at 30°C and one day 

under light. The f1 progenies were then screened for the resistance to hygromycin B (HygR) 

phenotype, and presence of the knockout alleles were then confirmed using the gene specific 

primers HI-NCU06245-F, HI-NCU06650-F, and HI-NCU06366-F for the ∆plc-1, ∆splA2, and 

∆cpe-1 mutant strains, respectively, along with the common reverse primer 5HPHR specific for 

the hph cassette used to generate the knockout mutants (Figure 3.3 A; Table 3.3; Entry 1-4). PCR 

amplified products of size 2, 2.044, and 1.981 kb indicated presence of the Δplc-1, ΔsplA2, and 

Δcpe-1 alleles, respectively, in the corresponding mutant strains (Figure 4.1 B).  I obtained four 

double mutants of each of ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 and studied their 

phenotypes. 
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(B) 

 

 

Figure 4.1: Generation and confirmation of Δplc-1, ΔsplA2, and Δcpe-1 double mutants. (A) 

A schematic representation of crosses of (i) Δplc-1, (ii) ΔsplA2, and (iii) Δcpe-1 single mutants 

for generating the double mutants. The ∆cpe-1; ∆splA2 (4), ∆plc-1; ∆splA2 (D), and ∆plc-1; ∆cpe-

1 (d) double mutants were generated by crossing the single mutant strains of opposite mating type. 

(B) Confirmation of Δplc-1, ΔsplA2, and Δcpe-1 double mutants by PCR analysis. The ∆cpe-1; 

∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double mutants were verified by using the forward 

primers HI-NCU06245-F, HI-NCU06650-F, and HI-NCU06366-F (Table 3.3), specific for 

upstream of the open reading frame of the genes plc-1, splA2, and cpe-1 respectively, along with 

the common reverse primer that is specific for the hph cassette used to generate the knockout 

mutants (Colot et al. 2006; Deka et al. 2011). Amplification of PCR products of size 2 kb, 2.044 

kb, and 1.981 kb, respectively, indicate presence of the Δplc-1, ΔsplA2, and Δcpe-1 alleles in the 

mutants. PCR products of the ∆plc-1 (lane 1), ∆plc-1 allele from the ∆plc-1; ∆splA2 mutant (lane 

2), ∆plc-1 allele from the ∆plc-1; ∆cpe-1 mutant (lane 3), ΔsplA2 (lane 4), ΔsplA2 allele from the 

∆cpe-1; ∆splA2 mutant (lane 5), ΔsplA2 allele from the ∆plc-1; ∆splA2 mutant (lane 6), Δcpe-1 

(lane 7), Δcpe-1 allele from the ∆plc-1; ∆cpe-1 mutant (lane 8), Δcpe-1 allele from the ∆cpe-1; 

∆splA2 mutant (lane 9), and wild type (lanes 10, 11, 12; used as negative control for all three single 

mutant alleles) were visualized in a 0.8% agarose gel. M: 1 Kb DNA ladder (NEB). The single 
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mutants were generated by the N. crassa genome project (Colot et al. 2006) and previously PCR-

verified (Chapter 3; Figure 3.3 B; Barman and Tamuli 2015).  

 

4.2.2 The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed distinct colony and 

hyphal morphology 

To study morphology of the wild type, Δplc-1, ΔsplA2, Δcpe-1, ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, 

and ∆plc-1; ∆cpe-1, mycelial plugs of the strains were inoculated in Vogel’s glucose agar medium 

and incubated at 30°C for four days in the dark followed by three days under light. The ∆plc-1; 

∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed a distinct colonial morphology from that of 

the parental single mutants and wild type, with reduced mycelial pigmentation (Figure 4.2 A-B). 

The morphological phenotype exhibited by the two double mutants was found to be different than 

either of the parental single mutants and wild type.   

To study hyphal morphology, strains were incubated at 30°C in Vogel’s glucose agar 

medium for one day and observed by microscopy. The ∆plc-1; ∆splA2 double mutant displayed 

slightly reduced branching with numerous bud-like structures at the apex of the hyphae, and the 

∆plc-1; ∆cpe-1 double mutant displayed severely reduced hyphal branching (Figure 4.2 C). The 

single and the ∆cpe-1; ∆splA2 double mutants exhibited normal hyphal morphology and branching 

pattern like the wild type.  
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(C) 

 

 

 

Figure 4.2: Morphology and growth of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains. (A) Colony morphology of the strains on Vogel’s glucose agar medium 
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in Petri dishes. Images were captured using a digital camera (Nikon Coolpix P500). (B) Colony 

morphology of the strains on Vogel’s glucose agar medium in flasks. For colony morphology, the 

N. crassa strains were incubated for three days in the dark at 30C followed by four days under 

light at room temperature. Images were captured using a digital camera (Nikon Coolpix P500). 

(C) Hyphal morphology of the strains on Vogel’s glucose agar medium after a 12 h incubation at 

30C was examined under a Trinocular inverted microscope (AxioVert A1 FL, Carl Zeiss). Scale 

bar 20 µm.  

 

4.2.3 The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed slower growth rate and 

reduced biomass accumulation 

The mycelial plugs of wild type, Δplc-1, ΔsplA2, and Δcpe-1 single mutants, ∆cpe-1; ∆splA2, 

∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double mutants were also inoculated in sterile race tubes 

containing Vogel’s glucose agar medium and incubated at 30°C to measure the mycelial extension 

rates. Hyphal growth fronts were measured after every 12 h till 72 h and plotted against time (same 

as described in Chapter 3). Growth rates of both the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 

mutants were slower than their parental single mutants and wild type (Figure. 4.3 A-B; Table 4.1). 

However, all the three single mutants and the ∆cpe-1; ∆splA2 double mutant displayed growth rate 

similar to the wild type (Figure 4.3 A-B; Table 4.1). I also studied accumulation of mycelial mass 

of the strains in both solid and liquid growth conditions. For solid media, mycelial plugs of the 

strains were inoculated in Vogel’s glucose agar medium either at 30C for 3 days in the dark, or 

30C for two days in the dark followed by light exposure for one day and mycelial mass was 

measured. For liquid media, mycelial plugs of the strains were incubated in Vogel’s glucose 

medium at 30C for 3 days in the dark and mycelial mass accumulation was determined. I observed 

a reduction of ~53-28% and 50-26% of the mycelial mass in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 double mutants in both the growth conditions, respectively, as compared to the wild type (Figure 

4.4 A-B; Table 4.2). Thus, the slower growth rates of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 

mutants were further supported by a reduction in accumulation of mycelial mass. In addition, 

mycelia of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants displayed dispersed growth, and 

did not form aggregates in liquid growth conditions unlike their single mutant and the wild type 

strains, which suggested a defect in hyphal fusion and hyphal network formation in the double 
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mutants (Figure 4.4 C). Therefore, these results indicated that plc-1 interactions with splA2 and 

cpe-1 is essential for normal vegetative growth in N. crassa.  

 

(A) 

 

 

 

(B) 

 

Figure 4.3: Growth phenotype of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double 

mutant strains. (A) Colony growth. The colony growth was determined for the N. crassa strains 

at 30ºC in Petri dishes containing Vogel’s glucose agar medium for 18 h, and photographed using 

a digital camera (Nikon Coolpix P500). (B) Apical growth. The apical growth rates of the strains 

were measured at 30ºC using ‘race tubes’ over a period of 72 h containing Vogel’s glucose agar 

medium. Error bars indicate the standard deviations calculated from the data for three independent 

experiments (n=3). 
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Table 4.1: Average apical extension rates of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains in race tubes 

                        Strains   Average growth rates (cm/h) 

                        Wild type        0.305 ± 0.013 

                        Δplc-1        0.320 ± 0.011 

                            ΔsplA2        0.321 ± 0.005 

                            Δcpe-1   0.308 ± 0.034 

                       Δcpe-1; ΔsplA2   0.309 ± 0.025 

                       Δplc-1; ΔsplA2   0.153 ± 0.006 (**) 

                       Δplc-1; Δcpe-1        0.139 ± 0.018 (**) 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 
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(B) 

 

 

(C) 

 

 

Figure 4.4: Mycelial mass accumulation in the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains in both solid and liquid media. (A) Accumulation of mycelial mass of 

the strains in Vogel’s glucose agar medium. In the first set (filled bars), strains were incubated in 

complete darkness at 30C for three days, while in the latter set (empty bars), strains were kept in 

the dark for two days at 30C and then one day under light for conidiation. Error bars indicate the 

standard deviations calculated from the data for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. (B) Accumulation of mycelial mass of the strains in Vogel’s glucose 
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medium. Strains were incubated for three days at 30C with shaking at 180 rpm. Error bars indicate 

the standard deviations calculated from the data for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test (C) Accumulation of mycelial mass of the strains in Vogel’s glucose 

medium. Strains were incubated for three days at 30C in dark and photographed (Nikon Coolpix 

P500). 

 

Table 4.2: Mass accumulation of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double 

mutant strains 

Strains Solid media (mg/dry weight)                        Liquid media (mg/dry weight) 

 Dark, 30°C                  Light, RT  Dark, 30°C, 180 rpm 

Wild type 611 ± 94.4                    676 ± 23 260 ± 4.1 

Δplc-1 736 ± 29.3                    719 ± 9 254 ± 39.3 

ΔsplA2 665 ± 46                       699 ± 13 263 ± 18 

Δcpe-1 682 ± 40                       721 ± 25 267 ± 2 

Δcpe-1; ΔsplA2 658 ± 119                     690 ± 67 291 ± 8.3 

Δplc-1; ΔsplA2 282 ± 54 (*)                 319 ± 15.2 (*) 186 ± 24.3 (*) 

Δplc-1; Δcpe-1 302 ± 33.1 (*)              316 ± 20 (*) 192 ± 10.4 (*) 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 

 

4.2.3.1 The slow growth phenotypes of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 

were not due to a defect in ergosterol biosynthesis 

Ergosterol, one of the major constituent of fungal plasma membrane, is synthesized from a central 

metabolite acetyl CoA (Paltauf et al. 1992; Parks and Casey 1995). The biosynthetic pathway of 

ergosterol is catalyzed by several different enzymes. In N. crassa, the erg-3 gene encodes the sterol 

C-14 reductase that catalyses the reduction of the ∆14, 15 double bond in intermediates of the sterol 

biosynthetic pathway using NADPH as a cofactor (Prakash et al. 1999). The RIP (Selker and 

Garrett 1988; Cambareri et al. 1989) induced erg-3 mutant grows slowly due to a defect in 
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ergosterol biosynthesis (Prakash et al. 1999). To test if the slow growth phenotypes of ∆plc-1; 

∆splA2 and ∆plc-1; ∆cpe-1 double mutants were due to a defect in ergosterol biosynthesis, I 

analyzed the ergosterol profiles of the wild type, Δplc-1, ΔsplA2, and Δcpe-1 single mutants, ∆cpe-

1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double mutants by UV spectrophotometry 

(discussed in Chapter 2; Deka et al. 2011). Ergosterol has UV absorption maxima at 272, 282, and 

293 nm whereas the erg-3 mutant absorbs maximally at ~250 nm, typical of ∆8, 14 sterols, indicating 

absence of ergosterol in the erg-3 mutant (Prakash et al. 1999). Analysis of UV spectra of sterols 

extracted from the wild type, ∆plc-1, ∆splA2, ∆cpe-1, ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-

1; ∆cpe-1 indicated presence of ergosterol in these strains (Figure 4.5). In addition, the ∆plc-1; 

∆splA2, and ∆plc-1; ∆cpe-1 double mutants showed absorption maxima at 272, 282, and 293 nm 

like the wild type (Figure 4.5), suggesting no defect in ergosterol biosynthesis in these double 

mutants. Therefore, the slow growth phenotypes of ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double 

mutants were not due to a defect in ergosterol biosynthesis. 

 

 

Figure 4.5: Ergosterol profile of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double 

mutant strains. Profile of the sterols extracted from the wild type, ∆plc-1, ∆splA2, ∆cpe-1, ∆cpe-

1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 mutants and the erg-3 mutant were analyzed by 
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UV spectrophotometry. Ergosterol has UV absorption maxima at 272, 282, and 293 nm whereas 

the erg-3 mutant absorbs maximally at ~250 nm, typical of ∆8, 14 sterols, indicating absence of 

ergosterol in the erg-3 mutant (Prakash et al. 1999). Ergosterol is present in the wild type, ∆plc-1, 

∆splA2, ∆cpe-1, ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 mutant strains. 

  

4.2.4 The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed reduced aerial hyphae 

and conidiation 

I also studied if the double deletions affect the aerial hyphal development and conidiation in the 

mutant strains. To study aerial hyphae, ~1×106 conidia/ml of the wild type, all the single and the 

double mutants were inoculated in Vogel’s glucose medium and incubated at 30°C for four days 

in the dark followed by three days under light for conidiation. The ∆plc-1; ∆splA2 and ∆plc-1; 

∆cpe-1 double mutants produced significantly shorter aerial hyphae as compared to wild type and 

the parental single mutants (Figure 4.6 A; Table 4.3). To determine conidiation, mycelial plugs of 

the wild type, the three single mutants, and the double mutants were inoculated in Vogel’s glucose 

agar medium and incubated for two days in the dark at 30°C, and four days under light at 22°C. 

After thorough resuspension of conidia in sterile distilled water counting of conidia was done using 

a haemocytometer. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants produced fewer 

conidia and showed ~50% reduction in conidiation relative to individual single mutants and wild 

type (Figure 4.6 B; Table 4.4). Another double mutant, the ∆cpe-1; ∆splA2 strain showed 

morphology, hyphal branching, pigmentation, aerial hyphae, and conidia production similar to 

those of wild type and the individual single mutants. Therefore, these results indicated that 

interactions of plc-1 with splA2 and cpe-1 play an important role for normal aerial hyphae 

development and conidiation in N. crassa. 
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(A) 

 

 

(B) 

 

Figure 4.6: Analysis of aerial hyphae and conidiation of the wild type, Δplc-1, ΔsplA2, Δcpe-

1 single and double mutant strains. (A) Aerial hyphae of the strains in Vogel’s glucose medium. 

Strains were incubated at 30C for three days in the dark and further kept under light for four days 

at room temperature and photographed (Nikon Coolpix P500). (B) Conidia produced by the strains 
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were quantified after two days incubation in the dark at 30C followed by continuous exposure to 

light at 22C for four days. The bars indicate two independent determinations for each strain. 

 

Table 4.3: Average aerial hyphae height of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains 

                        Strains Average aerial hyphae height (cm) 

                        Wild type 6 ± 0.173 

                        Δplc-1 9 ± 0.710 (*) 

                            ΔsplA2 9 ± 0.208 (***) 

                            Δcpe-1 9 ± 0.251 (***) 

                       Δcpe-1; ΔsplA2 7 ± 0.242 (**) 

                       Δplc-1; ΔsplA2 2 ± 0.606 (**) 

                       Δplc-1; Δcpe-1 2 ± 0.296 (***) 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 

 

Table 4.4: Conidial count of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double mutant 

strains 

                        Strains Average count of conidia (conidia/ml) 

                        Wild type 3 × 109 

                        Δplc-1 3 × 109 

                             ΔsplA2 3 × 109       

                             Δcpe-1 4 × 109       

                        Δcpe-1; ΔsplA2 4 × 109       

                        Δplc-1; ΔsplA2 2 × 107       

                        Δplc-1; Δcpe-1 2 × 107       
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4.2.5 The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants displayed early conidiation with 

reduced conidial germination   

In previous independent studies, formation of shorter aerial hyphae was found to be linked to 

premature and constitutive or non-repressing conidiation as seen in a putative histidine kinase 

development and carotenogenesis control-1 (dcc-1), and a non-repressing conidiation protein 

nonrepressible conidiation gene-1 (nrc-1) mutant, respectively (Kothe and Free 1998; Barba-

Ostria et al. 2011). I found that the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants also 

produced shorter aerial hyphae. Therefore, to test if the reduced aerial hyphae phenotype of the 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants was linked to premature conidiation, I did a 

time course analysis of conidia in glucose-rich medium under complete darkness, which is a 

growth-repressing condition. Approximately, 103 conidia of the single and double mutants and the 

wild type strains were inoculated in Vogel’s glucose agar medium and incubated at 30°C in the 

dark, and conidia produced were counted after every 12 h till 72 h. The ∆plc-1; ∆splA2 and ∆plc-

1; ∆cpe-1 double mutants produced conidia as early as 12 h, whereas, the ∆cpe-1; ∆splA2 double 

mutant, individual single mutants, and the wild type produced conidia only after 48 h post 

inoculation (Figure 4.7). Therefore, I concluded that both ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 

double mutants enter the asexual developmental program earlier than either the parental single 

mutants or the wild type. I further tested germination efficiency of the conidia produced by the 

wild type, the three single mutants, and the double mutants both qualitatively and quantitatively. 

For qualitative analysis, ~1×106 conidia/ml of wild type, ∆plc-1, ∆splA2, ∆cpe-1, ∆cpe-1; ∆splA2, 

∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 mutant strains were germinated in Vogel’s glucose medium 

and viewed by microscopy at regular intervals of time. Conidial germination was not observed in 

the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants after 8 h and 12 h post inoculation, but 

abundant germinating conidia with long germ tubes were seen in ∆cpe-1; ∆splA2 double mutant, 

individual single mutants, and the wild type strain (Figure 4.8 A). In addition, only ~1-2 germ 

tubes were seen till 48 h in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1double mutants; however, 

conidia with well-developed germ tubes were seen in the other strains (Figure 4.8 A). For 

quantitative analysis, ~103 conidia of wild type, ∆plc-1, ∆splA2, ∆cpe-1, ∆cpe-1; ∆splA2, ∆plc-1; 

∆splA2, and ∆plc-1; ∆cpe-1 mutant strains were inoculated in Vogel’s glucose agar medium and 

incubated at 25°C. Germination of conidia was observed under the microscope at regular time 

period. Percent germination was calculated as (germinated conidia/total number of conidia) 
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×100%. Approximately, 100% conidia from the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 

mutants were germinated after 60 h post inoculation, whereas, almost all the conidia from the 

∆cpe-1; ∆splA2 double mutant, individual single mutants, and the wild type were germinated as 

early as 24 h post inoculation (Figure 4.8 B). Therefore, it might be possible that the early 

conidiation in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 strains subsequently produced pre-matured 

conidia causing a delay in conidial germination in these two double mutant strains. Thus, these 

results suggested that the genetic interactions of plc-1 with splA2 and cpe-1 play an important role 

in the production and germination of conidia in N. crassa under favorable conditions.     

 

 

Figure 4.7: Time course analysis of conidiation of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single 

and double mutant strains. Strains were grown on Petri dishes containing Vogel’s glucose agar 

medium and incubated at 30C in complete darkness. Conidia were harvested and quantified at 

regular intervals using a haemocytometer.   
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(A) 

 

 

(B)  

 

Figure 4.8: Time course analysis of conidial germination of the wild type, Δplc-1, ΔsplA2, 

Δcpe-1 single and double mutant strains. (A) Qualitative analysis. Conidia at a concentration of 

~106 conidia/ml were inoculated in Vogel’s glucose medium and incubated at 25C with shaking 

at 180 rpm. An aliquot of the cultures was taken and formation of germ tubes were viewed under 
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the Trinocular inverted microscope (AxioVert A1FL, Carl Zeiss) at intervals of 0, 24, 48, and 60 

h. Images of germinated conidia were captured. Delayed germination of conidia were seen in the 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutant strains. Scale bar 20 µm. (B) Quantitative 

analysis. Conidial suspensions of the strains were inoculated on Petri dishes containing Vogel’s 

glucose agar medium and incubated at 25C. Germination of conidia was observed under the under 

the Trinocular inverted microscope (AxioVert A1FL, Carl Zeiss) at regular interval of indicated 

times and percent germination was determined. Error bars indicate standard deviations calculated 

from the data for three independent experiments (n=3). 

 

4.2.6 The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed inappropriate 

conidiation in submerged cultures  

In N. crassa, formation of aerial hyphae and subsequent conidiation occurs under nutrient limiting 

conditions and in presence of an air-water interface (Springer 1993). Thus, in general, conidiation 

does not occur in submerged cultures. However, carbon or nitrogen limitations, heat shock or 

cellular stress can induce conidiation in submerged cultures of N. crassa wild type (Cortat and 

Turian 1974; Guignard et al. 1974; That and Turian 1978; Plesofsky-Vig et al. 1985; Madi et al. 

1997). The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutant strains exhibited early conidiation 

in growth-repressing conditions (Figure 4.7), indicating that these mutants could conidiate in 

condition that is unfavorable for conidiation. Therefore, I also investigated if these two double 

mutants produce conidia in submerged cultures. To test submerged culture conidiation phenotype, 

conidia from the wild type, ∆plc-1, ∆splA2, ∆cpe-1, ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; 

∆cpe-1 mutant strains were inoculated at a concentration of ~106 conidia/ml in Vogel’s glucose 

medium and incubated at 30°C with shaking for 16 h, and aliquots of the cultures were observed 

under the microscope to assay formation of conidiophores. Abundant conidiophores were observed 

in 16 h-submerged cultures of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants (Figure 4.9). 

In contrast, the ∆cpe-1; ∆splA2 double mutant, individual single mutants, and the wild type did 

not produce conidiophores or conidia and maintained vegetative non-conidiating hyphae in 

submerged cultures. In previous independent studies, supplementation of the rich nutrient peptone 

was shown to suppress conidiation in submerged cultures of the cr-1 adenylyl cyclase, gna-1 and 

gna-3 Gα subunits, gnb-1 Gβ subunit, and rco-3 glucose transporter mutants (Ivey et al. 2002; 

Kays et al. 2000; Madi et al. 1997; Yang et al. 2002). Therefore, I tested if addition of peptone in 
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submerged cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 mutant strains could suppress 

conidiophores development. Supplementation of 2% peptone resulted in complete suppression of 

conidiophores formation in submerged cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 mutant 

strains, and showed normal vegetative hyphal growth similar to wild type (Figure 4.9). These 

results further supported the genetic interactions of plc-1 with splA2 and cpe-1, and indicated a 

role of these Ca2+-signaling genes in normal conidiation.  
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Figure 4.9: Conidiophore formation in submerged cultures of the wild type, Δplc-1, ΔsplA2, 

Δcpe-1 single and double mutant strains. Strains were inoculated in Vogel’s glucose medium at 

a concentration of ~106 conidia/ml and supplemented with or without 2% w/v peptone, and 

incubated in dark at 30C with shaking at 180 rpm for 16 h. Conidiophore development was 

assessed by microscopy (Trinocular inverted microscope; AxioVert A1FL, Carl Zeiss) and 

photographed. Black arrows indicate conidiophores. Scale bar 20 µm.   

 

4.2.7 Carotenoid accumulation was affected in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 

mutants   

Conidial suspensions of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants appeared light 

yellow in color as compared to dark orange color observed for the individual single and the ∆cpe-

1; ∆splA2 double mutant and the wild type, indicating reduced carotenoid accumulation in these 

two double mutants (Figure 4.10). Therefore, I measured the carotenoid content in the wild type, 

Δplc-1, ΔsplA2, and Δcpe-1 single as well as ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 

double mutant strains in both light and dark conditions at three different temperatures of 8, 22, and 

30°C, using the procedure described in Chapters 2 and 3. The  ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 double mutants showed significantly lower carotenoid accumulation at all three temperatures, 

whereas, the Δplc-1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 mutants showed higher carotenoid 

accumulation than the wild type at 8, 22, and 30°C (Figure 4.11 A-C; Table 4.5). I also analyzed 

carotenoid accumulation in the wild type, single and double mutants of Δplc-1, ΔsplA2, and Δcpe-

1 at 8, 22, and 30°C in a time dependent manner with an exposure to light for 0 to 12 h. Carotenoid 

accumulation in the Δplc-1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 mutants at different time points 

were higher than the wild type, however, the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 

showed a slower carotenoid accumulation than the individual single mutants and the wild type at 

different time points (Figure 4.12 A-C). Therefore, these results indicated that cultures of ∆plc-1; 

∆splA2 and ∆plc-1; ∆cpe-1 double mutants exhibited lower carotenoid accumulation after a 24 h 

illumination at three different temperatures of 8, 22, and 30°C due to a slower rate of carotenoid 

accumulation at different time points, causing reduced mycelial pigmentation. Therefore, I 

concluded that genetic interactions between plc-1 with splA2, and cpe-1 play an important role in 

carotenoid accumulation in turn for the characteristics orange colored mycelial pigmentation in N. 

crassa. 
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Figure 4.10: Carotenoid accumulation. Representative images of 1 ml conidial suspensions 

showing the carotenoid accumulation in the wild type, and Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutants (Nikon Coolpix P500).   
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(B) 

 

(C) 

 

Figure 4.11: Carotenoid accumulation of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains. Strains were grown in Vogel’s glucose medium supplemented with 0.2% 
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tween-80 and incubated initially at 30C in dark for 48 h and then at three different temperatures 

of (A) 8C, (B) 22C, and (C) 30C with simultaneous exposure to white light for 24 h. 

Carotenoids accumulated in the mycelia were then extracted from the three temperatures at 

indicated times. Accumulated carotenoids are expressed as μg carotenoid per gram of dry weight.  

Error bars indicate standard deviations calculated from the data for three independent experiments 

(n=3) with P-values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain 

as measured by one-way ANOVA test. 

 

Table 4.5: Carotenoid content of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double 

mutant strains at three different temperatures 

Strains                                                                Carotenoids (µg/g dry weight) 

                                                                                              8°C                                    22°C                                   30°C 

                            Light               Dark          Light              Dark           Light                Dark 

                           

Wild type 

 

 

140 ± 13            40 ± 4           90 ± 4               34 ± 2            74 ± 5.4              18 ± 1 

Δplc-1            252 ± 8.2 (***)  58 ± 7          188 ± 11(**)     38 ± 3           152 ± 7.1 (*)       30 ± 2 (**) 

 

ΔsplA2 2   232 ± 11  (**)    69 ± 7 (*)     163 ± 5.4 (**)   52 ± 6 (*)     157 ± 8 (**)        29 ± 1 (*) 

 

Δcpe-1 240 ± 5.4 (**)   72 ± 12 (*)    177 ± 4.4 (**)   45 ± 4 (*)     178 ± 11.4 (***) 28 ± 3 (*) 

  

Δcpe-1; ΔsplA2 250 ± 13 (**)    56 ± 7            149 ± 9.2 (*)    41.3 ± 3.1     160 ± 13 (**)      30 ± 4 (*) 

  

Δplc-1; ΔsplA2 81 ± 13 (*)        31 ± 5            31 ± 3.2 (**)    21 ± 5 (*)     30 ± 6 (*)            16 ± 4 

  

Δplc-1; Δcpe-1 67 ± 16.2 (*)     30 ± 3 (*)      36 ± 2.2 (**)    25 ± 5           40 ± 6.2(*)          14 ± 3 

Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-

values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured 

by one-way ANOVA test. 
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(C) 

 

Figure 4.12: Time course analysis of carotenoid accumulation of the wild type, Δplc-1, 

ΔsplA2, Δcpe-1 single and double mutant strains. Strains were grown in Vogel’s glucose 

medium supplemented with 0.2% tween-80 and incubated initially at 30C in dark for 48 h and 

then at three different temperatures of (A) 8C, (B) 22C, and (C) 30C with simultaneous 

exposure to white light for 0, 3, 6, 9, and 12 h. Carotenoids accumulated in the mycelia were then 

extracted from the three temperatures at indicated times. Accumulated carotenoids are expressed 

as μg carotenoid per gram of dry weight. Error bars indicate standard deviations calculated from 

the data for three independent experiments (n=3). 

 

4.2.7.1 Increased carotenoid accumulation in the Δplc-1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 

mutants could be linked to production of high intracellular ROS 

In N. crassa, carotenoid biosynthesis induced by light was shown to be related with production of 

intracellular ROS (Yoshida and Hasunuma 2004). ROS has also been reported to regulate 

carotenoid synthesis in other organisms including Phaffia rhodozyma, where carotenoid synthesis 

was induced by singlet oxygen, and Fusarium aquaeductuum, where increased carotenoid 

accumulation in the mycelia was observed upon treatment with redox dyes under red light 

(Sundquist et al. 1994; Schroeder and Johnson 1995). Therefore, I tested if carotenoid 

accumulation in the single and double mutants of Δplc-1, ΔsplA2, and Δcpe-1 was affected by 
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generation of intracellular ROS using the antioxidant N-acetyl-L-cysteine (NAC; Figure 4.13) that 

reduces high intracellular ROS level, and N-acetylglycine (NAG; Figure 4.13), an analog of NAC 

but without any antioxidative activity, as a control. I found that treatment with 1 mM NAC 

followed by white light illumination for 2 h resulted in lower carotenoid accumulation in the Δplc-

1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 mutants, whereas, carotenoid accumulation was similar in 

both NAC and NAG treated cultures of the wild type, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double 

mutants at all the three temperatures of 8, 22, and 30°C (Figure 4.14). I also tested intracellular 

ROS production by using the DCFH-DA (Chapter 3; Figure 3.11 A) dye that fluoresces green in 

the presence of intracellular ROS. Conidia from the Δplc-1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 

double mutant strains, when stained with 25 µM of DCFH-DA, showed an increased fluorescence 

than the wild type, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 after a 24 h illumination at 8, 22, and 30°C 

(Figure 4.15 A-C).  In addition, even the unilluminated conidia from the Δplc-1, ΔsplA2, and Δcpe-

1 mutants stained with 25 µM DCFH-DA showed slightly enhanced fluorescence than the wild 

type at 8, 22, and 30°C (Figure 4.15 A-C). Therefore, these results suggested that increased 

carotenoid accumulation in the Δplc-1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 mutants could be 

linked to an overall increase in intracellular ROS generation in these mutants.  

 

                     

                     N-acetyl-L-cysteine (NAC)                      N-acetylglycine (NAG) 

                        (Antioxidative activity)                        (No antioxidative activity) 

             

Figure 4.13: Chemical structures of N-acetyl-L-cysteine and N-acetylglycine. N-acetyl-L-

cysteine (NAC) is an antioxidant while N-acetylglycine (NAG), an analogue of NAC, has no 

antioxidative activity. NAC increases the cellular pools of free radical scavengers. Both the 

chemical structures are available at 

http://www.sigmaaldrich.com/catalog/product/sial/a7250?lang=en&region=IN & 

http://www.sigmaaldrich.com/catalog/product/aldrich/a16300?lang=en&region=IN 
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(C) 

 

Figure 4.14: Effect of antioxidant on carotenoid accumulation in the wild type, Δplc-1, 

ΔsplA2, Δcpe-1 single and double mutant strains. Cultures were incubated for 2 h in the presence 

of 1 mM N-acetyl-L-cysteine (NAC), and then exposed to white light at (A) 8C, (B) 22C, and 

(C) 30C for an additional 2 h. Carotenoids extracted from the indicated N. crassa strains are 

expressed as μg carotenoid per gram of dry weight. N-acetylglycine (NAG) was used as a negative 

control. Error bars indicate standard deviations calculated from the data for three independent 

experiments (n=3) with P-values < 0.05 (*), <0.01 (**), and < 0.001 (***) compared with the wild 

type strain as measured by one-way ANOVA test. 
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(C) 

 

 

Figure 4.15: Estimation of ROS using DCFH-DA. Strains were grown in Vogel’s glucose agar 

medium for 2 days in the dark and either exposed to white light or kept in the dark for 1 day at 8C 

(A), 22C (B), and 30C (C). Conidia were harvested and inoculated in Vogel’s glucose medium 

containing 25 µM DCFH-DA for 60 min. An aliquot of the cultures was taken and observed by 

fluorescence microscopy. Conidia that showed green fluorescence was captured. Scale bar 20 µm. 

 

4.2.3 Calcium sensitivity assay to test the effect of the mutations on maintaining Ca2+ 

homeostasis  

4.2.3.1 Effect of increase in intracellular Ca2+ levels  

The [Ca2+]c and the Ca2+ gradient in fungal hyphae plays an important role in establishing and 

maintaining apical organization, morphogenesis, and growth (Jackson and Heath 1989). The Ca2+ 

ionophore A23187 (or Calcimycin) is a highly selective Ca2+ binding hydrophobic molecule (that 

forms a dimer complex with 2:1 stoichiometry), and facilitates Ca2+ transport across plasma 

membrane (Chapter 3; Figure 3.2 A; Chaney et al. 1974; Verma et al. 2011). The N. crassa Ca2+ 

signaling gene mid-1, a homolog of the S. cerevisiae mating-induced death (MID-1) gene, was 

shown to exhibit inhibited growth at elevated intracellular Ca2+ levels induced by the ionophore 

A23187 (Lew et al. 2008). I described about apical sac like structures in ∆plc-1 and ∆splA2, and 

apical hyperbranching in ∆cpe-1 single mutant when grown on media treated with the ionophore 
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A23187 in Chapter 3 (Chapter 3; Figure 3.2 B; Barman and Tamuli 2015). Here, I further studied 

the effect of elevated intracellular Ca2+ levels induced by the ionophore A23187 on hyphal 

morphology of the double mutants. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 

exhibited aberrant hyphal morphology on A23187 added Vogel’s glucose agar media and showed 

severe reduction in normal branching pattern (Figure 4.16). Another double mutant, the ∆cpe-1; 

∆splA2 did not show any apparent morphological defect and only showed slightly reduced 

branching in A23187 treated media (Figure 4.16). In all the mutants, no hyphal defect was 

observed in the ethanol treated control zone (Figure 4.16). Therefore, this result suggested that plc-

1, splA2, and cpe-1 genes and their interactions could be involved in maintaining [Ca2+]c which in 

turn helps in normal N. crassa hyphal growth. 
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Figure 4.16 Calcium ionophore assay. The wild type, Δplc-1, ΔsplA2, Δcpe-1 single mutant, and 

double mutant strains were grown in Petri dishes containing the ionophore A23187 zone (test) and 

the ethanol zone (control). Images were taken when hyphae of the strains touched both the zones 

(38 h of growth at 30°C). Ten images were captured for each strain and a representative image is 

shown. Scale Bar 20 µm. 

 

4.2.3.2 Effect of increase in extracellular Ca2+ levels 

To test if Ca2+ stress tolerance is affected by the interactions of plc-1, splA2-1, and cpe-1, I studied 

sensitivity of the mutants to various concentrations of CaCl2. To assay Ca2+-sensitivity, I 

performed the growth analysis of the wild type, Δplc-1, ΔsplA2, Δcpe-1, ∆cpe-1; ∆splA2, ∆plc-1; 

∆splA2, and ∆plc-1; ∆cpe-1 double mutants on medium supplemented with various concentrations 

of CaCl2 (0, 0.2, 0.3, and 0.4 M). Interestingly, at 0.2 M CaCl2, the growth of ∆plc-1; ∆splA2 and 

∆plc-1; ∆cpe-1 was stimulated, however, at 0.3, and 0.4 M CaCl2, growth was gradually reduced 

for both the double mutants (Figure 4.17). The growth of another double mutant ∆cpe-1; ∆splA2 

and all the individual single mutants was similar to the wild type (Figure 4.17). In addition, I also 

calculated the average colony growth rate by plotting colony growth rate against different 

concentrations of CaCl2. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants displayed a lower 

colony growth rate than the wild type, all the single and ∆cpe-1; ∆splA2 double mutants (Table 

4.6). Therefore, interaction of plc-1 with splA2 and cpe-1 might play a role in decreasing [Ca2+]c 

by stimulating Ca2+ efflux to promote hyphal growth and development in N. crassa. 
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Figure 4.17 Calcium sensitivity assay. Strains were grown in Petri dishes containing Vogel’s 

glucose agar medium supplemented with various concentrations of CaCl2 (0.0, 0.2, 0.3, 0.4 M). 

Plates were incubated at 30ºC for 24 h. Colony growth rate (cm/h) was calculated by plotting 

colony growth rate against different concentrations of CaCl2. Error bars indicate the standard 

deviations calculated from the data for three independent experiments (n=3). 
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Table 4.6: Average colony growth rate of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains at different concentrations of CaCl2  

Strains   Average colony growth rate (cm/h) at different concentrations of CaCl2 (M) 

      0                             0.2                           0.3                            0.4 

Wild type 0.318 ± 0.069         0.301 ± 0.039          0.297 ± 0.014           0.254 ± 0.007 

Δplc-1 0.320 ± 0.143         0.291 ± 0.058          0.282 ± 0.005           0.230 ± 0.059 

ΔsplA2 0.332 ± 0.021         0.322 ± 0.044          0.305 ± 0.004           0.265 ± 0.032 

Δcpe-1 0.364 ± 0.221         0.330 ± 0.019          0.323 ± 0.003           0.271 ± 0.023 

Δcpe-1; ΔsplA2 0.339 ± 0.000         0.327 ± 0.027          0.311 ± 0.042           0.248 ± 0.040 

Δplc-1; ΔsplA2 0.146 ± 0.023         0.203 ± 0.019          0.082 ± 0.053           0.012 ± 0.007 

Δplc-1; Δcpe-1 0.138 ± 0.003         0.165 ± 0.026          0.065 ± 0.043           0.002 ± 0.008  

 

4.2.4 Osmotic sensitivity analysis 

Osmotic stress that inhibits fungal growth is caused due to high concentrations of salts. In most 

eukaryotes, Ca2+ acts as one of the primary regulators of osmotic stress. There is an increase in 

intracellular Ca2+ levels during hypo-osmotic and hyper-osmotic stresses (Kader and Lindberg 

2010). Therefore, I tested the growth characteristics of wild type, Δplc-1, ΔsplA2, and Δcpe-1 

single mutants, ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double mutants on 

hyperosmotic media. In addition, to determine whether the Ca2+ sensitivity of the ∆plc-1; ∆splA2, 

and ∆plc-1; ∆cpe-1 was specific to CaCl2 or due to a mere sensitivity to osmotic stress, I studied 

the growth of the wild type, Δplc-1, ΔsplA2, Δcpe-1, ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-

1; ∆cpe-1 mutants grown on Vogel’s glucose agar medium supplemented with elevated levels of 

KCl (Figure 4.18 A, Table 4.7), NaCl (Figure 4.18 B, Table 4.7), and sucrose (Figure 4.18 C, Table 

4.7). I found that the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 mutants were not sensitive to either KCl, 

NaCl, or sucrose stress. The percent apical extension rate inhibition of the ∆plc-1; ∆splA2 and 

∆plc-1; ∆cpe-1 mutants on medium supplemented with 0.75 M KCl, 0.75 M NaCl, and 1.5 M 

sucrose was relatively similar to the wild type and parental single mutants. The ∆cpe-1; ∆splA2 

double mutant also showed similar apical extension rate inhibition as compared to wild type and 

parental single mutants on medium supplemented with 0.75 M KCl, 0.75 M NaCl, and 1.5 M 

sucrose. These results suggested that the sensitivity of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 mutants 

to CaCl2 stress was not due to a mere osmotic effect. 
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(C) 

 

Figure 4.18: Osmotic sensitivity assay. Relative colony growth rate of the wild type, Δplc-1, 

ΔsplA2, Δcpe-1 single mutant, and double mutant strains grown on Vogel’s glucose agar medium 

supplemented with various osmotic agents (A) 0.75 M KCl, (B) 0.75 M NaCl, and (C) 1.5 M 

sucrose. Plates were incubated at 30ºC for 24 h. Error bars indicate the standard deviations 

calculated from the data for three independent experiments (n=3). 
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Table 4.7: Average colony growth rate of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains at indicated concentrations of KCl, NaCl, and sucrose 

Strains Average colony growth rate (cm/h) at different concentrations of osmotic 

agents (M) 

 0                                 0.75                     0.75                      1.5 M 

KCl/NaCl/sucrose    KCl                     NaCl                    Sucrose 

Wild type 0.323 ± 0.017             0.191 ± 0.058      0.174 ± 0.034      0.153 ± 0.035 

Δplc-1 0.3090 ± 0.0453         0.156 ± 0.019      0.142 ± 0.019      0.199 ± 0.013 

ΔsplA2 0.3350 ± 0.048           0.192 ± 0.026      0.146 ± 0.052      0.221 ± 0.043 

Δcpe-1 0.313 ± 0.036             0.132 ± 0.039      0.234 ± 0.059      0.181 ± 0.039 

Δcpe-1; ΔsplA2 0.341 ± 0.042             0.187 ± 0.047      0.189 ± 0.025      0.212 ± 0.029 

Δplc-1; ΔsplA2 0.158 ± 0.049             0.046 ± 0.038      0.068 ± 0.038      0.061 ± 0.032 

Δplc-1; Δcpe-1 0.133 ± 0.036             0.067 ± 0.022      0.051 ± 0.029      0.063 ± 0.023 

 

4.2.5 Temperature sensitivity analysis 

In N. crassa, development occurs in response to various environmental stimuli and stressors (Ivey 

et al. 2002). Apart from light and abundant nutrients, temperature is also an important 

environmental cue for vegetative growth followed by hyphal extension and fusion to form the 

multicellular mycelium, and accumulation of mycelial carotenoids in N. crassa (Springer 1993).  

While vegetative growth occurs in normal ambient temperature, the sexual development occurs at 

lower temperature. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed numerous 

phenotypes including colonial growth, stunted aerial hyphae, reduced carotenoid accumulation, 

and female sterility (Figures 4.2, 4.6, 4.11, and 4.23). Since the growth rates of ∆plc-1; ∆splA2 

and ∆plc-1; ∆cpe-1 double mutants were significantly slower than the wild type and the single 

mutants at normal 30°C ambient temperature (Figure 4.3), I also determined growth rate of the 

strains at lower (20°C) and elevated (40°C) temperatures. To perform the temperature sensitivity 

assay, mycelial plugs of the wild type, single, and double mutant strains were inoculated at the 

center of Petri dishes containing Vogel’s glucose agar medium and incubated at 20, 30, and 40°C 

for 24 h. The hyphal growth front was marked after 12 h and then periodically marked after every 

3 h till 24 h. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed decreased colony 

growth rate at all the three temperatures in comparison to the wild type, individual single, and the 
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∆cpe-1; ∆splA2 double mutant (Figure 4.19; Table 4.8). Therefore, genetic interaction of plc-1 

with splA2 and cpe-1 plays a key role in normal vegetative growth in N. crassa. 

 

 

Figure 4.19: Temperature sensitivity assay. Relative colony growth rate of the wild type, the 

Δplc-1, ΔsplA2, Δcpe-1 single and double mutant strains grown on Vogel’s glucose agar medium 

and incubated at 20, 30, and 40ºC for 24 h. Error bars indicate the standard deviations calculated 

from the data for three independent experiments (n=3). 
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Table 4.8: Average colony growth rate of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and 

double mutant strains at three different temperatures 

 

4.2.6 Oxidative stress and thermotolerance assay 

I also determined the viability of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants in exposure 

to H2O2 induced oxidative stress. The Δplc-1, ΔsplA2, and Δcpe-1 single mutants were previously 

found sensitive to the H2O2 induced oxidative stress (Chapter 3; Figure 3.10; Table 3.4). I also 

found that the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed a decreased survival 

percentage than the wild type after exposure to H2O2, however, survival percentage of both the 

double mutants was similar to their parental single mutants (Figure 4.20; Table 4.9). The survival 

percentage of ∆cpe-1; ∆splA2 double mutant was similar to wild type strain (Figure 4.20; Table 

4.9).     

Loss of plc-1, splA2, and cpe-1 genes were previously shown to have lower levels of 

induced thermotolerance than wild type (Chapter 3; Figure 3.12). Additionally, I studied the ability 

of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants in acquisition of induced thermotolerance. 

Both the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed severe reduction in survival 

percentage in both induced and uninduced thermotolerance conditions as compared to parental 

single mutants (Figure 4.21; Table 4.10). However, survival percentage of ∆cpe-1; ∆splA2 double 

mutant at heat shock temperature was comparable to the wild type (Figure 4.21; Table 4.10). It 

was shown previously that the pre exposure of N. crassa germinating spores to 44°C induces 

synthesis of heat shock proteins and subsequently protects spores from lethal heat shock 52°C 

temperature (Kapoor et al. 1995; Yang and Borkovich 1999). Therefore, interaction of plc-1 with 

Strains         Average colony growth rate (cm/h) 

 20°C                         30°C                          40°C 

Wild type 0.269 ± 0.013           0.316 ± 0.018            0.323 ± 0.025 

Δplc-1 0.272 ± 0.034           0.308 ± 0.022            0.281 ± 0.011 

ΔsplA2 0.286 ± 0.016           0.313 ± 0.009            0.330 ± 0.029 

Δcpe-1 0.283 ± 0.014           0.321 ± 0.021            0.296 ± 0.016 

Δcpe-1; ΔsplA2 0.267 ± 0.013           0.309 ± 0.013            0.321 ± 0.025 

Δplc-1; ΔsplA2 0.131 ± 0.018           0.165 ± 0.007            0.158 ± 0.013 

Δplc-1; Δcpe-1 0.116 ± 0.006           0.143 ± 0.020            0.146 ± 0.017 
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splA2 and plc-1 with cpe-1 might play an essential role in acquisition of induced thermotolerance 

at heat shock temperatures.     

 

 

Figure 4.20: Oxidative stress assay. Germlings (2 h old) of the wild type, Δplc-1, ΔsplA2, Δcpe-

1 single mutant, and double mutant strains were incubated in medium containing 10 mM H2O2 at 

30°C and percent survival was determined. Error bars indicate the standard deviations calculated 

from the data for three independent experiments (n=3). Statistically significant values are indicated 

by asterisks, *P<0.05, **P<0.01, ***P<0.001. 
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Table 4.9: Percent survival of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double mutant 

strains at 10 mM H2O2 

Strains                Percent survival (%) 

 0 mM H2O2                           10 mM H2O2 

Wild type 100 ± 0                          76 ± 6.10 

Δplc-1 100 ± 0                          58 ± 8.22 

ΔsplA2 100 ± 0                          42 ± 13.77 

Δcpe-1 100 ± 0                          51 ± 11.04 

Δcpe-1; ΔsplA2 100 ± 0                          83 ± 9.23 

Δplc-1; ΔsplA2 100 ± 0                          53 ± 11.21 

Δplc-1; Δcpe-1 100 ± 0                          43 ± 6.36 

 

 

 

Figure 4.21: Thermotolerance assay. Viability of 2 h old germlings of the wild type, Δplc-1, 

ΔsplA2, Δcpe-1 single mutant, and double mutant strains after exposure to 52°C lethal temperature 

with (induced) or without (uninduced) pre-exposure to a sublethal heat shock temperature of 44°C. 

Error bars indicate the standard deviations calculated from the data for three independent 

TH-1649_11610630



 

                                                                                                                                                         Chapter 4 

                                                                                                                                                                                     165 
 

experiments (n=3). Statistically significant values are indicated by asterisks, *P<0.05, **P<0.01, 

***P<0.001. 

 

Table 4.10: Percent survival of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double 

mutant strains in induced and uninduced temperatures 

Strains                   Percent survival (%) 

 Induced (44°C)               Uninduced (30°C) 

Wild type 71 ± 5.42                           1.30 ± 0.31 

Δplc-1 62 ± 4.16                           1.90 ± 0.31 

ΔsplA2 54 ± 2.66                           2.60 ± 0.22 

Δcpe-1 58 ± 5.81                           0.82 ± 0.48 

Δcpe-1; ΔsplA2 77 ± 7.74                           2.00 ± 0.46 

Δplc-1; ΔsplA2 49 ± 3.01                           0.61 ± 0.16 

Δplc-1; Δcpe-1 56 ± 3.12                           0.77 ± 0.18 

 

4.2.7 UV sensitivity analysis 

In Chapter 3, I described the UV-protective role of plc-1, splA2, and cpe-1 genes linked to higher 

carotenoid accumulation (Chapter 3; Figure 3.16). In this chapter, I tested the sensitivity of the 

double mutants and the parental single mutants to UV irradiation. The ∆plc-1; ∆splA2 and ∆plc-1; 

∆cpe-1 double mutants showed an increased sensitivity to UV as compared to wild type and the 

parental single mutants (Figure 4.22; Table 4.11). However, the ∆cpe-1; ∆splA2 double mutant 

was more tolerant to UV than either of the parental single mutants (Figure 4.22; Table 4.11). 

Therefore, these results suggested that interactions of plc-1 with splA2 and cpe-1 affect UV 

survival in N. crassa.  
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Figure 4.22: UV sensitivity assay. Dose response curves of the wild type, Δplc-1, ΔsplA2, Δcpe-

1 single mutant, and double mutant strains after exposure to different doses of UV radiation. Each 

data point represents the mean of atleast three independent experiments (n=3). 

 

Table 4.11: Relative UV sensitivity of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double 

mutant strains 

Strains                       Percent survival (%) at indicated UV doses (J/m2) 

  0                      50                  100                150               200             250 

Wild type 100 ± 0.00       68 ± 8.17       36 ± 6.81       14 ± 3.33      2 ± 0.80      0 ± 0.00 

Δplc-1 100 ± 0.00       72 ± 6.20       39 ± 7.07       9 ± 2.26        0 ± 0.00      0 ± 0.00 

ΔsplA2 100 ± 0.00       54 ± 3.47       23 ± 4.64       10 ± 1.03      1 ± 0.06      0 ± 0.00 

Δcpe-1 100 ± 0.00       66 ± 7.37       30 ± 6.13       12 ± 4.01      3 ± 2.22      0 ± 0.00 

Δcpe-1; ΔsplA2 100 ± 0.00       62 ± 3.81       31 ± 5.43       12 ± 2.28      4 ± 2.10      0 ± 0.00 

Δplc-1; ΔsplA2 100 ± 0.00       42 ± 8.26       14 ± 3.13       2 ± 1.19        0 ± 0.00      0 ± 0.00 

Δplc-1; Δcpe-1 100 ± 0.00       36 ± 2.14       9 ± 1.69         1 ± 0.14        0 ± 0.00      0 ± 0.00 
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4.2.8 The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants were female sterile 

I next evaluated the role of plc-1, splA2, and cpe-1 genes in sexual development of N. crassa. The 

sexual development in N. crassa is initiated by the formation of specialized multicellular female 

reproductive structures termed protoperithecia in response to low levels of nitrogen, light, and low 

temperature (Perkins and Barry 1977; Nelson and Metzenberg 1992; Nelson 1996; Coppin et al. 

1997). The chemotropic polarized growth of female specific specialized hyphae called trichogynes 

towards male cells (vegetative cells of opposite mating type) results in fertilization, a process 

mediated by pheromones, and forms perithecia (fertilized protoperithecia) that encloses multiple 

asci each containing eight ordered ascospores (Raju 1992; Kim and Borkovich 2006). To assay 

fertility, I cultured the female parent on synthetic crossing medium with low nitrogen content at 

room temperature, incubated under constant light for seven days, and subsequently fertilized with 

the male parent. After seven days of post-fertilization, I observed the crossing plates under the 

microscope and harvested the ascospores produced. Loss of the plc-1, splA2, and cpe-1 genes did 

not affect the sexual cycle, and crosses involving the ∆plc-1, ∆splA2, and ∆cpe-1 single mutants 

either as male or female parent with the wild type strains of opposite mating type were fully fertile 

(Figure 4.23 A-B; Table 4.12). In contrast, crosses involving the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 double mutants as the female parent with the respective double or parental single mutants and 

wild type strains of opposite mating type as the male parent showed complete absence of perithecia 

and resulted in a sterile phenotype (Figure 4.23 A; Table 4.12). However, crosses involving the 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutant as a male parent were fertile and showed 

matured perithecia with abundant ascospores (Figure 4.23 B; Table 4.12). Another double mutant, 

the ∆cpe-1; ∆splA2 did not show any defect in sexual cycle and crosses involving the ∆cpe-1; 

∆splA2 either as male or female parent were fully fertile and formed normal perithecia with 

abundant ascospores (Figure 4.23 A-B; Table 4.12). I also examined survival score of the 

ascospores produced from the different crosses. The ascospores produced from crosses of ∆plc-1, 

∆splA2, ∆cpe-1, and ∆cpe-1; ∆splA2 as a male or female parent and ∆plc-1; ∆splA2 and ∆plc-1; 

∆cpe-1 double mutants as a male parent had a similar survival percentage like the ascospores 

produced in the crosses involving the wild types (Figure 4.24; Table 4.13). Therefore, these results 

indicated that genetic interaction of plc-1 with splA2 and cpe-1 plays a critical role in normal 

sexual development in N. crassa.  
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(A) 

 

 

 

(B) 

 

 

Figure 4.23: Sexual fertility assay of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double 

mutant strains. Strains were cultured on synthetic crossing agar medium (SCM) at room 

temperature with constant light for seven days and subsequently fertilized with wild type (74 A or 

74 a) conidia. (A) Absence of perithecia in the SCM cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 strains when inoculated as female parent. (B) Black enlarged perithecia with matured ascospores 

were seen in SCM cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 strains when inoculated as male 

parent. Scale bar 20 µm. 
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Table 4.12: Sexual fertility of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single and double mutant 

strains 

Sl.No. Female Parent Male Parent Perithecia 

formed 

Ascospores 

produced 

Phenotype 

1 OR A OR a Yes Abundant Fertile 

2 OR a OR A Yes Abundant Fertile 

3 Δplc-1::hph A OR a Yes Abundant Fertile 

4 Δplc-1::hph a OR A Yes Abundant Fertile 

5 ΔsplA2::hph A OR a Yes Abundant Fertile 

6 ΔsplA2::hph a OR A Yes Abundant Fertile 

7 Δcpe-1::hph A OR a Yes Abundant Fertile 

8 Δcpe-1::hph a OR A Yes Abundant Fertile 

9 Δcpe-1::hph; ΔsplA2::hph A OR a Yes Abundant Fertile 

10 Δcpe-1::hph; ΔsplA2::hph a OR A Yes Abundant Fertile 

11 Δplc-1::hph; ΔsplA2::hph A OR a No None Sterile 

12 Δplc-1::hph; ΔsplA2::hph a OR A No None Sterile 

13 Δplc-1::hph; Δcpe-1::hph A OR a No None Sterile 

14 Δplc-1::hph; Δcpe-1::hph a OR A No None Sterile 

15 Δplc-1::hph A Δplc-1::hph a Yes Abundant Fertile 

16 Δplc-1::hph a Δplc-1::hph A Yes Abundant Fertile 

17 ΔsplA2::hph A ΔsplA2::hph a Yes Abundant Fertile 

18 ΔsplA2::hph a ΔsplA2::hph A Yes Abundant Fertile 

19 Δcpe-1::hph A Δcpe-1::hph a Yes Abundant Fertile 

20 Δcpe-1::hph a Δcpe-1::hph A Yes Abundant Fertile 

21 Δcpe-1::hph; ΔsplA2::hph A Δcpe-1::hph; ΔsplA2::hph a Yes Abundant Fertile 

22 Δcpe-1::hph; ΔsplA2::hph a Δcpe-1::hph; ΔsplA2::hph A Yes Abundant Fertile 

23 Δplc-1::hph; ΔsplA2::hph A Δplc-1::hph; ΔsplA2::hph a No None Sterile 

24 Δplc-1::hph; ΔsplA2::hph a Δplc-1::hph; ΔsplA2::hph A No None Sterile 

25 Δplc-1::hph; Δcpe-1::hph A Δplc-1::hph; Δcpe-1::hph a No None Sterile 

26 Δplc-1::hph; Δcpe-1::hph a Δplc-1::hph; Δcpe-1::hph A No None Sterile 
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27 Δcpe-1::hph; ΔsplA2::hph A Δcpe-1::hph a Yes Abundant Fertile 

28 Δcpe-1::hph a Δcpe-1::hph; ΔsplA2::hph A Yes Abundant Fertile 

29 Δcpe-1::hph; ΔsplA2::hph a Δcpe-1::hph A Yes Abundant Fertile 

30 Δcpe-1::hph A Δcpe-1::hph; ΔsplA2::hph a Yes Abundant Fertile 

31 Δcpe-1::hph; ΔsplA2::hph A ΔsplA2::hph a Yes Abundant Fertile 

32 ΔsplA2::hph a Δcpe-1::hph; ΔsplA2::hph A Yes Abundant Fertile 

33 Δcpe-1::hph; ΔsplA2::hph a ΔsplA2::hph A Yes Abundant Fertile 

34 ΔsplA2::hph A Δcpe-1::hph; ΔsplA2::hph a Yes Abundant Fertile 

35 Δplc-1::hph; ΔsplA2::hph A Δplc-1::hph a No None Sterile 

36 Δplc-1::hph a Δplc-1::hph; ΔsplA2::hph A Yes Abundant Fertile 

37 Δplc-1::hph; ΔsplA2::hph a Δplc-1::hph A No None Sterile 

38 Δplc-1::hph A Δplc-1::hph; ΔsplA2::hph a Yes Abundant Fertile 

39 Δplc-1::hph; ΔsplA2::hph A ΔsplA2::hph a No None Sterile 

40 ΔsplA2::hph a Δplc-1::hph; ΔsplA2::hph A Yes Abundant Fertile 

41 Δplc-1::hph; ΔsplA2::hph a ΔsplA2::hph A No None Sterile 

42 ΔsplA2::hph A Δplc-1::hph; ΔsplA2::hph a Yes Abundant Fertile 

43 Δplc-1::hph; Δcpe-1::hph A Δplc-1::hph a No None Sterile 

44 Δplc-1::hph a Δplc-1::hph; Δcpe-1::hph A Yes Abundant Fertile 

45 Δplc-1::hph; Δcpe-1::hph a Δplc-1::hph A No None Sterile 

46 Δplc-1::hph A Δplc-1::hph; Δcpe-1::hph a Yes Abundant Fertile 

47 Δplc-1::hph; Δcpe-1::hph A Δcpe-1::hph a No None Sterile 

48 Δcpe-1::hph a Δplc-1::hph; Δcpe-1::hph A Yes Abundant Fertile 

49 Δplc-1::hph; Δcpe-1::hph a Δcpe-1::hph A No None Sterile 

50 Δcpe-1::hph A Δplc-1::hph; Δcpe-1::hph a Yes Abundant Fertile 

51 OR a Δplc-1::hph A Yes Abundant Fertile 

52 OR A Δplc-1::hph a Yes Abundant Fertile 

53 OR a ΔsplA2::hph A Yes Abundant Fertile 

54 OR A ΔsplA2::hph a Yes Abundant Fertile 

55 OR a Δcpe-1::hph A Yes Abundant Fertile 

56 OR A Δcpe-1::hph a Yes Abundant Fertile 

57 OR a Δcpe-1::hph; ΔsplA2::hph A Yes Abundant Fertile 
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58 OR A Δcpe-1::hph; ΔsplA2::hph a Yes Abundant Fertile 

59 OR a Δplc-1::hph; ΔsplA2::hph A Yes Abundant Fertile 

60 OR A Δplc-1::hph; ΔsplA2::hph a Yes Abundant Fertile 

61 OR a Δplc-1::hph; Δcpe-1::hph A Yes Abundant Fertile 

62 OR A Δplc-1::hph; Δcpe-1::hph a Yes Abundant Fertile 

 

 

 

Figure 4.24: Survival percentage of the ascospores of the wild type, Δplc-1, ΔsplA2, Δcpe-1 

single and double mutant strains. Ascospores of the strains were germinated on Petri dishes 

containing Vogel’s sorbose agar medium after heat shock at 60C for 50 min. Germination of 

ascospores was observed under the microscope after 12 h and percent survival was determined. 

Error bars indicate standard deviations calculated from the data for three independent experiments 

(n=3). 
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Table 4.13:  Percent survival of the ascospores of the wild type, Δplc-1, ΔsplA2, Δcpe-1 single 

and double mutant strains 

Strains Percent survival (%)  

female parent 

Percent survival (%)  

male parent 

Wild type 82 ± 6.29 88 ± 11.63 

Δplc-1 88 ± 9.22 79 ± 12.31 

ΔsplA2 90 ± 11.62 91 ± 8.34 

Δcpe-1 81 ± 5.68 78 ± 9.13 

Δcpe-1; ΔsplA2 94 ± 9.47 84 ± 10.48 

Δplc-1; ΔsplA2 0 ± 0.00 76 ± 8.88 

Δplc-1; Δcpe-1 0 ± 0.00 85 ± 6.36 

 

4.2.8.2 Analysis of promoter region of the plc-1, splA2, and cpe-1 genes 

Transcription factor binding elements are known to regulate the expression of a gene, therefore, I 

analyzed the transcription factor binding sites in the putative promoter regions of the plc-1, splA2, 

and cpe-1 genes using the MatInspector program (Quandt et al. 1995). In the promoter regions of 

the plc-1, splA2, and cpe-1 genes, I found putative binding sequences for several transcription 

factors including pheromone response elements, yeast cell cycle and metabolic regulator, yeast 

mating factors, and yeast stress response elements (Figure 4.25; Table 4.14). Presence of these 

regulatory sequences further supported the hypothesis that the plc-1, splA2, and cpe-1 are required 

during the sexual development in N. crassa.  
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Figure 4.25: Transcription regulators of the plc-1, splA2, and cpe-1 genes. Transcriptional 

regulatory sequences of the plc-1, splA2, and cpe-1 genes were predicted and analyzed using the 

Mat Inspector program (Quandt et al. 1995). Some of the important regulatory elements identified 

for each gene are represented and are listed in table 4.14 with their specific role. White boxes and 

double lines represent exons and introns respectively. Arrows indicate transcription start site at +1.   

 

Table 4.14: Functions of regulatory sequences in the promoter region of the plc-1, splA2, and 

cpe-1 genes in N. crassa 

Transcriptional    Regulatory 

Sequence 

Role 

Aspergillus/Neurospora nitrogen 

regulator 

Transcriptional activator of nitrogen regulated genes.  

cAMP-element responsive binding 

proteins      

Regulation of cellular DNA-dependent transcription.  

Carbon source-responsive elements   Zinc cluster transcriptional activator binding to 

carbon source responsive elements (CSRE). 

Fungal basic leucine zipper family Transcriptional regulation of growth and 

development, nutrient utilization, pathogenicity, and 

stress responses (Kong et al. 2015). 

Fungal GATA binding factors Transcriptional regulation of nitrogen metabolism, 

sidephore biosynthesis, light induction, and mating 

type-switching (Scazzocchio 2000). 

Pheromone response element Transcriptional activator for genes involved in 

mating or pseudohyphal/invasive growth pathways 

via a MAP kinase signaling cascade. 

Yeast cell cycle and metabolic 

regulator 

Yeast multifunctional global regulator MCM-1 that 

acts as transcriptional regulator of Mat α factors, cell 

type-specific genes, cell cycle-specific genes, and 

arginine metabolic genes (Chen and Tye 1995). 
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Yeast heat shock factors Transcriptional activator of genes for survival in 

stress conditions (Ruis and Schüller 1995). 

Yeast mating factor Transcriptional regulation of Mat α2 gene involved in 

mating. 

Yeast stress response elements Transcriptional activator of genes for survival in 

stress conditions (Ruis and Schüller 1995). 

 

4.3 Discussion 

Mutations in two different genes could result in a significantly different phenotype than the 

individual mutations. Such a genetic interaction predicts functional relationship between genes or 

their corresponding gene products and pathways and provides theoretical explanations for the 

selective advantage of sexual reproduction and recombination (Boone et al. 2007; Mani et al. 

2007). Genetic interactions can be broadly classified into two models- a ‘between pathway model’ 

depicting bidirectional genetic redundancy, where one pathway compensates for defects in the 

other and a ‘within pathway model’ in which both genes functions in the same essential pathway, 

the function of which is diminished by each mutation (Boone et al. 2007).   

In this chapter, I generated and analyzed the double mutants of Ca2+ signaling genes plc-1, 

splA2, and cpe-1 to understand the numerous phenotypic alterations regulated by their genetic 

interactions. The ∆plc-1; ∆splA2, ∆plc-1; ∆cpe-1, and ∆cpe-1; ∆splA2 double mutants were 

generated by crossing the single mutant strains of opposite mating type (Figure 4.1) and 

phenotypes of the double mutants were studied to determine genetic interaction of the plc-1, splA2, 

and cpe-1 genes in N. crassa. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants synthetically 

showed numerous phenotypes such as colonial growth (Figure 4.2), slower growth rate (Figure 

4.3; Table 4.1), reduced biomass accumulation with failure to form aggregates in liquid growth 

conditions (Figure 4.4; Table 4.2), reduced aerial hyphae with decreased conidiation (Figure 4.6; 

Tables 4.3; 4.4), premature conidiation with reduced germination efficiency (Figures 4.7; 4.8), 

inappropriate conidiation in submerged culture (Fig. 4.9), reduced carotenoid accumulation 

(Figures 4.10; 4.11; 4.12; Table 4.5), and female sterility (Fig. 4.23; Table 4.12). In addition, the 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed hyphal defect upon increase in 

intracellular [Ca2+] induced by the Ca2+ ionophore A23187 (Figure 4.16) and decreased colony 

growth upon increase in extracellular [Ca2+] (Figure 4.17; Table 4.6). Furthermore, the ∆plc-1; 
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∆splA2 and ∆plc-1; ∆cpe-1 double mutants displayed increased sensitivity to oxidative stress, and 

reduced thermotolerance in comparison to the single mutants (Figures 4.20; 4.21; Tables 4.9; 

4.10). Moreover, the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants exhibited increased 

sensitivity to UV than the wild type or the parental single mutants (Figure 4.22; Table 4.11). 

However, another double mutant, the ∆cpe-1; ∆splA2 showed no phenotypic defect which 

indicated that the Ca2+ signaling genes do not interact randomly. The increased carotenoid 

accumulation in the three single mutants was linked to increased intracellular ROS generation 

(Figures 4.14; 4.15).  

In shaking liquid cultures, ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1double mutants failed to 

produce mycelial aggregates like the parental single mutants and the wild type, which could be 

due to loss of vegetative hyphal fusion resulting in a defect in the hyphal network formation in the 

double mutants (Figure 4.4 C). Similar observations was also reported in the so mutants of F. 

verticillioides (fvso), F. oxysporum (fso1) and fmk1, a MAPK mutant of F. oxysporum (Prados 

Rosales and Di Pietro 2008; Guo et al. 2015). Hyphal fusion in N. crassa is under the control of a 

putative transmembrane protein HAM-2 and hyphal fusion protein SO (Xiang et al. 2001; Fleißner 

et al. 2005). Both so and ham-2 mutants showed phenotypes such as shorter aerial hyphae, lesser 

conidiation, and female sterility similar to those observed for the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 double mutants. The sterol profile ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed 

UV absorption maxima at 272, 282, and 293 nm, indicating presence of ergosterol in these strains, 

and therefore, slow growth phenotype of these mutants was not due to a defect in ergosterol 

biosynthesis (Figure 4.5; Prakash et al. 1999).     

The standing liquid cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants formed 

short and densed aerial hyphae, with significant reduction in conidia production (Figure 4.6 A-B; 

Tables 4.3 and 4.4). In addition, the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed 

premature conidiation as early as 12 h of growth in repressing conditions (glucose-rich medium 

and complete darkness), and constitutive conidiation on solid medium even under non-sporulating 

conditions were also observed (Figure 4.7). Therefore, both ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 

double mutants enter the asexual developmental program earlier than either the wild type or 

parental single mutants and the wild type. Premature or constitutive conidiation could also be 

linked to characteristic colony morphology and the slow linear growth of the ∆plc-1; ∆splA2 and 

∆plc-1; ∆cpe-1 double mutants (Figures 4.2 A-C and 4.3 A-C). Furthermore, at 24 h post 
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inoculation, 100% of the conidia of the wild type and single mutants were germinated, whereas, 

conidia from ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants displayed 100% germination only 

at 60 h (Figure 4.8 A-B). Therefore, early conidiation in ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 

mutants might not have produced fully developed conidia leading to delayed germination. In 

previous studies, formation of shorter aerial hyphae was found to be linked to premature and 

constitutive or non-repressing conidiation as seen in a putative histidine kinase development and 

carotenogenesis control-1 (dcc-1), and a non-repressing conidiation protein nonrepressible 

conidiation gene-1 (nrc-1) mutant, respectively (Barba-Ostria et al. 2011, Kothe and Free 1998). 

Therefore, this study showed that synthetic interaction of plc-1 and splA2, and cpe-1 and plc-1 is 

required for normal asexual development of N. crassa.  

Asexual sporulation (macroconidiation) in N. crassa typically requires the presence of an 

air/water interface with conidiation normally occurring on a solid surface (Ivey et al. 2002; Yang 

et al. 2002; Krystofova and Borkovich 2005). The wild type strain of N. crassa maintains 

undifferentiated vegetative hyphal growth in submerged cultures, however, it can be induced to 

conidiate when subjected to stress such as high temperatures or cellular stress and carbon or 

nitrogen limitations (Cortat and Turian 1974; Guignard et al. 1974; That and Turian 1978; 

Plesofsky-Vig et al. 1983; Madi et al. 1997; Ivey et al. 2002; Yang et al. 2002; Kays and Borkovich 

2003; Krystofova and Borkovich 2005). Inappropriate conidiation in submerged cultures has been 

observed in case of certain mutants such as those of Gα subunits (gna-1 and gna-3), Gβ subunit 

(gnb-1) as well as adenylyl cyclase cr-1 and the putative glucose transporter rco-3 (Madi et al. 

1997; Kays et al. 2000; Ivey et al. 2002; Yang et al. 2002; Krystofova and Borkovich 2005). The 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants produced abundant conidiophores in 

submerged cultures and this phenotype was completely suppressed on addition of the rich nutrient 

peptone (Figure 4.9).  

Cultures of N. crassa produce characteristic orange pigmentation mainly due to the 

accumulation of the apocarotenoid neurosporoxanthin and variable amounts of its precursor 

carotenoid (Zalokar 1954; Avalos et al. 2013; Barman and Tamuli 2015). Accumulation of 

carotenoid occurs not only in the mycelial masses but also in the asexual spores or conidia that are 

produced by the illuminated air borne mycelia (Li and Schmidhauser 1995; Lauter et al. 1997; 

Estrada et al. 2008; Díaz-Sánchez et al. 2011). Carotenoid biosynthesis in N. crassa is affected by 

both light and temperature, illumination at low temperature causes increased neurosporoxanthin 
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accumulation whereas illumination at normal temperature results in the accumulation of its 

carotenoid precursors (Harding et al. 1969; Harding 1974; Estrada et al. 2008; Díaz-Sánchez et al. 

2011; Barman and Tamuli 2015). I found lower carotenoid content after a 24 h illumination in 

cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants at all three temperatures of 8, 22, 

and 30°C due to a slower carotenoid accumulation rate and this could explain their reduced 

mycelial pigmentation (Figures 4.11 A-C; 4.12 A-C; Table 4.5). In contrast, ∆plc-1, ∆splA2, and 

∆cpe-1 as well as ∆cpe-1; ∆splA2 showed an increased rate of carotenoid accumulation that 

resulted in their increased carotenoid content after a 24 h illumination as compared to the wild type 

strain (Figures 4.11 A-C; 4.12 A-C; Table 4.5). Previously, VVD, a blue light photoreceptor 

protein, and SOD-1, a copper-zinc -superoxide dismutase protein were shown to regulate 

carotenoid biosynthesis in N. crassa (Schwerdtfeger and Linden 2003; Yoshida and Hasunuma 

//2004). Both vvd and sod-1 mutant showed light induced increased carotenoid accumulation in 

the mycelia (Schwerdtfeger and Linden 2003; Yoshida and Hasunuma 2004). Enhanced carotenoid 

accumulation was also observed for catalase-3 deficient mutant, cat-3 (Michán et al. 2003). 

Increased carotenoid accumulation in the sod-1 mutant was related to intracellular generation of 

ROS (Yoshida and Hasunuma 2004). ROS has also been reported to regulate carotenoid synthesis 

in other organisms such as Phaffia rhodozyma, where singlet oxygen induced carotenoid synthesis, 

and F. aquaeductuum, where increased carotenoid accumulation in the mycelia was observed upon 

treatment with redox dyes under red light (Sundquist et al. 1994; Schroeder and Johnson 1995). 

Therefore, increased carotenoid accumulation in ∆plc-1, ∆splA2, ∆cpe-1 and also in ∆cpe-1; 

∆splA2 could be due to intracellular concentration of ROS as revealed by reduction of carotenoid 

accumulation by the antioxidant NAC and the increased fluorescence signal with DCFH-DA 

(Figures 4.14 A-C; 4.15 A-C). In N. crassa, ROS generation mainly occurs during the process of 

aerobic respiration in mitochondria and following light exposure (harmful UV-radiations; Iigusa 

et al. 2005). Carotenoids are known to be powerful antioxidants that protects the cells from 

elevated levels of ROS (Darvin et al. 2011). In Chapter 3, I have reported increased UV survival 

in ∆plc-1, ∆splA2, and ∆cpe-1 than the wild type strain (Figure 3.16; Barman and Tamuli 2015). 

Therefore, it is possible that light induced enhanced intracellular ROS generation in the ∆plc-1, 

∆splA2 and ∆cpe-1 single mutants that resulted in increased carotenoids accumulation contributing 

to higher survival of the mutants upon UV irradiation. Several cell functions in N. crassa including 

UV induced DNA damage and repair were also found to be regulated by the genetic interactions 
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of some of Ca2+ signaling genes such as ncs-1, mid-1, and nca-2 encoding for the neuronal calcium 

sensor-1, a Ca2+-permeable channel, and a PMCA-type Ca2+-ATPase, respectively, in N. crassa 

(Deka and Tamuli 2013). In addition, interaction of plc-1 with splA2 and plc-1 with cpe-1 might 

play an important role in acquisition of induced thermotolerance in N. crassa (Figure 4.21; Table 

4.10). The pre exposure of N. crassa germinating spores to 44°C induces synthesis of heat shock 

proteins to protect spores from lethal heat shock 52°C temperature (Kapoor et al. 1995; Yang and 

Borkovich 1999).   

The double deletion mutant strains ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 when used as a 

female parent in a cross, showed defect in the early stage of the sexual development resulting in 

complete absence of perithecia formation (Figure 4.23 A; Table 4.12). However, crosses involving 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 as a male parent were fully fertile with formation of enlarged 

black pigmented perithecia and fully developed ascospores (Figure 4.23 B; Table 4.12). 

Furthermore, crosses involving ∆plc-1, ∆splA2, ∆cpe-1, and ∆cpe-1; ∆splA2 mutants were fully 

fertile either as female or male parent (Figure 4.23 A-B; Table 4.12). Important transcription 

regulatory sequences were identified in the upstream of the promoter regions of plc-1, splA2, and 

cpe-1 genes including pheromone response elements, yeast cell cycle and metabolic regulator, 

yeast mating factors and yeast stress response elements (Figure 4.25; Table 4.14).  

Thus, the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants displayed several defects in 

vegetative and sexual phases in N. crassa. Therefore, effect of the ∆plc-1; ∆splA2 and ∆plc-1; 

∆cpe-1 double mutants in vegetative growth and sexual development in N. crassa consistently 

suggested pleiotropic nature of these double mutants. Genetic interactions of the plc-1, splA2, and 

cpe-1 genes might be involved in modulating cellular pathways controlled by Ca2+ signaling 

machinery in N. crassa. Therefore, several synthetic phenotypes of the ∆plc-1; ∆splA2 and ∆plc-

1; ∆cpe-1 double mutants were identified, which indicated novel genetic interaction of these genes 

in controlling numerous cell functions in N. crassa.  

A part of this chapter was published in Current Genetics (Barman and Tamuli 2017) and 

presented in “Research Conclave, 2016” held at Indian Institute of Technology, Guwahati, Assam. 

In the next chapter, I describe the regulators of plc-1, splA2, and cpe-1 genes and propose 

a possible mechanistic model for the Ca2+ signaling responses mediated by the plc-1, splA2, and 

cpe-1 genes in N. crassa.  
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5.1 Introduction 

Ca2+ signaling machinery acts in coordination with other signaling pathways for regulation of 

cellular processes that results in ‘molecular crosstalk’ between the signaling pathways (Sanders et 

al. 2002; Berridge et al. 2003). Such crosstalk enables cells to recognize, process, and interpret 

different stimuli to generate appropriate cellular responses (Siso-Nadal et al. 2009). Intracellular 

signaling in N. crassa is complex and comprises of three principle signaling components that 

includes the MAPK pathway, the heterotrimeric G protein-cAMP signaling pathway, and the Ca2+ 

mediated signaling pathway (Chapter 1; Figure 1.2; Galagan et al. 2003). Cross talks between the 

three pathways enables coordination of signal transduction in N. crassa. The crosstalk between the 

cAMP and Ca2+ signaling pathways has been well studied in plant and animal cells including the 

filamentous fungus A. niger (DeBernardi and Brooker 1996; Moore et al. 1998; Volotovski et al. 

1998; Gorbunova and Spitzer 2002; Zaccolo and Pozzan 2003; Benčina et al. 2005). Additionally, 

protein-protein interaction networks are essential for system level understanding of all 

fundamental processes including cell growth, cell proliferation, morphology, intercellular 

communication, metabolic pathways, and signal transduction (Phizicky and Fields 1995).  

In this chapter, I analyzed the influence of cAMP on the Ca2+ signaling genes plc-1, splA2, 

and cpe-1 in N. crassa and report few interacting partners for each of the PLC-1, sPLA2, and CPE-

1 protein. In Chapters 3 and 4, I described cell functions of the plc-1, splA2, and cpe-1 genes and 

also reported genetic interactions between their loci based on the phenotypic analysis of the double 

mutants. The plc-1, splA2, and cpe-1 genes were shown to regulate multiple cellular functions such 

as growth, carotenoid accumulation, oxidative stress, thermotolerance, and fertility (Barman and 

Tamuli 2015; 2017). In this chapter, I report that some of the important developmental and 

biosynthetic genes regulate the conidiation, carotenoid accumulation, and pheromone signaling of 

the plc-1, splA2, and cpe-1 and also describe the molecular mechanism of Ca2+ mediated signaling 

responses of plc-1, splA2, and cpe-1 genes.  

 

5.2 Results 

5.2.1 Prediction about interacting partners using the STRING analysis 

The search tool for the retrieval of interacting genes/proteins (STRING; http://string-db.org/; 

Szklarczyk et al. 2015) is a biological database of known and predicted protein-protein 

interactions, and currently covers 9,643,763 proteins from 2,031 organisms and derives 
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information from sources like text-mining, gene fusion, co-occurrence, co-expression, high 

throughput experimental data, automated text collections, and computational predictions. The 

interactions include both direct (physical) and indirect (functional) associations and such 

interactions provides system level understanding of cellular processes including structural, 

functional, and evolutionary properties of proteins. SPRING data analysis revealed a number of 

interacting partners of PLC-1, sPLA2 and CPE-1 proteins. Among the predicted functional 

partners of PLC-1 include the heterotrimeric guanine nucleotide binding Gα proteins GNA-1, 

GNA-2, and GNA-3 (Figure 5.1 A). The G proteins GNA-1, GNA-2, and GNA-3 functions as 

transducers or modulators in various transmembrane signaling systems and are also capable of 

activating other second messengers such as membrane associated adenylate cyclase enzyme 

stimulation causing cAMP production, which stimulates and activates PKA. Further, PKA triggers 

a number of downstream signaling events. In the SPRING network, the sPLA2 protein was shown 

to interact with lower stringency with aldose epimerase-2, an enzyme that participates in glycolysis 

and gluconeogenesis, the lyase enzymes pectate lyase A and alpha amylase A, and the proteinase 

enzyme metalloprotese-14 (Figure 5.1 B). N. crassa has four putative P-type Ca2+ ATPases that 

functions as Ca2+ pumps transporting excess Ca2+ from the cytosol. SPRING analysis predicted a 

number of functional partners of CPE-1 including the Plasma membrane Ca2+ ATPase (PMCA) 

type proteins NCA-2 and NCA-3 that are localized primarily in the plasma membrane and 

functions as Ca2+ pumps removing excess [Ca2+]c into the vacuoles (Bowman et al. 2011). CPE-1 

protein was also shown to interact with SPCA type (Secretory pathway Ca2+ ATPase) PMR-1 

which functions in the Golgi bodies (Figure 5.1 C; Bowman et al. 2011). However, in the SPRING 

network, no interaction was predicted between CPE-1 and the NCA-1, a smooth endoplasmic 

reticulum Ca2+ type ATPase (SERCA), which predominantly functions in the ER (Figure 5.1 C). 

Thus, SPRING analysis predicted different interacting partners of PLC-1, sPLA2, and CPE-1, 

including proteins involved in Ca2+ and other signaling pathways, indicating an interconnection of 

Ca2+ and other signaling proteins for appropriate coordination of cellular responses. 
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(C) 

 

 

Figure 5.1: Schematic representation of the interacting network of the N. crassa PLC-1, 

sPLA2, and CPE-1 protein predicted using the STRING analysis. The edges in the network 

represent protein-protein associations that are specific and meaningful, indicating proteins jointly 

contribute to a shared function, which does not necessarily mean direct physical binding with each 

other. Small nodes represent protein of unknown 3D structure, and large nodes indicate protein 

with solved or predited 3D structure. Colored nodes represent query proteins and first shell of 

interactors, while white nodes represent second shell of interactors. (A) STRING based analysis 

of interacting partners of PLC-1 protein. In the STRING network, the interaction of PLC-1 protein 

with NUC-2 (ankyrin repeat protein), heterotrimeric Gα proteins (GNA-1, GNA-2, and GNA-3), 

NCU02295 (phosphatidylinositol-4-phosphate-5-kinase its3), NCU07010 (cortical actin 

cytoskeleton protein), SSN-8 (RNA polymerase II holoenzyme cyclin like subunit), 29E8.360 

(probable regulator of phosphatidylinositol-4-OH kinase protein), NCU09871 (centrin 3 protein), 

NCU06315 (inositol-8) is shown. (B) STRING based analysis of interacting partners of sPLA2 

protein. In the STRING network, sPLA2 protein with lower stringency is shown to interact with 

NCU08398 (aldose epimerase-2), 7F4.260 (predicted protein), NCU06509 (hypothetical protein), 
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NCU08176 (pectate lyase A), NCU02483 (hypothetical protein), NCU09525 (secretory protein), 

NCU09805 (alpha-amylase A), NCU02338 (secretory protein), 7C14.030 (putative 

uncharacterized protein), NCU07536 (metalloprotease-14). (C) STRING based analysis of 

interacting partners of CPE-1 protein. In the STRING network, the interactions of the CPE-1 

protein with NCA-2 (a SERCA type Ca2+ type ATPase), NCA-3 (putative P-type calcium ATPase), 

NCU00453 (Na+/H+ exchanger), EFNCRP00000003445 (calcineurin subunit B), NCU03362 

(steroid alpha reductase), NCU05041 (trehalose phosphatase), NCU00793 (trehalose phosphate 

synthase), ena2 (putative uncharacterized protein), NCU07966 (calcium transporting ATPase 3), 

PMR-1 (calcium transporting ATPase type 2C member) are shown. 

 

5.2.2 cAMP assay 

5.2.2.1 Interaction of plc-1 with splA2 and cpe-1 controls N. crassa development independent 

of cAMP 

In fungi, cAMP (Figure 5.2 A) regulates a wide variety of processes including cellular 

organization, morphogenesis, metabolism, sexual development, and virulence (Pall 1981; 

Kronstad 1997; Borges-Walmsley and Walmsley 2000; Lengeler et al. 2000; D’Souza and 

Heitman 2001; Lee et al. 2003). In the yeast S. cerevisiae, cAMP signal transduction pathway 

plays an important role in stress resistance, carbon source utilization, glycogen accumulation, cell 

cycle progression, sporulation, and pseudohyphal growth (Matsumoto et al. 1982a; 1982b; 

Thevelein 1994; Tokiwa et al. 1994; Lorenz and Heitman 1997; Thevelein and de Winde 1999). 

In N. crassa, cAMP signaling is known to regulate hyphal tip growth, asexual differentiation, and 

carbon metabolism (Terenzi et al. 1974; 1979; Bruno et al. 1996; Banno et al. 2005). In Chapter 

4, I described that the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed a few pleiotropic 

phenotypes such as colonial growth, stunted aerial hyphae, early macroconidiation, and submerged 

conidiation (Barman and Tamuli 2017). These phenotypes were similar to the adenylate cyclase 

deficient crisp-1 (cr-1) and the Gα subunit gna-3 mutants (Terenzi et al. 1974; Kays et al. 2000). 

Furthermore, gna-3 was shown to be a predicted functional interacting partner of plc-1 (Figure 5.1 

A). It was found that the addition of exogenous cAMP could partially rescue the colonial growth, 

aerial hyphae, and premature conidiation phenotypes of the cr-1 and gna-3 mutants (Kays et al. 

2000; Ivey et al. 2002). Therefore, I tested if the addition of cAMP could also rescue defects of 

the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 mutants. Addition of exogenous cAMP at a concentration 
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of 2 mM in cultures of N. crassa strains could not rescue the vegetative growth defect, reduced 

aerial hyphal elongation, early conidiation, and submerged conidiation phenotypes of ∆plc-1; 

∆splA2 (Figure 5.2 B-G; Tables 5.1-5.4). However, the ∆plc-1; ∆splA2 double mutant showed a 

slight increase in mycelial carotenoid accumulation (Figure 5.2 H; Table 5.4), while crosses 

involving ∆plc-1; ∆splA2 as a female parent produced a few aberrant perithecia in presence of 2 

mM cAMP (Figure 5.2 I). Similar aberrant perithecia were also observed in the ∆plc-1; ∆cpe-1 

mutant (Figure 5.2 I), however, none of the other phenotypes was rescued by cAMP 

supplementation (Figure 5.2 B-H; Tables 5.1-5.4). Therefore, these results indicated that 

interaction of plc-1 with splA2 and cpe-1 plays a pivotal role in controlling developmental 

processes such as apical growth, aerial hyphae, conidiation, carotenogenesis, and perithecia 

formation during the sexual cycle, and these genes function independent to that of the cAMP 

pathway unlike the cr-1 and gna-3. 

 

(A) 

 

  

 

 

 

 

 

 

 

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

185 
 

(B) 

 

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

186 
 

(C) 

 

 

(D) 

 

 

 

 

 

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

187 
 

(E)  

 

(F)  

 

 

 

 

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

188 
 

(G) 

 

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

189 
 

(H) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

190 
 

(I)  

 

 

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

191 
 

Figure 5.2: cAMP assay. (A) Chemical structure of 3′, 5′ cyclic adenosine monophosphate 

(cAMP). Its chemical structure is available at 

http://www.wikidoc.org/index.php/Cyclic_nucleotide. (B) Colony growth of the N. crassa strains 

on Petri dishes containing Vogel’s glucose agar medium or with addition of 2 mM cAMP. Cultures 

were incubated for three days in the dark at 30°C and four days under light at room temperature 

and photographed (Nikon Coolpix P500). (C) Growth of aerial hyphae of the N. crassa strains on 

test tubes containing Vogel’s glucose medium or with addition of 2 mM cAMP. Cultures were 

incubated for three days in the dark at 30°C followed by four days under light at room temperature 

and photographed (Nikon Coolpix P500). (D) Average height of the aerial hyphae of the N. crassa 

strains grown on test tubes (as described for B above) containing Vogel’s glucose medium or with 

addition of 2 mM cAMP. Error bars indicate standard deviations calculated from the data for three 

independent experiments (n=3). (E) Conidiation in N. crassa strains grown in complete darkness 

at 30°C on Vogel’s glucose agar medium or with 2 mM cAMP. Conidia were harvested and 

quantified at 12 and 24 h time period. (F) Conidiation of N. crassa strains grown in complete 

darkness at 30°C on Vogel’s glucose agar medium or with 2 mM cAMP for 48 h followed by 

continuous exposure to light at 22C for 96 h. Conidia were harvested and quantified. (G) N. crassa 

strains were inoculated in Vogel’s glucose medium or with 2 mM cAMP, and incubated for 16 h 

in the dark at 30C with shaking at 180 rpm. Aliquots of the cultures were viewed under the 

Trinocular inverted microscope (AxioVert A1FL, Carl Zeiss) and photographed. (H) N. crassa 

strains were grown in Vogel’s glucose medium or with 2 mM cAMP, supplemented with 0.2% 

tween-80 and exposed to white light at 30°C or kept in the dark as control. Carotenoids were 

extracted from 0.25 g of mycelia using acetone and hexane while absorbance was taken at 470 nm. 

Accumulated carotenoids are expressed as μg carotenoid per gram of dry weight. Error bars 

indicate standard deviations calculated from the data for three independent experiments (n=3). (I) 

N. crassa strains were inoculated as a female parent in synthetic crossing agar medium or with 2 

mM cAMP and incubated under light at room temperature for seven days. Cultures were 

subsequently fertilized with a male parent after 7 days of post-inoculation and were later 

photographed (AxioVert A1FL, Carl Zeiss; Nikon Coolpix P500). Black arrows indicate aberrant 

perithecia in cAMP added cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 strains. Scale bar 20 µm. 
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Table 5.1: Average aerial hyphae height of the N. crassa strains 

 

Table 5.2: Conidial count of the N. crassa strains 

Strains                                   Conidial count (conidia/ml) 

                         12 h                                                     24 h 

 0 cAMP (mM)        2 cAMP (mM)    0 cAMP (mM)         2 cAMP (mM) 

∆plc-1; ∆splA2 3.5 × 103                          3.9 × 103                   3.2 × 104                           2 × 104 

∆plc-1; ∆cpe-1 

 

7.5 × 103                         6.3 × 103                    2.8 × 104                           3 × 104 

 

Table 5.3: Average conidial count of the N. crassa strains 

Strains           Average count of conidia (conidia/ml) 

      0 cAMP (mM)                        2 cAMP (mM)                             

Wild type      2.2 × 106                                                   2.6 × 106 

Δplc-1      2.8 × 106                                                   3 × 106 

ΔsplA2      3 × 106                                                        3.8 × 106 

Δcpe-1      2.8 × 106                                                    2 × 106 

Δcpe-1; ΔsplA2      2.6 × 106                                                    2.1 × 106 

Δplc-1; ΔsplA2      2.2 × 105                                                    1.9 × 105 

Δplc-1; Δcpe-1      2.2 × 105                                                    2.8 × 105 

 

Strains Average aerial hyphae height (cm) Average aerial hyphae height (cm) 

 0 cAMP (mM) 2 cAMP (mM) 

Wild type 6 ± 0.221 6.22 ± 0.142 

∆plc-1 8.24 ± 0.344 9 ± 0.212 

∆splA2 9.03 ± 0.173 9.21 ± 0.243 

∆cpe-1 9 ± 0.208 9 ± 0.165 

∆cpe-1; ∆splA2 8.22 ± 0.251 7.4 ± 0.341 

∆plc-1; ∆splA2 2.2 ± 0.283 2.21 ± 0.142 

∆plc-1; ∆cpe-1 3 ± 0.184 3 ± 0.348 
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Table 5.4: Carotenoid content of the N. crassa strains 

Strains                                                             Carotenoids (µg/g dry weight) 

                                                                                                        Light                                                        Dark                                            

                            0 cAMP (mM)       2 cAMP (mM)        0 cAMP (mM)        2 cAMP (mM) 

Wild type              84 ± 5                     90 ± 4.23                  18 ± 2                      22 ± 1 

∆plc-1                   152 ± 12                 146 ± 10.3                30 ± 2.2                   27 ± 1 

∆splA2                  136 ± 6.42              142 ± 12                   26 ± 3.4                   36 ± 2                                        

∆cpe-1                  120 ± 9                   112 ± 7                     29 ± 3                      28 ± 3                      

Δcpe-1; ΔsplA2    139 ± 13.23            154 ± 13                   34 ± 1                      29 ± 4                                    

Δplc-1; ΔsplA2     24 ± 6.2                  48 ± 4                       17 ± 3                      22 ± 3.03                             

Δplc-1; Δcpe-1     36 ± 6                     32 ± 6                       14 ± 2                      20 ± 4                          

 

5.2.3 Growth defect in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants were not due 

to a defect in septation  

5.2.3.1 Assay for visualization of internal septation of germlings and hyphae 

One of the mutant of the GTP-binding proteins (GTPase) in Botrytis cinerea, Rho3, a member of 

Rho superfamily, was shown to exhibit suppressed vegetative growth and conidiation and also 

increased distance between septa of individual hyphae (Bang et al. 2015). The slender vegetative 

hyphae of N. crassa also consists of numerous internal cross-walls called septa that partition each 

hypha into individual cells. Similar to the Rho3 RIP mutant, the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 double mutants were reported to have a few pleiotropic phenotypes including colonial 

morphology with slower apical extension rate and reduced conidiation (Barman and Tamuli 2017). 

Since the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed a few pleiotropic phenotypes 

including reduced vegetative growth and slower apical extension rate, I tested if the growth defect 

of these two strains was due to improper septation in the growing vegetative hyphae using the 

calcoflour white (CFW; Figure 5.3 A), a fluorescent probe that specifically binds to cell walls 

composed of cellulose and chitin. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed 

abnormal hyphal branching pattern and conidial germination efficiency, however, germlings and 

vegetative hyphae of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 after staining with CFW and visualization 

by fluorescence microscopy showed proper septa similar to wild type, individual single mutants, 
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and ∆cpe-1; ∆splA2 double mutant strain (Figure 5.3 B). However, the septa and cell walls of the 

fewer vegetative hyphae of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 did not stain as deeply with CFW 

as those of wild type, individual single mutants, and ∆cpe-1; ∆splA2 double mutant strain which 

indicated deposition of cell wall cellulose and chitin was affected in the two double mutants 

(Figure 5.3 B). Therefore, loss of plc-1 together with splA2 or cpe-1 resulted in various 

morphological defects including colonial growth morphology, however, these defects were not 

due to lack of proper septation.  
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Figure 5.3: Assay for visualization of internal septation of germlings and hyphae. (A) 

Chemical structure of calcoflour white (CFW; λex= 355 nm; λem= 420 nm). CFW a non-specific 

fluorochrom that binds with cellulose and chitin contained in the cell walls of fungi and other 

organisms. Its chemical structure is available at 

http://www.sigmaaldrich.com/catalog/product/sigma/f3543?lang=en&region=IN. (B) Germlings 

and hyphae of the wild type, Δplc-1, ΔsplA2, and Δcpe-1 single mutant and ∆cpe-1; ∆splA2 strains 

stained with CFW (0.1% in 0.05 M PBS) showed bright staining at septa and cell walls whereas 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 showed reduced CFW staining at septa and cell walls. The 

sample slides were incubated in the dark for 20 minutes and observed under a Trinocular inverted 

fluorescence microscope (AxioVert A1 FL, Carl Zeiss) under DAPI filters with exposure time of 

300-400 ms. Scale bar 20 µm.  

 

5.2.3.2 Assay for visualization of intracellular distribution of Ca2+ 

N. crassa maintains a tip high Ca2+ gradient during hyphal extension and sequestration of Ca2+ 

occurs in the storage vesicles immediately behind the apex (Schmid and Harold 1988; Silverman-

Gavrila and Lew 2000). The tip high Ca2+ gradient is generated and maintained internally by the 

IP3 activated Ca2+ channels (Silverman-Gavrila and Lew 2002). The RIP mutant of vacuolar H+-

ATPase, vma-1, exhibited altered vacuolar morphology, depleted Ca2+ vacuolar stores affecting 

Ca2+ homeostasis, and showed severe morphological defects including colony morphology, shorter 

aerial hyphae, and female sterility (Bowman et al. 2000). I, therefore, visualized the internal stores 

such as Ca2+ storing vesicles of the wild type, ∆plc-1, ∆splA2, ∆cpe-1 single and double mutant 

strains using chlortetracycline (CTC), a dye that binds to Ca2+and forms a fluorescent complex 

(Figure 5.4 A; Schmid and Harold 1988). Intensity of fluorescence increases upon binding of 

complex to membranes that enables visualization of Ca2+ accumulation in vesicles and organelles 

(Schmid and Harold 1988; Bowman et al. 2000). Microscopic analysis showed enhanced 

fluorescence in the internal Ca2+ storing vesicles in the growing hyphae of the wild type, ∆plc-1, 

∆splA2, ∆cpe-1, and ∆cpe-1; ∆splA2 strains (Figure 5.4 C). However, significantly fewer Ca2+ 

storing vesicles were observed in the young growing hyphae of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 double mutants (Figure 5.4 C). This indicated that loss of plc-1 with splA2 and plc-1 with cpe-1 

caused disruption of Ca2+ homeostasis which lead to various morphological defects as observed in 

these two strains (discussed in Chapter 4).    
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Apart from Ca2+, CTC fluorescence is also affected by intracellular distribution of 

membranes and Mg2+ ions (Caswell 1979; Blinks et al. 1982). I further visualized the growing 

hyphae in the presence of 1-N-Phenylnaphthylamine (NPN), a fluorescent probe that binds to cell 

membranes (Figure 5.4 B). I did not observe enhanced fluorescence in the Ca2+ storing vesicles in 

the hyphae of any of the strains which ruled out the possibility that the fluorescence of CTC was 

contributed by membrane density or Mg2+ ions (Figure 5.4 C).  
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Figure 5.4: Assay for visualization of intracellular distribution of Ca2+.  (A) Chemical structure 

of chlortetracycline hydrochloride (CTC; λex= 400 nm; λem= 470 nm). Its chemical structure is 

available at http://www.sigmaaldrich.com/catalog/product/sigma/c4881?lang=en&region=IN. (B) 

Chemical structure of 1-N-Phenylnaphthylamine (NPN; λex= 380 nm; λem= 470 nm). Its chemical 

structure is available at 

http://www.sigmaaldrich.com/catalog/product/sial/104043?lang=en&region=IN&utm_term=n-

phenylnaphthylamine&utm_medium=cpc&utm_content=sial/104043&utm_source=bing&utm_c

ampaign=Top%20Product%20Replacements%20(Bing%20ebizpfs). (C) Hyphae of the wild type, 

Δplc-1, ΔsplA2, and Δcpe-1 single and double mutant strains were grown in Vogel’s glucose agar 

medium supplemented with 200 µM CTC or 20 µM NPN in 0.1% dimethyl sulphoxide (DMSO). 

CTC and NPN fluorescence was observed under a Trinocular inverted fluorescence microscope 

(AxioVert A1 FL, Carl Zeiss) under DAPI filters with exposure time of 300-400 ms. Scale bar 20 

µm.  

 

5.2.4 Transcriptional analysis of biosynthetic and developmental genes 

5.2.4.1 The Δplc-1, ΔsplA2, and Δcpe-1 mutants showed an increase in expression of 

carotenoid biosynthetic genes albino-1 (al-1), albino-2 (al-2), and albino-3 (al-3)  

In Chapters 3 and 4, I reported higher carotenoid accumulation in the ∆plc-1, ∆splA2, and ∆cpe-1 

single mutants as compared to wild type, and the increased carotenoid amounts was shown to be 

linked with increased intracellular ROS generation in all the three mutants (Chapter 3; Figure 3.14 

A-C; Table 3.7; Chapter 4; Figures 4.14 A-C; 4.15 A-C). The N. crassa carotenoid biosynthetic 

pathway is regulated by the neurosporoxanthin biosynthetic genes albino-1 (al-1) that encodes a 

phytoene dehydrogenase, the bi-functional gene albino-2 (al-2) that encodes a phytoene synthase 

and a carotene cyclase, and the albino-3 (al-3) that encodes geranylgeranyl pyrophosphate 

synthetase (Figure 5.5 A; Dián-Sánchez et al. 2011; Luque et al. 2012). I examined the expression 

of the al-1, al-2, and al-3 genes in the wild type, ∆plc-1, ∆plc-1, and ∆cpe-1 mutants by 

quantitative real time PCR (qRT-PCR) using RNA obtained from mycelia exposed to either white 

light at 30°C or incubated in the dark as control (discussed in chapter 2). I found that the high 

carotenoid accumulation in the ∆plc-1 mutant correlated with the higher expression of the al-1 and 

al-2 genes in the mutant (Figure 5.5 B; Table 5.5; Entry 1-6). In addition, increased expression of 

the al-1 followed by al-3 and al-2 was observed in the ∆splA2 mutant, whereas, expression of only 
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al-1 gene was found to be enhanced in the ∆cpe-1 mutant (Figure 5.5 B). Thus, these results 

indicated that increased carotenoid accumulation in the ∆plc-1, ∆splA2, and ∆cpe-1 mutants 

correlated with the increased expression of the al-1, al-2, and al-3 genes that are involved in the 

N. crassa carotenoid biosynthesis pathway. 

 

Table 5.5: Primers used for qRT-PCR analysis 

Sl. No. Primer Sequence (5′→3′) Source 

1 Qal-1-Fw ACCGACAACGCCACCATGAA This study 

2 Qal-1-Rv AGTTGCGGTGCAGAACGTGT This study 

3 Qal-2-Fw AAGGTTACCGGCCAGGTAGT This study 

4 Qal-2-Rv GAGGGTCCAGATAGCCAGTA This study 

5 Qal-3-Fw AACCCAGACCGATTTGCGAC This study 

6 Qal-3-Rv GTCGAAGGCCTTGACCATCT This study 

7 Qcon10-Fw CCAAGGAAGAGGTTCAGGCC This study 

8 Qcon10-Rv TTGCCGCCCTTGGAAGCAAT This study 

9 Qccg-4-Fw CAGCCTCCAAGAGAAGTTCG This study 

10 Qccg-4-Rv CACGCTTCTTCCAGCACGAT This study 

11 Qmfa-1-Fw ATGCCTTCCACCGCTGCTTC This study 

12 Qmfa-1-Rv CATAACAACGCAGTAGCCGT This study 

13 Qfmf-1-Fw 

 

CGGACAAGACAGCAGTTCCT 

 

This study 

14 Qfmf-1-Rv TTTCGGTGGTTGCTGTTCATC 

 

This study 

15 Qtub-Fw 

 

CCCAAGAACATGATGGCTGC 

 

This study 

16 Qtub-Rv 

 

TTGTTCTGAACGTTGCGCATC 

 

This study 
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(B) 

 

Figure 5.5: Carotenoid biosynthetic pathway and neurosporaxanthin biosynthetic gene 

expression in carotenoid inducing cultures of wild type, Δplc-1, ΔsplA2, and Δcpe-1 single 

mutant strains. (A) Neurosporoxanthin biosynthetic pathway in N. crassa. Neurosporoxanthin 

biosynthesis is greatly enhanced upon illumination at low temperature (predominant steps from 

phytoene upon illumination at 8°C), whereas illumination at normal temperature results in the 

accumulation of carotenoid precursors (predominant steps from phytoene upon illumination at 

30°C). The light inducible genes al-1, al-2, and al-3 encode enzymes that regulate biosynthesis of 

neurosporoxanthin. Adapted from Diáz-Sánchez et al. 2011. (B) RNA was extracted from Vogel’s 

glucose medium carotenoid cultures and expression of neurosporoxanthin biosynthetic genes al-

1, al-2, and al-3 were studied by qRT-PCR on three biological replicates for each of the N. crassa 

strain indicated. The relative expression of each gene was normalized to the expression of β-tubulin 

gene and expression values were compared with that of wild type. Error bars indicate standard 

deviations calculated from the data for three independent experiments (n = 3) with P values <0.05 

(*), <0.01 (**), and <0.001 (***) compared with the wild type strain as measured by one-way 

ANOVA test. 
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5.2.4.2 Submerged cultures of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed 

inappropriate expression of conidiation specific gene con-10 

In Chapter 4, I described a few phenotypic abnormalities of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-

1 double mutant strains including early conidiation in growth-repressing conditions and 

inappropriate conidiation in submerged cultures (Chapter 4; Figures 4.7; 4.9). Inappropriate 

expression of the conidiation specific gene con-10 was found to correlate with conidiation in 

submerged cultures (Madi et al. 1997; Kays et al. 2000; Ivey et al. 2002; Yang et al. 2002). 

Therefore, to test if the conidiation observed in submerged cultures of the ∆plc-1; ∆splA2 and 

∆plc-1; ∆cpe-1 double mutants also correlated with the expression of con-10, transcript level of 

con-10 was determined by qRT-PCR using the RNA isolated from submerged cultures and the 

con-10 primers (Table 5.5; Entry 7-8). The 16 h submerged cultures of ∆plc-1; ∆splA2 and ∆plc-

1; ∆cpe-1 double mutants showed seven and four-fold increase in the transcription level of con-10 

respectively, relative to wild type, Δplc-1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 (Figure 5.6). 

However, addition of 2% peptone in submerged cultures resulted in similar transcript level of con-

10 in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants as compared to wild type, Δplc-1, 

ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 (Figure 5.6). Therefore, I concluded that inappropriate 

expression of the con-10 correlated with the inappropriate conidiation in the ∆plc-1; ∆splA2 and 

∆plc-1; ∆cpe-1 double mutants and that the interaction between plc-1 and splA2, and also plc-1 

and cpe-1, plays a critical role in normal conidiation in N. crassa.    
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Figure 5.6: Expression of conidiation specific gene in submerged cultures of wild type, Δplc-

1, ΔsplA2, and Δcpe-1 single and double mutant strains. RNA was extracted from submerged 

cultures and conidiation specific con-10 gene expression was studied by qRT-PCR on three 

biological replicates of each strain. The relative expression of the con-10 gene was normalized 

with the β-tubulin gene and expression values were compared with that of wild type. Error bars 

indicate standard deviations calculated from the data for three independent experiments (n = 3) 

with P values <0.05 (*), <0.01 (**), and <0.001 (***) compared with the wild type strain as 

measured by one-way ANOVA test. 

 

5.2.4.3 The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed decreased expression 

of clock-controlled gene-4 (ccg-4), mating factor a-1 (mfa-1), and female and male fertility-1 

(fmf-1) genes 

In addition to the low levels of nitrogen, light, and low temperature, sexual development in N. 

crassa is also regulated by a few sexual development and pheromone related genes. The N. crassa 

mat A cells express the pheromone receptor gene pre-1 and the corresponding pheromone 

precursor gene clock-controlled gene-4 (ccg-4), while mat a cells express the pre-2 pheromone 

receptor gene and the predicted pheromone precursor mating factor a-1 (mfa-1) gene (Bobrowicz 
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et al. 2002). The chemotropic polarized growth of female specific trichogyne towards a fertilizing 

male cell is regulated by PRE-1 and PRE-2 that recognize and bind to MFA-1 and CCG-4 

pheromones, respectively (Bobrowicz et al. 2002; Kim et al. 2002; 2012; Kim and Borkovich 

2004; 2006; Deka et al. 2016). Another pheromone related gene fmf-1, which encodes the female 

and male fertility gene, play a role in pheromone signaling for mating in N. crassa. Since the ∆plc-

1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants failed to produce matured perithecia as a female 

parent (Chapter 4; Figure 4.23 A-B; Table 4.12), therefore, I examined the transcription levels of 

pheromone related genes ccg-4, mfa-1, and fmf-1 in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 

considering an incubation period of 18-20 h to avoid conidiation induced by starvation in liquid 

cultures for nitrogen or glucose limitation in N. crassa (Müller and Russo 1989; Bobrowicz et al. 

2002). RNA was isolated from the nitrogen starved tissues of each of the strain, and subsequently 

expression of the ccg-4, mfa-1, and fmf-1 was determined by qRT-PCR using the ccg-4, mfa-1, 

and fmf-1 primers (Table 5.5; Entry 9-14). As consistent with the female sterility phenotype, liquid 

cultures of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 showed significantly reduced expression of ccg-4, 

mfa-1, and fmf-1 in comparison to the wild type, individual single mutants and ∆cpe-1; ∆splA2 

(Figure 5.7 A-C). Therefore, these results further indicated that interaction of the plc-1 with splA2 

and cpe-1 play an important role in sexual development that could involve normal expression of 

pheromone signaling genes in N. crassa. 
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(C) 

  

Figure 5.7: Expression of the pheromone signaling genes in the wild type, Δplc-1, ΔsplA2, 

Δcpe-1 single and double mutant strains. RNA was extracted from SCM cultures and the 

expression of mating pheromone signaling genes (A) ccg-4, (B) mfa-1, and (C) fmf-1 were studied 

by qRT-PCR on three replicates for each of the N. crassa strains indicated. The relative expression 

of each gene was normalized to the expression of β-tubulin gene and expression values were 

compared with that of wild type. Error bars indicate standard deviations calculated from the data 

for three independent experiments (n = 3) with P values <0.05 (*), <0.01 (**), and <0.001 (***) 

compared with the wild type strain as measured by one-way ANOVA test. 

 

5.2.4.4 Expression analysis of the plc-1, splA2, and cpe-1 genes 

I examined plc-1, splA2, and cpe-1 transcript level in the wild type and the single mutants by qRT-

PCR using the RNA extracted from the cultures of 16 h conidia of the corresponding strains. I 

observed decreased transcript level of cpe-1 in both ∆plc-1 and ∆splA2 mutants, while plc-1 

transcription level was decreased only in the ∆cpe-1 mutant (Figure 5.8). Similarly, transcription 

of splA2 gene was only moderately affected in the ∆plc-1 and ∆cpe-1 mutants (Figure 5.8). 
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Therefore, this result suggested a possible transcriptional control feedback between plc-1 and cpe-

1, and regulation of cpe-1 transcription by splA2.  

 

Figure 5.8 Expression analysis of plc-1, splA2, and cpe-1 genes in the N. crassa strains. 

Approximately 106 conidia/ml were inoculated in Vogel’s glucose medium and incubated at 30C 

with shaking at 180 rpm for 16 h in complete darkness. RNA was extracted from the cultures and 

relative expression of plc-1, splA2, and cpe-1 genes were normalized with the N. crassa β-tubulin 

gene expression. Expression values were compared with that of wild type. 

 

5.2.5 Molecular mechanism of Ca2+ mediated signaling responses of plc-1, splA2, and cpe-1 

genes 

In response to appropriate stimuli, PLC-1 generates IP3 which induces release of Ca2+ from 

intracellular Ca2+ stores causing an increase in [Ca2+]c and also releases DAG that activates PKC. 

Increased [Ca2+]c and/or activated PKC acts as a signal for the Ca2+and/CaM binding sPLA2 

protein. The Ca2+ and PKC modulated sPLA2 protein in turn regulates N. crassa growth and 

development. On the other hand, CPE-1 regulates fertility possibly through regulation of a 

pheromone response cascade by the Ca2+ buffering activity of CPE-1 (Figure 5.9). Therefore, 
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genetic interactions between the plc-1, splA2, and cpe-1 generates appropriate Ca2+ signaling that 

mediates N. crassa growth and development.    

 

 

 

 

Figure 5.9: A possible mechanistic model behind the Ca2+ mediated signaling responses of 

plc-1, splA2, and cpe-1 genes. The plc-1, splA2, and cpe-1 genes act in coordination for 

maintaining cellular Ca2+ homeostasis. Imbalance or disruption of Ca2+ homeostasis triggers a 

number of morphological and physiological changes. AC: adenylyl cyclase; cAMP: 3′, 5′- cyclic 

adenosine monophosphate; CPE-1: Ca2+/H+ exchanger-1; CR-1: crisp-1; DAG: diacylglycerol; 

GPCR: G-protein-coupled receptor; Gα: G-protein α subunit; Gβ: G-protein β subunit; Gγ: G-

protein γ subunit; IP3: inositol-1, 4, 5-trisphosphate; PKA: protein kinase A; PLC-1: phospholipase 

C-1; PKC: protein kinase C; sPLA2: secretory phospholipase A2.  
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5.3 Discussion 

Intracellular signaling pathways are complex and are regulated by the two fundamental second 

messengers, cAMP and Ca2+. A variety of extracellular stimuli activates specific GPCRs and the 

activated G protein stimulates adenylyl cyclase, which in turn converts ATP to cAMP. Increased 

cAMP concentration further activates cAMP-dependent PKA and thereby phosphorylates a 

number of target proteins. Dephosphorylation of cAMP to AMP by cAMP phosphodiesterases 

shuts off the cAMP signaling pathway (Moore et al. 1998). Activated G protein is also known to 

stimulate membrane associated PLC that in turn catalyses hydrolysis of PIP2 into IP3 and DAG. 

The polar molecule IP3 induces Ca2+ release from endoplasmic reticulum and other intracellular 

Ca2+ stores into the cytosol and increased [Ca2+]c activates target proteins such as kinases and 

phosphatases (Berridge 1987; 1993; Cornelius 1989). Ca2+ influences cAMP levels by regulating 

the activities of adenylate cyclase, an enzyme that synthesizes cAMP and phosphodiesterase, an 

enzyme that catalyses breakdown of cAMP (DeBernardi and Brooker 1996; Moore et al. 1998; 

Hanoune and Defer 2001). On the other hand, phosphorylation of target proteins by PKA triggered 

by cAMP has been shown to regulate cellular Ca2+ homeostasis via activation of Ca2+ channels or 

Ca2+ ATPases (Carafoli 1992; Gray et al. 1998; Negash et al. 2000; Sorrentino and Rizzuto 2001; 

Wetzel et al. 2001; Yang et al. 2001). Thus, the Ca2+ and cAMP signaling pathways are tightly 

interconnected and effectively regulates a wide array of target proteins thus controlling a myriad 

of cell functions (DeBernardi and Brooker 1996; Zaccolo and Pozzan 2003). N. crassa is the first 

filamentous fungus, where G protein encoding genes were identified (Turner and Borkovich 1993; 

Galagan et al. 2003).  The N. crassa Gα protein possesses 10 predicted seven-transmembrane helix 

proteins that includes three putative cAMP receptor proteins and three essential proteins adenylyl 

cyclase, cyclase associated protein, and putative cAMP phosphodiesterases for the synthesis and 

degradation of cAMP (Turner and Borkovich 1993; Galagan et al. 2003). The cAMP signaling 

plays a critical role in asexual differentiation of aerial hyphae to proconidial chain formation 

(Greenwald et al. 2010). It also regulates branching as observed in the colonial mutants of N. 

crassa (Reissig and Kinney 1983). The cAMP-PKA signaling in N. crassa is activated by the 

glucose sensor GPR-4 (GPCR) that interacts with the Gα subunit GNA-1 protein and activates 

adenylate cyclase, regulating growth and development via cAMP signaling (Ivey et al. 2002). The 

adenylate cyclase mutant cr-1 and the G protein α subunit gna-1 and gna-3 mutants exhibited 

colonial growth and rapid conidiation, phenotypic defects that were overcome by the addition of 
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exogenous cAMP (Kays et al. 2000; Ivey et al. 2002). The Ca2+ signaling PLC-1 protein was 

predicted to interact with the G α subunit proteins GNA-1, GNA-2, and GNA-3 (Figure 5.1 A). 

The two double mutant ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 exhibited similar abnormal 

morphologies like the cr-1 and gna-1 (discussed in Chapter 4). However, I found that the addition 

of exogenous cAMP does not fully restore the phenotypes of the ∆plc-1, ∆splA2, and ∆cpe-1 and 

their double mutants (Figures 5.2 A-I; Table 5.1-5.4). This result suggested that the Ca2+ signaling 

responses mediated by the plc-1, splA2, and cpe-1 genes occur through a cAMP independent 

pathway.  

The ∆plc-1, ∆splA2, and ∆cpe-1 and their double mutants showed normal cell wall and 

septa formation similar to the wild type strain (Figure 5.3). Therefore, morphological defects 

observed in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants were not due to lack of proper 

septation, indicating other physiological defects in these double mutants. In addition, CTC staining 

of ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants showed depleted Ca2+ stores, indicating that 

the deletion of both the plc-1 together with splA2 or cpe-1 causes disruption of Ca2+ homeostasis 

causing various phenotypic abnormalities exhibited by the two double mutants (Figure 5.4).  

I also performed qRT-PCR and determined fold change expression of some of the 

important genes such as carotenoid biosynthetic genes al-1, al-2, and al-3, conidiation specific 

gene con-10, and the pheromone signaling genes ccg-4, mfa-1, and fmf-1, in the wild type, single, 

and double mutant strains. Carotenoid biosynthetic pathway in N. crassa comprises of phytoene 

synthase, dehydrogenase, cyclase, and oxidase enzyme activities and is regulated by a number of 

neurosporoxanthin biosynthetic genes including the albino genes al-1, al-2, and al-3 that encode 

for a phytoene dehydrogenase, a phytoene synthase, and a geranylgeranyl pyrophosphate 

synthetase, respectively (Zalokar 1954; Arrach et al. 2002). I observed differentially increased 

expression of the three albino genes in the ∆plc-1, ∆splA2, and ∆cpe-1 mutants that further 

supported the increased carotenoid amounts as reported in these mutants (Figure 5.5). During the 

asexual phase of N. crassa, subset of genes are differentially expressed and few of them participate 

in the conidial development process (Roberts et al. 1988). One such gene is conidiation specific 

con-10 expressed during the later stages of conidiation (Roberts et al. 1988). The double mutants 

∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 showed enhanced transcript level of con-10 in submerged 

cultures which confirmed further that genetic interactions between the plc-1, splA2, and cpe-1 

genes is important for normal asexual sporulation in N. crassa (Figure 5.6). The process of sexual 
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development in N. crassa is regulated by a few sexual development and pheromone related genes. 

The polarized chemotropic growth of trichogynes, which originates from a female cell towards a 

fertilizing male cell, is regulated by the GPCRs PRE-1 and PRE-2 that recognize and bind to their 

respective pheromones MFA-1 and CCG-4, respectively (Bobrowicz et al. 2002; Kim et al. 2002, 

2012; Kim and Borkovich 2004, 2006; Deka et al. 2016). PRE-1 and PRE-2 are homologous to 

the pheromone receptors Ste3p and Ste2p, and MFA-1 and CCG-4 are homologous to the 

pheromone precursor a- and -mating factors of S. cerevisiae, respectively (Pöggeler and Kück 

2001; Bobrowicz et al. 2002; Kim et al. 2002; Kim and Borkovich 2006; Deka et al. 2016). The 

pheromone precursor genes ccg-4 and mfa-1 are under circadian clock control and shows rhythms 

in mRNA accumulation with the average peak occurring at the subjective early morning (Loros et 

al. 1989; Bell-Pederson et al. 1996). The female and male fertility gene fmf-1, homologue of S. 

pombe transcription factor ste11, regulator of sexual development, plays a corresponding role in 

mating pheromone signaling in N. crassa (Qin et al. 2003; Iyer et al. 2009). Presence of pheromone 

response elements in the upstream of the promoter region of plc-1, splA2, and cpe-1 further 

confirmed the requirement of these genes during the sexual development in N. crassa (Figure 4.25; 

Table 4.14; discussed in Chapter 4). The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 

exhibited decreased transcript levels of all three pheromone signaling genes in particular ccg-4 and 

mfa-1 (Figure 5.7 A-C). Thus, I found that the product of the plc-1, splA2, and cpe-1 genes affects 

expression of the albino genes for carotenoid accumulation, con-10 gene for conidiation in the 

vegetative phase, and pheromone signaling genes during sexual phase for fertility in N. crassa.  

Ca2+ plays a central role in the polarized apical growth of tip growing organisms (Schmid 

and Harold 1988). N. crassa maintains a tip high [Ca2+]c gradient at the apex of growing hyphae 

and Ca2+ is sequestered in the storage vesicles behind the apex (Schmid and Harold 1988; 

Silverman-Gavrila and Lew 2000). However, unlike other tip growing organisms such as pollen 

tubes (Pierson et al. 1994) and root hairs (Felle and Hepler 1997) of plants, Saprolegnia ferax 

(Lew 1999), fucoid algae (Kuhtreiber and Jaffe 1990), where the tip high [Ca2+]c gradient during 

growth is generated due to tip-localized Ca2+ influx from the external medium, the tip high [Ca2+]c 

gradient in N. crassa is generated and maintained internally (Silverman-Gavrila and Lew 2000). 

In N. crassa, Ca2+ is mainly stored in the intracellular stores such as vacuoles (>90% of Ca2+ is 

sequestered in the vacuoles), Golgi, ER; however, only a small amount of Ca2+ (~100 nM) is 

present freely [Ca2+]c in the cytosol. The low levels of [Ca2+]c is maintained via Ca2+/cation-

TH-1649_11610630



 

                                                                                                                                                     Chapter 5 

213 
 

ATPases and the Ca2+/H+ and Ca2+/Na+ exchangers localized in the plasma membrane and 

intracellular Ca2+ stores (Tamuli et al. 2013). Ca2+ is re-sequestered from intracellular Ca2+ stores 

via IP3 activated Ca2+ permeable channels, cADP-ribose activated Ca2+ permeable channels, 

vacuolar voltage activated Ca2+ permeable channels or Ca2+ permeable channels in the ER (Allen 

et al. 1995; Calvert and Sanders 1995; Klusener et al. 1995; Muir and Sanders 1997; Silverman-

Gavrila and Lew 2000). One of the Ca2+ sensing protein, PLC-1 catalyses the hydrolysis of PIP2 

to IP3 which induces Ca2+ release from the intracellular stores, and DAG that activates PKC (Rhee 

and Bae 1997; discussed in Chapter 3). The sPLA2 is a secretory enzyme which cleaves at the sn-

2 ester linkage of glycerophospholipids in a Ca2+ dependent manner and regulates a range of 

biological functions (Ghannoum 2000; Dennis et al. 2011; Cavazzini et al. 2013). N. crassa 

possesses two sPLA2 proteins encoded by NCU06650 and NCU09423 (Takayanagi et al. 2015). 

NCBI BLAST analysis revealed 37% sequence identity (e-value 1e-38) between the two sPLA2 

proteins (https://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al. 1990; Barman and Tamuli 2017). 

The sPLA2 protein encoded by NCU06650 and not NCU09423 contains a putative calmodulin 

(CaM) binding site with the amino acid sequence TCHALANVYYAAVREFGRTKGELQ 

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence.html) and is classified as a member of the 

Ca2+ and/or CaM binding proteins (Borkovich et al. 2004; Barman and Tamuli 2017). CPE-1 is a 

low -affinity Ca2+/H+ exchanger activated in the presence of high [Ca2+]c (also designated as 

[Ca2+]i), requires a H+ or pH gradient maintained by a H+-transporting ATPase and also a 

functional synaptic vesicular protein synaptotagmin-1 (SYT-1) that contains two C2 domains for 

Ca2+-binding for buffering the [Ca2+]c level in the rat pheochromocytoma PC12 cells (Cordeiro et 

al. 2013; Barman and Tamuli 2017). The release of Ca2+ from the intracellular stores, which is 

induced by IP3 generated by the PLC-1, and/or activated PKC is necessary for the sPLA2 mediated 

signaling for normal growth and development in N. crassa. In addition, under the conditions 

inducing sexual development, release of Ca2+ mediated by the PLC-1 and the [Ca2+]c buffering 

activity of the CPE-1 Ca2+/H+ exchanger might play an important role in the regulation of the 

pheromone signaling genes necessary for fertility (Figure 5.9). 

Thus, genetic interactions of the plc-1, splA2, and cpe-1 genes regulate multiple cell 

functions in N. crassa. The plc-1, splA2, and cpe-1 mediated Ca2+ signaling, which appears to be 

independent of the cAMP, is regulated by few structural genes al-1, al-2, and al-3, and 

developmentally important genes such as con-10, ccg-4, mfa-1, and fmf-1. This study also explains 
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a possible mechanistic model for the Ca2+ signaling responses mediated by the plc-1, splA2, and 

cpe-1. Therefore, this study revealed the cell functions, genetic interactions, and molecular targets 

of the plc-1, splA2, and cpe-1 genes in N. crassa. 
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Major conclusions of the study 

In this work, I have studied the cellular roles of three Ca2+
 signaling genes in N. crassa using their 

knockout mutant strains. Sequence analysis has revealed that NCU06245 encodes a protein of 711 

amino acid residues that shows significant similarity to homologues of phospholipase C-1 (PLC-

1), NCU06650 encodes a conserved hypothetical secretory phospholipase A2 (sPLA2) protein, and 

NCU06366 encodes a 505 amino acid residues protein that shows sequence similarity to 

homologues of Ca2+/H+ exchanger-1 (CPE-1). All three encoded proteins are found to be highly 

conserved among the members of fungal species. Therefore, NCU06245, NCU06650, and 

NCU06366 encodes homologues of PLC-1, sPLA2, and CPE-1 in N. crassa. I found that the plc-

1, splA2, and cpe-1 genes are involved in the regulation of [Ca2+]c, carotenoid accumulation, 

survival under stress conditions, and acquisition of induced thermotolerance in N. crassa. 

I generated double mutants of ∆cpe-1; ∆splA2; ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 to study 

genetic interactions between plc-1, splA2, and cpe-1 genes in N. crassa. Studies on the double 

mutants revealed that they synthetically regulate growth, aerial hyphae, biomass accumulation, 

conidial germination, carotenoid accumulation, fertility, Ca2+ stress tolerance, UV survival, 

oxidative stress survival, and acquisition of thermotolerance induced by heat shock. Therefore, a 

complex genetic interaction of plc-1, splA2, and cpe-1 genes regulate multiple cell functions in N. 

crassa. 

In addition, I have shown that the signaling functions of the plc-1, splA2, and cpe-1 genes 

are independent of cAMP mechanism. The double mutants of the plc-1, splA2, and cpe-1 genes 

showed depleted Ca2+ stores and disruption of Ca2+ homeostasis resulted in the various 

morphological changes of the double mutants. Some of the important developmental and 

biosynthetic genes were shown to regulate the conidiation, carotenoid accumulation, and 

pheromone signaling of the plc-1, splA2, and cpe-1 genes. I hypothesized a possible mechanistic 

model for the Ca2+ signaling responses mediated by the plc-1, splA2, and cpe-1 genes. The plc-1, 

splA2, and cpe-1 act in co-ordination for regulating [Ca2+]c which further promotes growth and 

development. Thus, this study revealed that the plc-1, splA2, and cpe-1 genes synthetically play 

an important role in both asexual and sexual development in N. crassa. 

 

 

 

TH-1649_11610630



 

                                                                                                                            Discussions/Future perspectives 

216 
 

Future perspectives 

Future directions will be to study the PLC-1, sPLA2, and CPE-1 localizations and their molecular 

targets in response to various stress conditions to understand molecular pathways of these Ca2+ 

signaling proteins in N. crassa. Moreover, using techniques such as Fluorescence Resonance 

Energy transfer (FRET) and Yeast two hybrid systems will help us to determine the molecular 

mechanisms of PLC-1, sPLA2, and CPE-1 functions. In addition, studies using Nuclear Magnetic 

Resonance (NMR) and X-ray crystallography will help us in understanding the structure function 

relationship of these Ca2+ signaling proteins, specifically for the low molecular weight protein 

sPLA2. Therefore, detailed information about the mechanisms of PLC-1, sPLA2, and CPE-1 is 

expected to emerge in the future.   
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Barman A, Tamuli R (2012) Understanding of cell signalling pathways in Bombyx mori. 
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Understanding of cell signalling pathways in Bombyx mori 

Ananya Barman and Ranjan Tamuli 

 Department of Biotechnology, Indian Institute of Technology, Guwahati-781 039, Assam, India 

 

Abstract 

We have studied the calcium/calmodulin (Ca2+/CaM) dependent protein kinase type I and type II 

proteins (BmCaMKI and BmCaMKII) of silkworm Bombyx mori, a model insect of the 

Lepidopteran species for which the draft genome sequence became available in 2004. The ORFs 

for the BmCaMKI and BmCaMKII are 1455, and 1532 bps in length and these ORFs encoded 

proteins contain 360 and 510 amino acid residues, respectively. Both, BmCaMKI and BmCaMKII 

share 44 and 40% sequence identities with the Ca2+/CaM-dependent protein kinase type I 

(Ca2+/CaMKI, encoded by NCU09123 gene) and the Ca2+/CaM-dependent protein kinase type II 

(Ca2+/CaMKII, encoded by NCU02283 gene) of Neurospora crassa, respectively. Previous work 

in our lab had shown that Ca2+/CaMKI and Ca2+/CaMKII are necessary for full fertility in N. 

crassa. The Ca2+/CaM dependent protein kinase II in B. mori mediates sex pheromone 

biosynthesis. Additionally, we have also studied the comparative methylation of B. mori and N. 

crassa. The B. mori has about 0.11% of the genomic cytosine methylated, occurring in CG 

dinucleotides and is much lower as compared to N. crassa where 2-3% of the cytosines are 

methylated and methylation is not preferentially in the CpG dinucleotides. 
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Barman A, Tamuli R (2013) Role of Ca2+/H+ exchanger and secretory phospholipase A2 in 

regulating Ca2+  homeostasis in Neurospora  crassa. Yeast conference (4th-7th December 2013). 
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                                                                       Abstract 

In this study, we describe cellular roles of calcium (Ca2+)-signaling genes NCU06366 and 

NCU06650, encodes for a Ca2+/H+ exchanger and a secretory phospholipase A2, respectively, in 

regulating Ca2+ homeostasis in the filamentous fungus Neurospora crassa. In N. crassa, Ca2+ is 

mainly stored in the intracellular stores such as vacuoles (>90% of Ca2+ is sequestered in the 

vacuoles), Golgi, endoplasmic reticulum; however, only a small amount of Ca2+ (~100 nM) is 

present freely in the cytosol ([Ca2+] c). The Ca2+ ionophore A23187 increases the [Ca2+] c level by 

releasing Ca2+ from the intracellular stores. Here we have investigated the cellular roles of 

NCU06366 and NCU06650 in N. crassa using the Ca2+ ionophore A23187. The NCU06366.2 

and NCU06650.2 mutants showed a growth defect on the medium containing the ionophore, 

indicating that NCU06366 and NCU06650 genes might play a role in the maintenance of Ca2+ 

homeostasis. Moreover, in the ionophore region, the NCU06366.2 mutant showed apical hyper 

bursting of the hyphae, the NCU06650.2 mutant showed profuse branching with characteristic 

spherical sac like structures at the apex of the growing hyphae, and NCU06366.2 NCU06650.2 

double mutant showed both apical hyper bursting and spherical sac like structures. The ORFs for 

NCU06366 and NCU06650 genes are 2597 and 916 bps in length and encode for a Ca2+/H+ 

exchanger and a secretory phospholipase A2 of 505 and 186 amino acid residues, respectively. In 

addition, bioinformatics analysis revealed the presence of a conserved Ca2+ exchanger domain in 

NCU06366 and a catalytic domain in NCU06650 encoded proteins. Thus, our study had showed 

that NCU06366 and NCU06650 play a role in regulation of Ca2+ homeostasis in N. crassa. 
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Abstract 

Reactive oxygen species (ROS) generated as by-products of cellular metabolism or environmental 

factors can act as second messengers thereby playing important role in cell signaling and 

homeostasis [1]. However, enhanced ROS production also referred to as oxidative stress results in 

a series of events which deregulate cellular functions leading to various pathological conditions 

such as cancer, atherosclerosis, neurodegenerative diseases, gastroduodenal pathogenesis, 

metabolic dysfunction and premature aging [2]. In biological systems, light exposure (UV 

radiations or ionizing radiations) as well as elevated sublethal temperatures (thermal stress or heat 

shock) can act as inducers of over production of ROS [3]. Carotenoids are known to be powerful 

antioxidants that are capable of quenching singlet oxygen species thereby neutralizing several 

attacks of ROS [4]. In this study we have used the filamentous fungi Neurospora crassa as a model 

system to understand the links between cell signaling, oxidative stress and carotenoids production. 

We have taken three calcium (Ca2+)-signaling genes NCU06245, NCU06650 and NCU06366 that 

encodes, respectively, the N. crassa homologues of plc-1, splA2, and cpe-1. The Δplc-1, ΔsplA2, 

and Δcpe-1 mutants showed reduced survival rate than the wild type in H2O2 and PHS induced 

oxidative stress and in acquiring thermotolerance induced by heat shock temperature. However the 

Δplc-1, ΔsplA2, and Δcpe-1 mutants showed increased carotenoids accumulation thereby more 

ROS production than the wild type. Interestingly, carotenoids accumulation in the Δplc-1, ΔsplA2 

and Δcpe-1 mutants showed increased ultraviolet (UV)-survival percentage of these strains, 

suggesting that carotenoids play a UV-protective role in these mutants. Thus, this study revealed 

TH-1649_11610630



                                                                                                                                                                           

Publications/Conferences/ 
Seminars/Workshops 

                                                                                                                                                    

253 
 

multiple cellular roles of plc-1, splA2, and cpe-1 genes in regulation of carotenoids accumulation 

promoting UV-survival, oxidative stress tolerance, and acquisition of thermotolerance induced by 

heat shock temperature. 
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Abstract 

Calcium ion (Ca2+) is a ubiquitous second messenger molecule that plays a versatile role in 

intracellular signaling processes including fungal virulence and pathogenicity. We studied several 

Ca2+-signaling genes that encode for calcineurin (CNA), calmodulin (CaM), phospholipase C-1 

(PLC-1), neuronal calcium sensor 1 (NCS-1), Ca2+/CaM-dependent protein kinases (Ca2+/CaMK) 

etc. using the model filamentous fungus Neurospora crassa. Studies in our laboratory have 

revealed multiple cellular roles of Ca2+-signaling genes including growth, development, fertility, 

thermotolerance, circadian clocks, tolerance to Ca2+ and oxidative stress, and ultraviolet (UV) 

survival in N. crassa. Studies on the components of the Ca2+-signaling machinery may lead to the 

identification of novel antifungal drug targets. 
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Abstract 

Calcium ion (Ca2+) is a ubiquitous second messenger molecule that plays a versatile role in 

intracellular signaling in all cell types and tissues. Particularly in Neurospora crassa, Ca2+ 

signaling regulates numerous physiological processes such as secretion, sporulation, infection 

structure differentiation, cytoskeletal organization, growth, hyphal branching, Ca2+ stress 

tolerance, UV survival, sexual development and circadian clock etc. The N. crassa Ca2+ signaling 

machinery is unique and differ significantly from that of plants and animals with respect to second 

messenger systems involved in Ca2+ release from internal stores. The complex Ca2+ signaling 

machinery of N. crassa consists of 48 Ca2+ signaling proteins including four novel phospholipase 

C-δ subtype proteins PLC-δ, a Ca2+ and/or CaM binding protein sPLA2 and a Ca2+/H+ exchanger 

CPE-1. In this study we have used the filamentous fungi Neurospora crassa as a model system to 

understand the various cellular processes regulated by these proteins. Also genetic interactions 

between PLC-δ, sPLA2 and CPE-1 were shown to regulate diverse signal transduction pathways 

in this fungi.  
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Multiple cellular roles of Neurospora crassa plc-1, splA2, and cpe-1 in 
regulation of cytosolic free calcium, carotenoid accumulation, stress 
responses, and acquisition of thermotolerance§

Phospholipase C1 (PLC1), secretory phospholipase A2 (sPLA2) 
and Ca2+/H+ exchanger proteins regulate calcium signaling 
and homeostasis in eukaryotes. In this study, we investigate 
functions for phospholipase C1 (plc-1), sPLA2 (splA2) and a 
Ca2+/H+ exchanger (cpe-1) in the filamentous fungus Neuro-
spora crassa. The Δplc-1, ΔsplA2, and Δcpe-1 mutants ex-
hibited a growth defect on medium supplemented with the 
divalent ionophore A23187, suggesting that these genes might 
play a role in regulation of cytosolic free Ca2+ concentration 
([Ca2+]c) in N. crassa. The strains lacking plc-1, splA2, and 
cpe-1 possessed higher carotenoid content than wild type at 
8°C, 22°C, and 30°C, and showed increased ultraviolet (UV)- 
survival under conditions that induced carotenoid accumu-
lation. Moreover, Δplc-1, ΔsplA2, and Δcpe-1 mutants showed 
reduced survival rate under hydrogen peroxide-induced oxi-
dative stress and induced thermotolerance after exposure 
to heat shock temperatures. Thus, this study revealed mul-
tiple cellular roles for plc-1, splA2, and cpe-1 genes in regu-
lation of [Ca2+]c, carotenoid accumulation, survival under 
stress conditions, and acquisition of thermotolerance induced 
by heat shock.

Keywords: calcium signaling, Ca2+/H+ exchanger, phospho-
lipase C-1, secretory phospholipase A2, Neurospora crassa

Introduction

Cell signaling requires messengers including calcium ion 
(Ca2+) whose concentration varies with space, time and am-
plitude (Berridge et al., 1998; Clapham, 2007). Binding of 
Ca2+ to target proteins changes their conformation, charge, 
and thereby, governs protein functions (Clapham, 2007). 
Thus, Ca2+ has evolved as a universal messenger that plays 
a versatile role in intracellular signaling in all cell types and 
tissues (Berridge et al., 1998; Kazmierczak et al., 2013). Ca2+- 
signaling is typically triggered by a transient increase in cyto-

solic free Ca2+ concentration ([Ca2+]c). The resting [Ca2+]c is 
~100 nM; however, when Ca2+-signaling is triggered, [Ca2+]c 
rises transiently upto 1 μM or more (Chin and Means, 2000; 
Bootman et al., 2001).
  In the filamentous fungus Neurospora crassa, low [Ca2+]c 
is maintained using active transport mechanisms across the 
plasma membrane and buffering Ca2+ in organelles (Bowman 
et al., 2011). In N. crassa, Ca2+-signaling is known to be in-
volved in regulating a variety of processes such as Ca2+ stress 
tolerance, the circadian clock, growth, hyphal tip branching, 
ion transport, sexual development and UV survival (Deka et 
al., 2011; Deka and Tamuli, 2013; Tamuli et al., 2011, 2013; 
Kumar and Tamuli, 2014). The predicted Ca2+-signaling 
machinery of N. crassa is complex and contains many dif-
ferent proteins including four novel phospholipase C-δ 
subtype (PLC-δ) proteins (Galagan et al., 2003; Borkovich 
et al., 2004). The PLC protein cleaves phosphotidylinositol 
-4, 5-bisphosphate (PIP2) into second messengers, namely, 
inositol 1, 4, 5-trisphosphate (IP3) and diacylglycerol (DAG) 
(Chae et al., 2007). In animal cells, IP3 diffuses through the 
cytosol and binds to the IP3 receptors, inducing Ca2+ release 
from vacuoles, whereas DAG activates protein kinase C 
(PKC), triggering a range of cellular activities (Cornelius and 
Nakashima, 1987; Chae et al., 2007). Interestingly, no rec-
ognizable IP3 receptors has been identified in N. crassa and 
both of its PKC proteins lack a C2 domain with Ca2+ binding 
sites (Galagan et al., 2003; Borkovich et al., 2004).
  PLC proteins are involved in diverse cell functions in dif-
ferent organisms. In the budding yeast Saccharomyces cer-
evisiae, Plc1p, a phosphatidylinositol-specific phospholipase 
C (PI-PLC) shows sequence homology to the mammalian 
PI-PLC-δ isoforms and is involved in nutritional and stress- 
related responses (Flick and Thorner, 1993). In S. cerevisiae, 
Plc1p is necessary for growth at nonpermissive temperatures 
(above 35°C), survival under hyperosmotic stress, and utili-
zation of galactose, raffinose, or glycerol as a carbon source 
at permissive temperatures (23 to 30°C) (Flick and Thorner, 
1993). In the grey mold fungus Botrytis cinerea, a necrotro-
phic plant pathogen, PLC1 homologue BcPLC1 functions in 
growth, conidiation, germination and virulence (Schumacher 
et al., 2008). In Magnaporthe oryzae, the rice blast fungus, the 
MoPLC1 gene encodes a fungal PI-PLC-δ isoform that re-
gulates intracellular Ca2+ fluxes essential for fungal develop-
ment, appressorium formation and pathogenicity (Rho et al., 
2009). Moreover, two other PLC isozymes MoPLC2 and 
MoPLC3 exhibit, respectively, 58% and 49% identity to the 
PLC1 gene of N. crassa (NCU06245), and play distinct roles 
in M. oryzae including regulating development and appres-
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Table 1. Neurospora crassa strains used in this study
Sl. No. FGSC no. (a/A) or strain no. NCU no. or strain type Type of protein Source

1 11248/11249 7075.2 Ca2+/H+ exchanger FGSC
2 12376/12375 795.2 Ca2+/H+ exchanger FGSC
3 11530/11529 2826.2 Ca2+/H+ exchanger FGSC
4 11407/11408 6366.2 Ca2+/H+ exchanger FGSC
5 12468/NA 8490.2 Ca2+/H+ exchanger FGSC
6 NA/11253 7605.2 Ca2+ permeable channel FGSC
7 11707/11708 6703.2 Ca2+ permeable channel FGSC
8 13287/NA 3305.2 Ca2+ ATPase FGSC
9 NA/13071 4736.2 Ca2+ ATPase FGSC

10 13036/13037 5154.2 Ca2+ ATPase FGSC
11 NA/13040 4898.2 Ca2+ ATPase FGSC
12 11410/11409 7966.2 Cation- ATPase FGSC
13 12022/NA 1266.2 Phospholipase C FGSC
14 11411/NA 6245.2 Phospholipase C FGSC
15 11271/11271 9655.2 Phospholipase C FGSC
16 12023/NA 2175.2 Phospholipase C FGSC
17 11405/11406 5225.2 Ca2+ and/or CaM binding protein FGSC
18 13049/NA 2115.2 Ca2+ and/or CaM binding protein FGSC
19 15890/NA 2738.2 Ca2+ and/or CaM binding protein FGSC
20 11541/11542 6948.2 Ca2+ and/or CaM binding protein FGSC
21 11403/11404 4379.2 Ca2+ and/or CaM binding protein FGSC
22 11531/NA 3750.2 Ca2+ and/or CaM binding protein FGSC
23 12448/12449 2283.2 Ca2+ and/or CaM binding protein FGSC
24 12548/12547 9123.2 Ca2+ and/or CaM binding protein FGSC
25 11169/11170 2814.2 Ca2+ and/or CaM binding protein FGSC
26 11545/NA 9212.2 Ca2+ and/or CaM binding protein FGSC
27 11246/11247 6650.2 Ca2+ and/or CaM binding protein FGSC
28 11537/11536 6177.2 Ca2+ and/or CaM binding protein FGSC
29 988/987 Wild type FGSC

sorium-mediated penetration (Choi et al., 2011). In Alternaria 
alternata, the citrus fungal pathogen, the PLC1 homologue 
plays an important role in vegetative growth, conidial for-
mation, Ca2+ homeostasis, and virulence (Tsai and Chung, 
2014). In the encapsulated yeast and human pathogen Cry-
ptococcus neoformans, CnPlc1, a homologue of the mam-
malian PI-PLC-δ, supplies the IP3 substrate required for 
the catalytic activity of the major IP3 kinase, Arg1, which is 
essential for cellular homeostasis and virulence (Lev et al., 
2013).
  In contrast to these other fungi, little is known about the 
N. crassa homologues of PLC homologs. The NCU06245 
gene encodes a homologue of PLC-δ that is highly divergent 
among the natural isolates of N. crassa. The NCU06245 
gene exhibits high incidence of polymorphisms resulting in 
a coding sequence changes for amino acid positions 200–250 
unique to Neurospora (Gavric et al., 2007).
  The N. crassa Ca2+-signaling machinery also includes 23 
members of Ca2+ and/or CaM binding protein families (Gala-
gan et al., 2003; Borkovich et al., 2004; Tamuli et al., 2013). 
One member of this group shows sequence similarity to secre-
tory phospholipase A2 (sPLA2). sPLA2, comprises a diverse 
family of low-molecular weight secretory enzymes possessing 
the ability to hydrolyze the ester bond at the sn-2 position of 
glycerophospholipids in a Ca2+ dependent manner, thereby, 
liberating fatty acids and lysophospholipids (Murakami and 

Kudo, 2002). Various sPLA2 proteins play roles in numerous 
biological processes such as atherosclerosis, host defense, 
inflammation, and regulation of eicosanoid synthesis (Mura-
kami and Kudo, 2002; Boilard et al., 2010). A novel secretory 
protein, p15, isolated from Helicosporium sp. HN1 has been 
shown to induce outgrowth of neurites and neuronal diffe-
rentiation from rat pheochromocytoma PC12 cells (Wakat-
suki et al., 1999; 2001). Another sPLA2 homologue Scp15 
isolated from Streptomyces coelicolor displays similar neu-
rite inducing activity in PC12 cells (Nakashima et al., 2003). 
Fungi possesses a heterogeneous group of PLA2 proteins with 
a variety of structural domains that could play an important 
role in nutrient acquisition and interaction with the host 
(Köhler et al., 2006). In the symbiotic fungus Tuber borchii, 
the phospholipase A TbSP1 is strongly up-regulated and 
activated via autoproteolysis that may enhance establishment 
of symbiosis and mycorrhiza formation in response to nu-
trient starvation (Soragni et al., 2001; Cavazzini et al., 2013). 
In the filamentous ascomycete Aspergillus oryzae, two dis-
tinct sPLA2s, sPlaA and sPlaB exhibit distinct physiological 
properties such as pH optimum for enzyme activity, Ca2+ 

requirement, substrate preferences, expression profile, and 
cellular localization (Nakahama et al., 2010). In mice, sPLA2 
regulates phagocytosis and contributes to the innate im-
mune response against Candida albicans (Balestrieri et al., 
2009). Furthermore, in humans, a group of sPLA2 enzymes 
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possibly plays a novel anti-inflammatory role in immune 
complex-mediated arthritis (Boilard et al., 2010). However, 
little is known about the sole sPLA2 protein identified in 
N. crassa.
  The high [Ca2+]c is reduced to the resting level by another 
group of Ca2+-signaling proteins, Ca2+ exchangers that pump 
Ca2+ out of the cell and transport Ca2+ into the intracellular 
Ca2+ storage organelles with the simultaneous exchange of 
positive ions across membranes (Zelter et al., 2004; Tamuli 
et al., 2013). The N. crassa Ca2+-signaling machinery pos-
sesses six novel Ca2+/H+ exchangers and two putative Ca2+/ 
Na+ exchangers, and all of these exchangers contain con-
served Ca2+ exchanger domains (Galagan et al., 2003; Bor-
kovich et al., 2004; Zelter et al., 2004). One of the N. crassa 
Ca2+/H+ exchangers called CAX is homologous to Vcx1p 
from S. cerevisiae. The Δcax mutant accumulates very little 
Ca2+ in the dense vacuolar fraction, and therefore, CAX 
could be involved in maintaining intracellular Ca2+ levels in 
N. crassa (Bowman et al., 2011). Phylogenetic analysis has 
revealed that one of the N. crassa Ca2+/H+ exchangers, en-
coded by NCU06366, is significantly different from homo-
logues found in S. cerevisiae and M. grisea (Zelter et al., 
2004). However, detailed knowledge about the NCU06366- 
encoded Ca2+/H+ exchanger has remained largely unknown.
  In this work, we describe the cellular roles of plc-1, splA2, 
and NCU06366 in regulation of [Ca2+]c, carotenoid accu-
mulation, survival under stress conditions, and acquisition 
of thermotolerance.

Materials and Methods

Strains, media, and growth conditions
N. crassa wild type strains 74-OR23-1 A (FGSC 987) and 
OR8-1 a (FGSC 988), Ca2+ signaling mutants ΔNCU06245.2 
a (FGSC 11411), ΔNCU06650.2 A (FGSC11247), ΔNCU-
06650.2 a (FGSC11247), ΔNCU06366.2 A (FGSC 11408), 
ΔNCU06366.2 a (FGSC 11407), and other strains (Table 1) 
were obtained from the Fungal Genetics Stock Center (FGSC; 
University of Missouri, Kansas city, MO 64110) (McCluskey, 
2010). We verified knockout mutants using the gene-spe-
cific primers along with the common reverse hph primer in 
polymerase chain reactions (Supplementary data Fig. S1). 
Media and procedures for growth and maintenance of N. 
crassa strains were essentially as described (Davis and De-
Serres, 1970). For vegetative growth, strains were routinely 
cultured on 1X Vogel’s (Vogel, 1964) glucose medium (VGM) 
with 1.5% D-glucose as a carbon source and 1.5% Bacto Grade 
Agar (SRL).

Sequence analysis
The sequences of N. crassa NCU06245, NCU06650 and 
NCU06366 proteins were downloaded from Broad Institute 
Neurospora database version 7 (http://www.broadinstitute. 
org/annotation/genome/neurospora/MultiHome.html) 
and used as queries to search against the non-redundant 
protein sequence databases at the NCBI using BLASTP 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990) 
with the default parameters. Proteins were selected based 

on % identities, % similarities and E values. Multiple se-
quence alignments of the selected proteins were built using 
CLUSTALX 1.83 (Thompson et al., 1997) and alignments 
visualized using the GeneDoc program (Nicholas and Ni-
cholas, 1997). These alignments were used for constructing 
phylogenetic trees using the minimum-evolution method 
(Rzhetsky and Nei, 1992), 500 bootstrap replication as test 
of phylogeny (Felsenstein, 1985) and the software MEGA5 
(Tamura et al., 2011).

Calcium ionophore assay
To test for elevated intracellular Ca2+ sensitivity in the mu-
tants, an agar block was inoculated onto one corner of petri 
dishes and 10 μl each of a 9.5 mM stock solution of A23187 
(test) or ethanol (control) was spotted onto the other cor-
ner on the VGM media as described previously (Lew et al., 
2008). Plates were incubated at 30°C for 2–3 days and colo-
nies were observed under a Trinocular inverted microscope 
(Axio Vert.A1 FL, Carl Zeiss). Hyphal images were captured 
with an AxioCam ICc3 CCD camera. The petri dishes were 
also photographed after 38 h of growth using a digital cam-
era (Nikon Coolpix P500).

Carotenoid analysis
For carotenoid analysis, sterile petri dishes containing liquid 
VGM supplemented with 0.2% tween 80 were inoculated with 
conidia at a concentration of ~1 × 106 conidia/ml (Zalokar, 
1954). Cultures were initially incubated for 48 h in the dark 
at 30°C and further incubated at the indicated temperature 
either with or without an exposure to white light for 24 h 
(illuminated with two fluorescent bulbs, Philips TL-D 18W/ 
54 lamp, 18W, 6500 K, 1015 lumens). Mycelia from these 
cultures were collected, lyophilized and pulverized into 
fine powder with mortar and pestle. Subsequently, acetone 
and hexane were used in consecutive steps for extraction of 
total carotenoids from 25 mg (dry weight) of the powdered 
sample. Total carotenoid content was determined by meas-
uring the absorbance value at 470 nm and using the formula:
  Total carotenoid content (μg/g) = [Total absorbance × 
Total volume of extract (1 ml) × 104] / [Absorption coeffi-
cient (2500) × sample weight (g)] as described previously 
(Rodriguez-Amaya and Kimura, 2004).

UV sensitivity assay
Conidia were grown in flasks containing VGM (without 
tween 80 supplement) agar medium at 30°C in the dark for 
48 h and then at the indicated temperature with or without 
illumination as described for the carotenoid analysis above. 
For quantitative analysis, conidia were plated on FGS (0.05% 
fructose, 0.05% glucose, 0.05% sorbose plus 2% agar) me-
dium and irradiated with different doses of UV in a UVC 
500 cross linker (Hoefer, UK). The plates were incubated at 
30°C in the dark for 48 h and number of colonies on each 
plate counted.

Oxidative stress resistance and thermotolerance studies
For hydrogen peroxide induced oxidative stress assay, conidia 
of N. crassa strains were inoculated at a concentration of 
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Fig. 1. Continued
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   (C)

Fig. 1. Sequence analysis of plc-1, splA2, and cpe-1 homologues. (A) Sequence alignment of PLC-1 homologues. The positions of the hydrogen binding 
residues are indicated above the sequence (inverted triangles) and the Ca2+ binding residues are indicated below the sequence (filled triangles) (Chung et 
al., 2006). (B) Sequence alignment of sPLA2 homologues. The predicted secretion signal peptide is underlined in red. The highly conserved portion of 
sPLA2 (positions 122-153) is underlined in black. The positions of the catalytic histidine residue (open circle) and disulphide bonded cysteine residues 
(filled triangles) are indicated below the sequences (Soragni et al., 2001). (C) Sequence alignment of CPE-1 homologues. The sequence corresponds to 
transmembrane segments (I to IX) as predicted with TMHMM program are shown underlined (http://www.cbs.dtu.dk/services/TMHMM/) (Zelter et al., 
2004; Guttery et al., 2013). The sequences used in the analyses are AC, A. capsulatus; ArC, Acremonium chrysogenum; AM, Aureobasidium melanogenum; 
AN, Aspergillus niger; AO, A. oryzae; BB, Beauveria bassiana; CF, Colletotrichum fioriniae; CH, C. higginsianum; CI, Coccidioides immitis; CM, Cordyceps 
militaris; CP, Cladophialophora psammophila; CrP, C. parasitica; CvP, Claviceps purpurea; CT, Chaetomium thermophilum; FO, Fusarium oxysporum; GC, 
Grosmannia clavigera; GG, Gaeumannomyces graminis; HN1, Helicosporium sp.; GL, Glarea lozoyensis; MA, Metarhizium anisopliae; MB, Marssonina 
brunnea; MO, M. oryzae; MP, Macrophomina phaseolina; MT, Myceliophthora thermophila; NC, N. crassa; NH, Nectria haematococca; OP, Ophiostoma pi-
ceae; PA, Podospora anserine, PB, Paracoccidioides brasiliensis; PO, Pyronema omphalodes; PT, Pyrenophoratritici-repentis; SA, Scedosporium apio-
spermum; SB, Sclerotinia borealis; SM, Sordaria macrospora; SS, Sporothrix schenckii; TB, T. borchii; TE, Trichophyton equinum; TR, Trichoderma reesei; 
VA, Verticillium alfalfae; VD, Verticillium dahliae; VV, Villosiclava virens. Conserved amino acids are indicated in black (100%), dark grey (>80%) and 
light grey (>60%) in the alignments.

~1×106 conidia/ ml into liquid VGM and germinated with 
shaking at 200 rpm for 2 h in the dark at 30°C. Germlings 
were supplemented with hydrogen peroxide (test) or with-
out (control) at a final concentration of 10 mM and further 
germinated for 1 h at 30°C. Germlings were plated on FGS 
medium and incubated at 30°C for 24 h. Percent survival 
was scored by dividing the number of viable colonies from 
plates exposed to H2O2 (test) by the number of colonies from 
plates not exposed to H2O2 (control) and multiplying by 
100.
  Similarly, for thermotolerance assays, 2 h germlings ob-
tained as mentioned above were held at 30°C (control), 30°C 
(uninduced thermotolerance), and 44°C (induced thermo-
tolerance). Both 30°C (uninduced) and 44°C (induced) 

germlings were then given a 52°C lethal heat shock for 20 
min. Germlings were finally plated on FGS media followed 
by incubation at 30°C for 24 h (Yang and Borkovich, 1999). 
Percent survival was calculated by dividing the number of 
viable colonies from plates subjected to heat-treatment (in-
duced or uninduced) by the number of colonies on plates 
held at 30°C (control) and multiplying by 100.

Statistical analysis
Statistical analysis was carried out using the data obtained 
from at least three independent replicates by one-way 
ANOVA (Microsoft Excel).
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Fig. 2. Calcium ionophore assay. N. crassa
wild type and the three mutant strains were 
grown in petri dishes containing the ion-
ophore A23187 zone (test) and the ethanol 
zone (control). Images were taken when hy-
phae of the strains touched both the zones 
(38 h of growth at 30°C). Ten images were 
captured for each strain and a representa-
tive image is shown.

Results and Discussion

Sequence analysis of NCU06245, NCU06650 and NCU06366
N. crassa NCU06245, NCU06650, and NCU06366 encode 
three distinct types of Ca2+signaling proteins. The NCU-
06245 gene is predicted to encode a 711 amino acid resi-
dues phospholipase C-1 (PLC-1) with similarity to PLC ho-
mologues in Ajellomyces capsulatus, Colletotrichum higgin-
sianum, and MoPLC2 and MoPLC3 of M. oryzae (43, 52, 
51, and 43% identities; Fig. 1A). Sequence alignment of 
NCU06245 homologues revealed important Ca2+ and H+ 
binding residues similar to PLC homologues from Crypho-
nectria parasitica, M. grisea, and Arabidopsis thaliana (Chung 
et al., 2006). The NCU06650 gene is predicted to encode a 
conserved hypothetical secretory phospholipase A2 (sPLA2) 
of 186 amino acid residues that shares sequence similarity 
with A. capsulatus, A. oryzae, T. borchii, and Verticillium 
alfalfa sPLA2 proteins (55, 41, 50, and 57% identities; Fig. 
1B). The protein encoded by the NCU06650 gene also pos-
sesses conserved signal peptide residues (positions 1–30) and 
a highly conserved region (positions 122–153) that possesses 
catalytic histidine residues and disulphide-bonded cysteine 
residues similar to the sPLA2 homologue of T. borchii (So-
ragni et al., 2001). The NCU06366 gene encodes a Ca2+/H + 
exchanger (calcium proton exchanger-1; CPE-1) of 505 amino 
acid residues sharing sequence similarity with A. capsulatus, 
A. niger, C. higginsianum and M. oryzae homologues of CPE 
(50, 52, 59, and 68% identities; Fig. 1C). The NCU06366 gene 
product contains nine transmembrane helices as predicted 
by the TMHMM program (http://www. cbs.dtu.dk/services/ 
TMHMM/; Zelter et al., 2004; Guttery et al., 2013). These 
results indicate that NCU06245, NCU06650 and NCU06366 
correspond to N. crassa homologues of the plc-1, splA2, 

and cpe-1genes, respectively. In addition, the PLC-1, sPLA2, 
and CPE-1 proteins from N. crassa were found clustered 
within the Sordariomycetes clade during phylogenetic ana-
lysis with a subset of homologues from other fungi (Supple-
mentary data Fig. 2).

Δplc-1, ΔsplA2 and Δcpe-1 mutants show growth defects in 
response to increased intracellular free Ca2+

We found that growth rates of the Δplc-1, ΔsplA2, and 
Δcpe-1 mutants on VGM were similar to the wild-type 
(Supplementary data Table S1). However, the Δplc-1, ΔsplA2, 
and Δcpe-1 mutants exhibited morphological defects when 
cultured on VGM containing the divalent ionophore A23187 
(Fig. 2). The A23187 ionophore causes an increase in cyto-
solic free Ca2+ concentration ([Ca2+]c; Nelson et al., 2004). 
In the ionophore zone, the Δplc-1 mutant exhibited reduced 
branching with characteristic spherical sac-like structures at 
the apex of the growing hyphae. Similar sac like structures 
and more compact hyphal branching was observed in the 
ΔsplA2 mutant. In case of the Δcpe-1mutant, apical hyper 
branching of hyphae was observed. These results indicate 
that the plc-1, splA2, and cpe-1 genes may play a role in the 
regulation of [Ca2+]c in N. crassa. We also studied growth 
of 25 additional knockout mutants lacking predicted Ca2+ 
signaling on medium containing the A23187 ionophore, but, 
these mutants were similar to wild-type (Supplementary 
data Table S2).
  To test whether the hyphal growth defect of Δplc-1, ΔsplA2, 
and Δcpe-1 mutants upon ionophore treatment was due to 
dissipation of membrane potential, we used the membrane 
potential sensitive fluorescent dye DiBAC that fluoresces 
when membranes are depolarized (Alcántara-Sánchez et 
al., 2004). Germlings of Δplc-1, ΔsplA2, and Δcpe-1mutants 
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     (A)                                                                                                            (B)

     (C)                                                                                                            (D)

     (E)                                                                                                            (F)

Fig. 3. Assay for UV sensitivity relative to carotenoid accumulation. Dose-response curves of the wild-type and mutant strains after exposure to UV radia-
tion after carotenoid accumulation for 48 h in the dark at 8°C, 22°C or 30°C followed by 24 h either in light illumination (A), (B), and (C) or in continuous 
darkness (D), (E), and (F). Error bars indicate standard deviations calculated from the data for three independent experiments.

Table 2. Carotenoid content of N. crassa strains at three different temperatures. 
 Carotenoids (μg/g dry wt.)a

 Strains 8°C 22°C 30°C
Light Dark Light Dark Light Dark

Wild type 151 ± 20.1 21 ± 4.3 66 ± 12 35 ± 4 74 ± 5.4 18 ± 3
Δplc-1 253 ± 3 (***) 34 ± 6.1 (**) 126 ± 11(***) 55 ± 3.1 (**) 144.2 ± 20.2 (**) 49.4 ± 8 (**)
ΔsplA2 255 ± 12.2 (***) 46 ± 6 (*) 169 ± 3.1 (**) 41 ± 5 (*) 177.4 ± 14 (***) 38.1 ± 9 (*)
Δcpe-1 235 ± 6.1 (**) 50 ± 11.2 (*) 175 ± 17.2 (***) 48 ± 4 (*) 160.1 ± 10 (***) 47 ± 2 (***)

a Results are shown as mean ± standard deviation for three independent experiments (n=3) with P-values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type 
strain as measured by one-way ANOVA test.
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     (A)                                                                                                            (B)

Fig. 4. Oxidative stress and thermotolerance assay. (A) Germlings (2 h old) were incubated in medium containing 10 mM H2O2 at 30°C and percent sur-
vival determined. (B) Viability of 2 h old germlings after exposure to 52°C lethal temperature with (induced) or without (uninduced) pre-exposure to a 
sublethal heat shock temperature of 44°C. Error is calculated as the standard deviations, using data from three independent experiments (n=3). 
Statistically significant values are indicated by asterisks, P < 0.05; P < 0.01.

treated with 5 μM A23187, followed by DiBAC incubation 
showed no fluorescence, suggesting that the effect of A23187 
on the germlings of Δplc-1, ΔsplA2, and Δcpe-1 mutants was 
not due to dissipation of membrane potential (Supplementary 
data Fig. S3).

Assessment of conidiation, carotenoid accumulation, and 
survival after exposure to UV light in Δplc-1, ΔsplA2, and 
Δcpe-1
  Conidia amounts in the Δplc-1, ΔsplA2, and Δcpe-1 mutants 
were similar to the wild-type, suggesting that these mutations 
do not affect asexual sporulation in N. crassa (Supplementary 
data Fig. S4). We also measured carotenoid amounts in the 
three mutants. The characteristic orange pigmentation of 
N. crassa strains is caused by the accumulation of the xantho-
phyll neurosporoxanthin and variable amounts of carotenoid 
precursors (Zalokar, 1954; Avalos et al., 2013). Carotenoid 
biosynthesis is affected by light and temperature, with neu-
rosporoxanthin biosynthesis greatly enhanced upon illumi-
nation at low temperature whereas illumination at normal 
temperature results in the accumulation of carotenoid pre-
cursors (Harding et al., 1969; Harding, 1974; Estrada et al., 
2008; Díaz-Sánchez et al., 2011). Based on this, we deter-
mined carotenoid contents in light and dark at three different 
temperatures, 8°C, 22°C, and 30°C in the three mutants. Our 
results demonstrated that the three mutants had higher car-
otenoid content than wild type at all three temperatures, and 
this was statistically significant (ANOVA, P < 0.05) (Table 2).
  It has been reported in the literature that the antioxidant 
activity of carotenoids against reactive oxygen species pro-
vides protection against UV damage in fungi and humans 
(Luque et al., 2012). Therefore, we tested whether the in-
creased carotenoid accumulation in the Δplc-1, ΔsplA2, and 
Δcpe-1 mutants was linked to protection against harmful 
UV radiation. To test this, N. crassa strains were grown under 
conditions similar to those used for the carotenoid analysis. 
We found that conidia from these mutants produced at 8°C, 
22°C, or 30°C in light or dark, showed increased survival 
relative to wild type after UV irradiation (Fig. 3). Extrapola-

ting from our analysis of carotenoids profile, the increased 
UV survival of these mutants at 8°C, 22°C, and 30°C in light 
illumination could be due to higher carotenoid accumulation. 
In contrast, the UV-dose response curves of Δplc-1, ΔsplA2, 
and Δcpe-1 mutants were similar to wild type under con-
ditions that did not induce carotenoid accumulation (i.e. 
incubation at 30°C for 48 h followed by illumination under 
light at room temperature for 96 h; data not shown). These 
results support the notion that the increase in carotenoid 
content in the N. crassa mutants of plc-1, splA2, and cpe-1 
is contributing to their increased UV survival.

Effects of the Δplc-1, ΔsplA2, and Δcpe-1 mutations on sur-
vival under oxidative stress and acquisition of thermotol-
erance
We tested the viability of the Δplc-1, ΔsplA2, and Δcpe-1 mu-
tants upon exposure to10 mM hydrogen peroxide-induced 
oxidative stress and found that all had reduced survival 
percentage compared to the wild type that was statistically 
significant (ANOVA, P < 0.05) (Fig. 4A). The resistance to 
hydrogen peroxide-induced oxidative stress tolerance fol-
lowed the trend wild type>Δcpe-1>ΔsplA2>Δplc-1. These 
results are supported by results in A. oryzae for splA2 homo-
logs demonstrating that ΔsplaB displays increased sensitivity 
to peroxide and splaA is strongly upregulated by oxidative 
stress (Nakahama et al., 2010).
  We also investigated roles for plc-1, splA2 and cpe-1 in ther-
motolerance-to a lethal temperature. Previous work has shown 
that incubation of cells at a sublethal (heat shock) temperature 
leads to increased survival after subsequent exposure to a 
lethal temperature and this phenomenon has been called 
induced thermotolerance (Kapoor et al., 1990). N. crassa 
cells when incubated at sub lethal heat shock temperatures 
leads to synthesis of heat shock proteins which in turn pro-
tects the cells from lethal temperature (Kapoor et al., 1995; 
Yang and Borkovich, 1999). In contrast, uninduced thermo-
tolerance refers to survival of cells after exposure to a lethal 
temperature, without preincubation at a heat shock tempera-
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ture. The Δplc-1, ΔsplA2, and Δcpe-1 mutants had decreased 
survival relative to wild type under induced thermotolerance. 
In contrast survival was slightly greater than wild type for the 
ΔsplA2 and Δcpe-1 mutants under uninduced thermotole-
rance conditions (Fig. 4B). In addition, statistical signifi-
cance was achieved for the thermotolerance assay, accord-
ing to variance analysis (ANOVA, P < 0.05). Interestingly, 
no viable colony was observed in the Δplc-1 mutant under 
uninduced thermotolerance conditions. These results sug-
gested that plc-1, splA2, and cpe-1 may play a role in survival 
at lethal temperatures mediated by prior expression of heat 
shock proteins. Of interest, splaB in A. oryzae is weakly up-
regulated by heat shock (Nakahama et al., 2010).

Conclusion

The N. crassa strains lacking plc-1, splA2, and cpe-1 displayed 
growth defects in response to increases in [Ca2+]c induced 
by the Ca2+ionophore A23187. Moreover, the carotenoid pro-
file in the plc-1, splA2, and cpe-1 mutants was altered and 
the increased carotenoid amount was linked to UV-survival 
of the strains. Furthermore, plc-1, splA2, and cpe-1 mutants 
had decreased survival after exposure to hydrogen peroxide- 
induced oxidative stress and in induced thermotolerance 
experiments. These phenotypes may result from a disruption 
in calcium homeostasis in the mutants, suggesting that cal-
cium signaling regulates numerous cellular pathways in N. 
crassa.
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Introduction

Calcium  (Ca2+) is a universal signaling molecule and 
 Ca2+-mediated signaling occurs in response to various 
stimuli causing a transient increase in cytosolic free  Ca2+ 
concentration  ([Ca2+]c) in eukaryotes (Berridge et al. 1998; 
Bootman et al. 2001; Dodd et al. 2010). The resting  [Ca2+]c 
is ~100  nm that is maintained by active  Ca2+-pumps and 
 Ca2+-transporters, and the  Ca2+-buffering capacity of the 
cytoplasm. However,  [Ca2+]c rises transiently upto 1  µM 
or more in response to either entry of extracellular  Ca2+ 
or its release from intracellular stores, and the increase 
in  [Ca2+]c is detected by specific  Ca2+-sensing proteins 
(Chin and Means 2000; Bootman et  al. 2001). The target 
 Ca2+-sensing protein undergoes a change in conformation 
and charge upon  Ca2+-binding and mediates numerous 
signaling events (Clapham 2007).  Ca2+ signaling pathway 
plays an important role in perceiving extracellular environ-
mental changes to thrive in diverse environments in organ-
isms including the filamentous fungus Neurospora crassa 
(Galagan et al. 2003; Borkovich et al. 2004). In N. crassa, 
 Ca2+ signaling pathway is a major component of the intra-
cellular signaling network (Galagan et al. 2003). The  Ca2+ 
signaling machinery of N. crassa is complex and effec-
tively interacts in coordination for triggering a range of cel-
lular responses (Borkovich et al. 2004; Barman and Tamuli 
2015). In N. crassa,  Ca2+ signaling proteins are involved in 
the regulation of numerous physiological processes such as 
 Ca2+ stress tolerance (Deka et al. 2011; Laxmi and Tamuli 

Abstract We investigated phenotypes of the double 
mutants of the calcium  (Ca2+) signaling genes plc-1, 
splA2, and cpe-1 encoding for a phospholipase C1 (PLC-
1), a secretory phospholipase  A2  (sPLA2), and a  Ca2+/H+ 
exchanger (CPE-1), respectively, to understand the cell 
functions regulated by their genetic interactions. Mutants 
lacking plc-1 and either splA2 or cpe-1 exhibited numerous 
defects including reduced colonial growth, stunted aerial 
hyphae, premature conidiation on plates with delayed ger-
mination, inappropriate conidiation in submerged culture, 
and lesser mycelial pigmentation. Moreover, the ∆plc-1; 
∆splA2 and ∆plc-1; ∆cpe-1 double mutants were female-
sterile when crossed with wild type as the male parent. In 
addition, ∆plc-1, ∆splA2, and ∆cpe-1 single mutants dis-
played higher carotenoid accumulation and an increased 
level of intracellular reactive oxygen species (ROS). There-
fore, the pleiotropic phenotype of the double mutants of 
plc-1, splA2, and cpe-1 suggested that the genetic interac-
tion of these genes plays a critical role for normal vegeta-
tive and sexual development in N. crassa.
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2015; Gohain et al. 2016), circadian clock (Deka and Tam-
uli 2013), cytoskeletal organization (Gadd 1994), growth 
(Deka et  al. 2011; Gohain et  al. 2016), hyphal branching 
(Barman and Tamuli 2015), infection structure differen-
tiation (Shaw and Hoch 2000), secretion (Shaw and Hoch 
2000), sexual development (Tamuli et  al. 2011, 2016; 
Kumar and Tamuli 2014), sporulation (Barman and Tam-
uli 2015), and ultraviolet (UV) survival (Deka et al. 2011; 
Gohain et al. 2016; Laxmi and Tamuli 2016). In N. crassa, 
three important classes of  Ca2+ signaling proteins that are 
involved in sensing changes in  [Ca2+]c are phospholipase 
C(PLC),  Ca2+ and/or CaM binding secretory phospholipase 
 A2  (sPLA2), and  Ca2+ exchangers (Galagan et  al. 2003; 
Borkovich et al. 2004).

The PLC and  sPLA2 belong to the phospholipase 
superfamily of proteins. PLC catalyses the hydrolysis of 
the phospholipid, phosphatidylinositol 4,5-bisphosphate 
 (PIP2) to inositol 1,4,5-trisphosphate  (IP3) and diacyl-
glycerol (DAG) inducing  Ca2+ release from intracellu-
lar  Ca2+ stores and activation of protein kinase C (PKC), 
respectively, triggering a range of cellular activities (Rhee 
and Bae 1997). Eukaryotic PLCs consist of an N-terminal 
pleckstrin homology (PH) domain for interaction with the 
membrane surface by binding to specific phospholipids, an 
EF-hand domain for  Ca2+ binding, a catalytic core formed 
by the X and Y domains, and a C-terminal C2 domain that 
facilitates  Ca2+-dependent binding of the proteins to phos-
pholipids (Rhee and Bae 1997; Williams and Katan 1996; 
Yamamoto et al. 1999; Rhee 2001). The mammalian PLC 
isozymes have been grouped into four types β, γ, δ, and ε 
that differ in their size and primary structure (Williams and 
Katan 1996; Rhee 2001). N. crassa possesses four novel 
PLC-δ subtype proteins including the PLC-1 that lacks 
the PH domain but consists of catalytic X and Y domains, 
and a C2-like domain (Borkovich et al. 2004; Gavric et al. 
2007; Barman and Tamuli 2015). The PLC proteins play 
an important role in regulating various cell functions in dif-
ferent organisms including yeast, filamentous fungi, and 
mammals.

In addition, the  sPLA2 are a group of relatively low 
molecular weight (13–19 kDa),  Ca2+ dependent extracellu-
lar secretory enzymes that hydrolyze the sn-2 ester linkage 
of glycerophospholipids releasing two potential signaling 
molecules free fatty acids (FFAs) and 1-acyl-lysophos-
pholipid (1-acyl-LPL) that are capable of controlling a 
range of biological functions in various organisms (Ghan-
noum 2000; Dennis et  al. 2011; Cavazzini et  al. 2013; 
Takayanagi et  al. 2015). A majority of eukaryotic  sPLA2 
have a highly conserved region containing a His-Asp dyad 
sequence responsible for catalytic activity and a number of 
unique disulfide bonded cysteine residues required for its 
stability (Murakami and Kudo 2004; Schaloske and Dennis 
2006). This family of enzymes plays diverse roles in a wide 

range of organisms and tissues and are known to regulate 
a number of biological processes such as atherosclerosis, 
eicosanoid biosynthesis, host defense, and inflammation 
(Murakami and Kudo 2004; Boilard et  al. 2010; Dennis 
et al. 2011).

The first  sPLA2 described in fungi was a dual localiza-
tion protein TbSP1 in the symbiotic fungus Tuber borchii 
(Soragni et al. 2001). The TbSP1 was found both secreted 
extracellularly and surface associated, and up-regulated by 
either carbon or nitrogen starvation suggesting its role in 
nutritional limitation in T. borchii (Soragni et  al. 2001). 
The N. crassa  sPLA2 encoded by the NCU06650 gene 
has an N-terminal signal peptide residue presumably for 
secretion, a highly conserved region that contains a cata-
lytic histidine residue, two disulphide bonded cysteine 
residues, and belongs to the group XIV (GXIV)  sPLA2 
group of enzymes (Barman and Tamuli 2015; Takayanagi 
et al. 2015). In N. crassa, another secreted protein encoded 
by the NCU09423 was found to possess the  PLA2 activity 
(Takayanagi et al. 2015). The NCU06650 and NCU09423 
genes in N. crassa encode for two distinct  sPLA2 proteins 
possessing  Ca2+-dependent lipolytic activity with prefer-
ential cleavage of sn-2 ester linkage of substrates to pro-
duce 1-acyl lysophospholipids (Takayanagi et  al. 2015). 
The NCU06650 and NCU09423 encoded proteins and two 
non-redundant distinct  sPLA2 enzymes sPlaA and sPlaB 
from Aspergillus oryzae showed high sequence homol-
ogy including the conservation of four cysteines residues, 
except for two additional cysteines present in NCU09423 
and sPlaA (Nakahama et al. 2010; Takayanagi et al. 2015). 
In A. oryzae, overexpression of the sPlaA and sPlaB 
showed a defect in conidiation, which was more distinct 
for the sPlaB overexpression. However, morphology of 
the ΔsplaA, ΔsplaB, or their double knockout mutants did 
not show any distinct phenotypic defect, although, hyphal 
growth of the ΔsplaA, but not the ΔsplaB, mutant was sen-
sitive to hydrogen peroxide  (H2O2)-induced oxidative stress 
(Nakahama et al. 2010).

Another group of  Ca2+ signaling molecules are the  Ca2+ 
exchangers involved in maintaining low  [Ca2+]c by trans-
porting  Ca2+ out of the cells and into the intracellular  Ca2+ 
stores with the simultaneous exchange of positive ions 
across membranes (Zelter et al. 2004; Tamuli et al. 2013). 
N. crassa possesses six novel  Ca2+/H+ exchangers and 
two putative  Ca2+/Na+ exchangers (Galagan et  al. 2003; 
Borkovich et  al. 2004; Zelter et  al. 2004). The  Ca2+/Na+ 
exchanger CPE-1 contains nine putative transmembrane 
domains for  Ca2+ transport (Tamuli et  al. 2013; Barman 
and Tamuli 2015).

In a previous study, the plc-1, splA2, and cpe-1 genes 
were shown to be involved in regulation of  [Ca2+]c, carot-
enoid accumulation, survival under stress conditions, and 
acquisition of thermotolerance in N. crassa (Barman and 
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Tamuli 2015). Here, we generated double mutants of plc-
1, splA2, and cpe-1 genes and studied their phenotypes 
to determine the possible genetic interactions between 
these loci. The Δplc-1; ΔsplA2, and Δplc-1; Δcpe-1 dou-
ble mutants severely affect growth, aerial hyphae, conidi-
ation, conidial germination, carotenoid accumulation, and 
fertility. Therefore, genetic interactions of plc-1, splA2, and 
cpe-1 play crucial roles in numerous aspects of vegetative 
growth and sexual development in N. crassa.

Materials and methods

Strains, media, growth, maintenance, crosses, 
and carotenoid analysis

The N. crassa wild type strains 74-OR23-1  A (FGSC 
987) and OR8-1 a (FGSC 988), and  Ca2+ signal-
ing mutant strains ΔNCU06245. 2::hph mat a (FGSC 
11411), ΔNCU06650.2::hph mat A (FGSC11247), 
ΔNCU06650.2::hph mat a (FGSC11246), 
ΔNCU06366.2::hph mat A (FGSC 11408), 
ΔNCU06366.2::hph mat a (FGSC 11407) were obtained 
from the Fungal Genetics Stock Center (FGSC) Univer-
sity of Missouri, Kansas city, MO 64110 (McCluskey et al. 
2010). The NCU06245, NCU06650, and NCU06366 cor-
responds to N. crassa homologues of plc-1, splA2, and 
cpe-1 genes, respectively (Barman and Tamuli 2015). The 
∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 dou-
ble mutants were generated by crossing the single mutant 
strains of opposite mating types. A minimum of four double 
mutants of each kind was isolated and presence of ∆plc-1, 
∆splA2, and ∆cpe-1 mutant alleles in the  f1 progenies were 
confirmed using the gene specific primers HI-NCU06245-
F, HI-NCU06650-F, HI-NCU06366-F, respectively, along 

with the common reverse primer 5HPHR (Table  1; Fig. 
S1).

Media and procedures for growth, maintenance, and 
routine crosses of N. crassa strains were essentially as 
described previously (Davis and De Serres 1970). For veg-
etative growth, strains were routinely cultured on Vogel’s 
(Vogel 1964) glucose (VG) containing 1.5% d-glucose as 
a carbon source with 1.5% Bacto agar (Himedia, India) for 
solid medium. Scoring for the selection of progeny that 
contain hygromycin resistance cassette (hph) was done on 
medium containing 0.05% fructose, 0.05% glucose, 2% 
sorbose, 2% Bacto agar and supplemented with aqueous 
solution of hygromycin B (220  µg/ml). Carotenoid analy-
sis was performed as previously described (Barman and 
Tamuli 2015), cultures were incubated initially at 30 °C for 
2 days in the dark followed by incubation at temperatures 
of 8, 22, and 30 °C under light either for 1  day to deter-
mine total carotenoid content, or for the indicated time 
period of 0–12 h to determine carotenoid accumulation in 
a time course analysis. Total carotenoid content was deter-
mined by measuring the maximum absorbance value at 
470  nm and using the formula: Total carotenoid content 
(μg/g  dry weight)  =  [total absorbance × total volume of 
extract (1  ml) × 104]/[absorption coefficient (2500) × sam-
ple weight (g)] essentially as described previously (Rodri-
guez-Amaya and Kimura 2004).

Vegetative growth, aerial hyphae, conidiation, conidial 
germination, and fertility assay

Colony morphology, linear growth, mycelial mass accu-
mulation, and quantification of conidia were performed 
with mycelial plug of ~1 cm diameter taken from a 3 days 
old culture of each strain. For colony morphology, myce-
lial plug was inoculated at the center of 250 ml flasks and 

Table 1  Primers used in this 
study

Primer Sequence (5′ → 3′) Source

HI-NCU06245-F AGT TGG TCG CCT CCT AGA AC Barman and Tamuli (2015)
HI-NCU06650-F GCC GGA CGG CAA CTG AAT AT Barman and Tamuli (2015)
HI-NCU06366-F CTG CAA GGA GGC TAA TTC GG Barman and Tamuli (2015)
5HPHR ATC CAC TTA ACG TTA CTG AAATC Deka et al. (2011)
q-con-10-FW CCA AGG AAG AGG TTC AGG CC This study
q-con-10-RV TTG CCG CCC TTG GAA GCA AT This study
q-ccg-4-FW CAG CCT CCA AGA GAA GTT CG This study
q-ccg-4-RV CAC GCT TCT TCC AGC ACG AT This study
q-mfa-1-FW ATG CCT TCC ACC GCT GCT TC This study
q-mfa-1-RV CAT AAC AAC GCA GTA GCC GT This study
q-fmf-1-FW CGG ACA AGA CAG CAG TTC CT This study
q-fmf-1-RV TTT CGG TGG TTG CTG TTC ATC This study
q-Β-tub-FW CCC AAG AAC ATG ATG GCT GC This study
q-Β-tub-RV TTG TTC TGA ACG TTG CGC ATC This study
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90-mm-Petri dishes containing VG agar and incubated for 
3 days in the dark at 30 °C followed by 4 days under light 
at room temperature. Images were captured using a digi-
tal camera (Nikon Coolpix P500). Hyphae formed after a 
12  h incubation at 30 °C were observed under a Trinocu-
lar inverted microscope (AxioVert A1 FL, Carl Zeiss) and 
hyphal images were captured with a CCD camera (Axi-
oCam ICc3, Carl Zeiss). For linear growth of strains, 
mycelial plug was inoculated in sterile race tubes contain-
ing VG agar medium and growth front was measured after 
every 12  h till 72  h (Deka et  al. 2011; Deka and Tamuli 
2013; Kumar and Tamuli 2014). For mass accumulation in 
solid media, mycelial plug was inoculated at the center of 
Petri dishes overlaid with a cellophane layer and incubated 
under the conditions of either 30 °C for 3 days in the dark, 
or 30 °C for 2  days in the dark followed by illumination 
at room temperature for 1 day. Following incubation, cel-
lophane was removed and mycelial mass was taken (Yang 
et al. 2002). For mass accumulation in liquid media, myce-
lial plug was inoculated in liquid VG medium for 3 days at 
30 °C with shaking at 180 rpm, mycelial mat formed were 
then dried at 60 °C and dry weight was measured. To study 
aerial hyphae, ~106  conidia/ml were inoculated in sterile 
test tubes containing liquid VG medium and grown in the 
dark at 30 °C for 3 days and under light at room tempera-
ture for 4 days. Height of aerial hyphae was then measured 
and photographed using a digital camera (Nikon Coolpix 
P500, Nikon).

For the quantification of conidia production, mycelial 
plug was inoculated in 250 ml flasks containing VG agar 
medium and incubated at 30 °C in the dark for 2  days 
followed by incubation under light at 22 °C for 4  days. 
Conidia were scraped from the agar surface with sterile 
distilled water and briefly agitated for thorough resuspen-
sion of conidia. Conidial counting was performed using a 
haemocytometer.

Conidial germination was assayed both qualitatively 
and quantitatively. For qualitative assay, ~106 conidia/ml 
were inoculated in sterile test tubes containing liquid VG 
medium and incubated at 25 °C with shaking at 180  rpm. 
An aliquot of the cultures was observed under the micro-
scope (AxioVert A1 FL, Carl Zeiss) at intervals of 0, 24, 
48, and 60 h to determine conidiation efficiency. For quan-
titative assay, 100 µl from a ~104 conidia/ml conidial sus-
pension of each of the strains were inoculated onto the sur-
face of VG and incubated at 25 °C. Germination of conidia 
was observed under the microscope (AxioVertA1FL, Carl 
Zeiss) at intervals of 0, 8, 12, 24, 36, 48, and 60 h. Percent 
germination was calculated as (germinated conidia/total 
number of conidia) × 100%.

To determine conidiation in submerged cultures, ~106 
conidia/ml were inoculated in 250 ml flasks containing liq-
uid VG supplemented with or without 2% peptone (w/v) 

and incubated at 30 °C with shaking at 180  rpm for 16 h. 
Aliquots of these cultures were observed under the micro-
scope (AxioVert A1 FL, Carl Zeiss) to assay formation of 
conidiophores (Yang et al. 2002).

To assay fertility, crosses were performed on synthetic 
crossing media (SCM) to induce the formation of female 
reproductive structures (protoperithecia) and incubated 
at room temperature under constant light. Protoperithecia 
formed after 7–10  days were fertilized using the desired 
strains of opposite mating type (Ivey et al. 1996; Yang and 
Borkovich 1999). After 7 days post-fertilization, perithecia 
formed were examined under the microscope (AxioVert A1 
FL, Carl Zeiss) and images captured.

Antioxidative assay

For antioxidative assay, sterile Petri dishes containing liq-
uid VG supplemented with 0.2% tween 80 were inoculated 
with conidia at a concentration of ~106 conidia/ml (Zalokar 
1954). Cultures were initially incubated for 48  h in dark 
at 30 °C followed by treatment with 1 mM of N-acetyl-l-
cysteine (NAC; Himedia, India) at 30 °C in dark for addi-
tional 2 h. Cultures were then grown under light either at 
8, 22, or 30 °C for another 2 h. Mycelia from these cultures 
were collected, lyophilized, and pulverized into fine pow-
der with mortar and pestle. Carotenoid was subsequently 
extracted from the powdered mycelia. Similar conditions 
were followed while using N-acetylglycine (NAG; Hime-
dia, India), an analogue of NAC, with no antioxidant activ-
ity as the control (Yoshida and Hasunuma 2004).

RNA extraction and quantitative real time PCR 
(qRT‑PCR) analysis

For submerged cultures, ~106 conidia/ml were inoculated 
in liquid VG medium and incubated at 30 °C with shaking 
at 180 rpm for 16 h in complete darkness. To study expres-
sion of genes regulating fertility, ~106 conidia/ml were 
inoculated in liquid SCM and incubated at 22 °C under 
constant light for 18–20  h. Mycelia obtained from these 
cultures were harvested by vacuum filtration and pulver-
ized into fine powder using liquid nitrogen. Total RNA was 
isolated from 150  mg of powdered mycelia using TRIzol 
reagent (Invitrogen, USA). cDNA from total cellular RNA 
was synthesized using a cDNA synthesis kit (Thermo Sci-
entific, USA) according to manufacturer’s protocol. Quan-
titative Real-Time PCR (qRT-PCR) analyses were done 
using primer pairs q-con-10-FW and q-con-10-RV, q-ccg-
4-FW and q-ccg-4-RV, q-mfa-1-FW and q-mfa-1-RV, 
q-fmf-1-FW and q-fmf-1-RV, q-Β-tub-FW and q-Β-tub-RV 
(Table  1), respectively, for the con-10, ccg-4, mfa-1, fmf-
1, and β-tubulin genes, the  SYBR® Select Master Mix 
(Applied Biosystems, USA), and the 7500 Real-Time PCR 
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System (Applied Biosystems, USA) according to manu-
facturer’s protocol. Relative expression levels of the target 
genes were calculated using the 2−ΔΔCT method (Livak and 
Schmittgen 2001). The expression level of β-tubulin was 
used as the endogenous control.

Statistical analysis

Statistical analysis was carried out by one-way ANOVA 
(Microsoft Excel) using the data obtained from at least 
three independent replicates.

Results

The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 
displayed defects in morphology, growth, biomass 
accumulation, mycelial aggregation, aerial hyphae, 
and sporulation

The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 
showed distinct colonial morphology with significantly 
fewer aerial hyphae, reduced pigmentation, and growth 
(Fig. 1a, b). Growth rates of the wild type, ∆cpe-1; ∆splA2, 
∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double mutant strains 
were 0.305 ± 0.013, 0.309 ± 0.025, 0.153 ± 0.006, and 
0.139 ± 0.018  cm  h−1, respectively (Table  S1). In addi-
tion, the ∆plc-1; ∆splA2 double mutant displayed slightly 
reduced branching with numerous bud-like structures at the 
apex of the hyphae, and the ∆plc-1; ∆cpe-1 double mutant 
displayed severely reduced hyphal branching (Fig. 1c). The 
∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants dis-
played a slow growth rate, which was not due to a defect 
in ergosterol biosynthesis (Fig. S2), and this phenotype 
was further supported by a reduction in the accumulation 
of mycelial mass. We observed a significant reduction of 
the mycelial mass accumulation in the ∆plc-1; ∆splA2 
and ∆plc-1; ∆cpe-1 double mutants in both solid and liq-
uid growth conditions (Table  S2). In addition, mycelia of 
the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 
displayed dispersed growth, and did not form aggregates 
in liquid growth conditions unlike their single mutant and 
wild type strains (data not shown). Moreover, the ∆plc-1; 
∆splA2 and ∆plc-1; ∆cpe-1 double mutants produced sig-
nificantly shorter aerial hyphae and showed a severe reduc-
tion in conidiation (Fig. 1d; Tables S3, S4). Another double 
mutant, the ∆cpe-1; ∆splA2 strain showed growth, hyphal 
branching, and pigmentation similar to those of the wild 
type and individual single mutants (Fig.  1; Tables S1–4). 
Therefore, interactions of plc-1 with splA2 and cpe-1 play 
an important role for normal vegetative growth and conidi-
ation in N. crassa.

Conidial germination was reduced and inappropriate 
conidiation in submerged cultures was observed 
in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 
mutants

The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 
produced shorter aerial hyphae (Fig.  1d), therefore, we 
tested if this phenotype was linked to premature conidiation 
as reported previously (Barba-Ostria et al. 2011). Approxi-
mately,  103 conidia of the mutant and the wild type strains 
were inoculated in VG agar plates and incubated at 30 °C 
in complete darkness, and conidia produced were counted 
after every 12 h till 72 h. We found that ∆plc-1; ∆splA2 and 
∆plc-1; ∆cpe-1 double mutants produced conidia as early 
as 12 h, whereas the ∆cpe-1; ∆splA2 double mutant, indi-
vidual single mutants, and the wild type produced conidia 
only after 48  h post inoculation (Fig.  2a). Interestingly, 
~100% conidia from the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-
1 double mutants were germinated after 60  h post inocu-
lation, whereas, almost all the conidia from the ∆cpe-1; 
∆splA2 double mutant, individual single mutants, and the 
wild type were germinated as early as 24  h post inocula-
tion (Fig. 2b). Delayed conidial germination in the ∆plc-1; 
∆splA2 and ∆plc-1; ∆cpe-1 double mutants were further 
supported by microscopy study. We observed no germi-
nation in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 
mutants after 8 and 12  h post inoculation, but abundant 
germinating conidia with long germ tubes were seen in the 
single mutant and the wild type strain (Fig. S3). In addi-
tion, only ~1–2 germ tubes were seen till 48 h in the ∆plc-
1; ∆splA2 and ∆plc-1; ∆cpe-1double mutants; however, 
conidia with well-developed germ tubes were seen in other 
N. crassa strains (Fig. S3). Therefore, genetic interactions 
between plc-1 and splA2, and also plc-1 and cpe-1 are 
important in the production and germination of N. crassa 
conidia under favorable conditions.

We also studied the role of plc-1, splA2, and cpe-1 genes 
in regulation of conidiation in N. crassa submerged cul-
ture conditions. Abundant conidiophores were observed 
in 16-h-submerged cultures of ∆plc-1; ∆splA2 and ∆plc-
1; ∆cpe-1 double mutants. In contrast, the ∆cpe-1; ∆splA2 
double mutant, individual single mutants, and the wild type 
strain did not produce conidiophores or conidia and main-
tained vegetative non-conidiating hyphae in submerged cul-
tures (Fig. 3a). It was previously shown that the addition of 
rich nutrient peptone suppressed conidiation in submerged 
cultures for the mutants of the cr-1 adenylyl cyclase, gna-1 
and gna-3 Gα subunits, gnb-1 Gβ subunit, and rco-3 glu-
cose transporter (Ivey et al. 2002; Kays et al. 2000; Madi 
et al. 1997; Yang et al. 2002). Interestingly, the addition of 
2% peptone resulted in complete suppression of conidiation 
in the ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 double mutants 
and showed hyphal formation (Fig.  3a). To understand 
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the molecular players of inappropriate conidiation in sub-
merged cultures of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-
1 double mutants, we examined the transcription level of 

the conidiation specific gene, con-10, by qRT-PCR. It was 
shown previously that inappropriate expression of con-10 
correlates with conidiation in submerged cultures (Ivey 

Fig. 1  Morphology and growth of the N. crassa strains. a Colony 
morphology of the strains on VG agar medium in Petri dishes. b 
Colony morphology of the strains on VG agar medium in flasks. For 
colony morphology, the N. crassa strains were incubated for 3 days 
in the dark at 30 °C followed by 4 days under light at room tempera-
ture. c Hyphal morphology of the strains on VG agar medium after a 

12  h incubation at 30 °C was examined under a Trinocular inverted 
microscope (AxioVert A1 FL, Carl Zeiss). Scale bar 20 µm. d Aerial 
hyphae of the strains in VG liquid cultures. Strains were incubated 
in dark at 30 °C for 3 days and under light at room temperature for 
4 days
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Fig. 2  Time-course analysis of conidia production and germina-
tion in the N. crassa strains. a Conidiation in the strains grown on 
VG agar plates and incubated at 30 °C in complete darkness. Conidia 
were harvested and quantified at regular intervals. b Germination of 
conidia. Conidial suspensions of the strains inoculated on VG agar 

plates and incubated at 25 °C. Germination of conidia was observed 
under the microscope at regular interval of indicated times and per-
cent germination was determined. Error bars indicate standard devia-
tions calculated from the data for three independent experiments

Fig. 3  Conidiophore formation and expression of the conidiation 
specific con-10 gene in submerged cultures. a Conidiation in sub-
merged culture conditions. The N. crassa strains were inoculated in 
VG liquid medium at a concentration of ~106 conidia/ml and supple-
mented with or without 2% (w/v) peptone, and incubated in dark at 
30 °C with shaking at 180  rpm for 16 h, and conidiophore develop-
ment was observed under the microscope. Black arrows indicate con-
idiophores. Scale bar 20 µm. b Expression of the con-10 gene. RNA 
was extracted from submerged cultures and conidiation specific con-

10 gene expression was studied by qRT-PCR on three biological rep-
licates of each strain. The relative expression of the con-10 gene was 
normalized with the β-tubulin gene and expression values were com-
pared with that of wild type. Error bars indicate standard deviations 
calculated from the data for three independent experiments (n = 3) 
with P-values <0.05 (asterisk), <0.01 (double asterisk), and <0.001 
(triple asterisk) compared with the wild type strain as measured by 
one-way ANOVA test
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et al. 2002; Kays et al. 2000; Madi et al. 1997; Yang et al. 
2002). We found expression of con-10 in ∆plc-1; ∆splA2 
and ∆plc-1; ∆cpe-1 double mutants cultured for 16 h under 
submerged condition were increased by ~seven and four 
fold, respectively (Fig.  3b). Interestingly, expression of 
con-10 in the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 
mutants was like the wild type on addition of 2% peptone 
in the submerged cultures (Fig. 3b). Therefore, inappropri-
ate expression of the con-10 was correlated with the inap-
propriate conidiation of the ∆plc-1; ∆splA2 and ∆plc-1; 
∆cpe-1 double mutants.

The Δplc-1, ΔsplA2, and Δcpe-1 mutations 
affected carotenoid accumulation and production 
of intracellular reactive oxygen species

Conidial suspensions of the ∆plc-1; ∆splA2 and ∆plc-1; 
∆cpe-1 double mutants appeared light yellow in color as 
compared to dark orange color observed for the individual 
single mutants and the wild type, indicating reduced carot-
enoid accumulation in these two strains (data not shown). 
We, therefore, determined total carotenoid content in 
the wild type, Δplc-1, ΔsplA2, and Δcpe-1 single as well 
as ∆cpe-1; ∆splA2, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 
double mutant strains in both light and dark conditions at 
three different temperatures of 8, 22, and 30 °C (Table 2). 
The Δplc-1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 strains 
showed higher carotenoid accumulation than the wild type 
at 8, 22, and 30 °C (Table 2). In contrast, ∆plc-1; ∆splA2, 
and ∆plc-1; ∆cpe-1 double mutant showed significantly 
lower carotenoid accumulation at all three temperatures 
(Table  2). We performed a time course analysis of carot-
enoid accumulation in the wild type, single, and double 
mutants of Δplc-1, ΔsplA2, and Δcpe-1 at 8, 22, and 30 °C 
under the exposure to white light for 0–12 h. In the Δplc-1, 
ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 mutants, carotenoid 
accumulation at different time points were higher than the 

wild type strain; however, the ∆plc-1; ∆splA2, and ∆plc-1; 
∆cpe-1 double mutants showed a slower carotenoid accu-
mulation than the wild type and individual single mutants 
at different time points (Fig.  4). In addition, the Δplc-1, 
∆splA2, and Δcpe-1 mutants consistently showed higher 
carotenoid accumulation at the 0  h time point, indicating 
higher carotenoid accumulation in these mutants in the 
dark.

We also tested generation of intracellular reactive oxy-
gen species (ROS) in Δplc-1, ΔsplA2, and Δcpe-1 strains 
using the antioxidant N-acetyl-l-cysteine (NAC) that 
reduces high intracellular ROS levels, and N-acetylglycine 
(NAG) that is an analog of NAC but without any antioxi-
dative activity as a control. We found that treatment with 
1 mM of NAC followed by white light illumination for 2 h 
had resulted in lower carotenoid accumulation in the Δplc-
1, ΔsplA2, Δcpe-1, and ∆cpe-1; ∆splA2 mutant strains at all 
three temperatures (Fig. 5). However, carotenoid accumula-
tion in the wild type, ∆plc-1; ∆splA2, and ∆plc-1; ∆cpe-1 
double mutants were similar in both NAC and NAG treat-
ment (Fig. 5). Therefore, these findings suggest that loss of 
plc-1, splA2, and cpe-1 genes causes an overall increase in 
intracellular ROS generation.

The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 
were female sterile

We also evaluated the role of plc-1, splA2, and cpe-1 genes 
in sexual development of N. crassa. We found that crosses 
involving the ∆plc-1, ∆splA2, and ∆cpe-1 single mutants 
were fully fertile either as a male or a female parent with 
the wild type strains of opposite mating type (Fig. S4; 
Table S5). In contrast, crosses involving the ∆plc-1; ∆splA2 
and ∆plc-1; ∆cpe-1 double mutants as the female parent 
with the respective double or parental single mutants and 
wild type strains of opposite mating type as the male par-
ent showed complete absence of perithecia and resulted in 

Table 2  Carotenoid content 
of the N. crassa strains at three 
different temperatures

a Results are shown as mean ± standard deviation for three independent experiments (n = 3) with P val-
ues <0.05 (*), <0.01 (**), and <0.001 (***) compared with the wild type strain as measured by one-way 
ANOVA test

Strains Carotenoids (µg/g dry weight)a

8 °C 22 °C 30 °C

Light Dark Light Dark Light Dark

Wild type 140 ± 13 40 ± 4 90 ± 4 34 ± 2 74 ± 5.4 18 ± 1
Δplc-1 252 ± 8.2 (***) 58 ± 7 188 ± 11(**) 38 ± 3 (**) 152 ± 7.1 (*) 30 ± 2 (*)
ΔsplA2 232 ± 11 (**) 69 ± 7 (*) 163 ± 5.4 (**) 52 ± 6 (*) 157 ± 8 (**) 29 ± 1 (*)
Δcpe-1 240 ± 5.4 (**) 72 ± 12 (*) 177 ± 4.4 (**) 45 ± 4 (*) 178 ± 11.4 (***) 28 ± 3 (***)
Δcpe-1; ΔsplA2 250 ± 13 (**) 56 ± 7 149 ± 9.2 (*) 41.3 ± 3.1 160 ± 13 (**) 30 ± 4
Δplc-1; ΔsplA2 81 ± 13 (*) 31 ± 5 31 ± 3.2 (**) 21 ± 5 (*) 30 ± 6 (*) 16 ± 4
Δplc-1; Δcpe-1 67 ± 16.2 (*) 30 ± 3 (*) 36 ± 2.2 (**) 25 ± 5 40 ± 6.2 14 ± 3
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a sterile phenotype (Fig.  6a; Table  S5). However, crosses 
involving the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 dou-
ble mutant as a male parent produced normal perithecia 
with abundant ascospores and showed a fertile phenotype 
(Fig. 6b; Table S5). In addition, crosses involving the ∆cpe-
1; ∆splA2 double mutant produced normal perithecia, 
either as a male or a female parent and such crosses were 
fully fertile (Fig. S4). The ascospores produced from the 
different crosses had a similar survival percentage like the 
wild type strain (data not shown).

Transcription factor binding elements in the promoter 
region are known to regulate the expression of a gene; 
therefore, we analyzed the promoter region of the plc-1, 
splA2, and cpe-1 by examining ~2  kb of the 5′-flanking 
genomic region of the respective genes. We identified 
putative binding sequences for several transcription regu-
lators, including pheromone response elements, yeast cell 
cycle and metabolic regulator, yeast mating factors, and 
yeast stress response elements (Fig. 7a; Table S6). These 
regulatory sequences could be involved in regulating the 

expression of PLC-1, sPLA2, and CPE-1 during the sex-
ual development of N. crassa. Identification of these tran-
scriptional regulatory sequences in the upstream region 
of plc-1, splA2, and cpe-1 genes prompted us to study the 
transcription levels of pheromone precursor coding genes 
such as clock-controlled gene-4 (ccg-4; Bell-Pederson 
et al. 1996), mating factor a-1 (mfa-1; Kim et al. 2002), 
and the mating pheromone signaling gene female and 
male fertility-1 (fmf-1; Johnson 1979; Iyer et al. 2009) in 
the single and double mutants for plc-1, splA2, and cpe-
1 genes. We found a severe reduction of both ccg-4 and 
mfa-1 expression in ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 
double mutants (Fig.  7b). Moreover, expression of fmf-
1 was also decreased in ∆plc-1; ∆splA2 and ∆plc-1; 
∆cpe-1 double mutants (Fig. 7b). Therefore, these results 
suggested that interaction of plc-1 with splA2 and cpe-
1 might play a role in normal expression of pheromone 
signaling genes important for sexual development in N. 
crassa.

Fig. 4  Time-course analysis of carotenoid accumulation in the N. 
crassa strains. Strains were grown in VG liquid medium supple-
mented with 0.2% tween-80 and incubated initially at 30 °C in dark 
for 48 h and then at three different temperatures of a 8 °C, b 22 °C, 
and c 30 °C with simultaneous exposure to white light for 0, 3, 6, 9, 

and 12 h. Carotenoids accumulated in the mycelia were then extracted 
from the three temperatures at indicated times. Accumulated carot-
enoids are expressed as μg carotenoid per gram of dry weight. Error 
bars indicate standard deviations calculated from the data for three 
independent experiments (n = 3)
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Expression analysis of plc-1, splA2, and cpe-1

We determined the expression of plc-1, splA2, and cpe-
1 genes in the wild type and the mutants by qRT-PCR 

using the RNA extracted from 16-h-conidia from the 
corresponding strains. We found that expression of cpe-
1 was decreased in both ∆plc-1 and ∆splA2 mutants, 

Fig. 5  Effect of antioxidant on carotenoid accumulation of the N. 
crassa strains. Cultures were incubated for 2  h in the presence of 
1  mM N-acetyl-l-cysteine (NAC), and then exposed to white light 
at a 8 °C, b 22 °C, and c 30 °C for an additional 2  h. Carotenoids 
extracted from the indicated N. crassa strains are expressed as μg 

carotenoid per gram of dry weight. N-acetylglycine was used as a 
negative control. Error bars indicate standard deviations calculated 
from the data for three independent experiments (n = 3) with P values 
<0.05 (*), <0.01 (**), and <0.001 (***) compared with the wild type 
strain as measured by one-way ANOVA test

Fig. 6  Fertility assay of the N. crassa strains. Female parent was 
cultured on SCM at room temperature with constant light for 7 days 
and subsequently fertilized with the male parent. a Female fertility 
assay. Perithecia were absent in the SCM cultures of wild type as the 
male parent and either ∆plc-1; ∆splA2 or ∆plc-1; ∆cpe-1 strains as 

the female parent. b Male fertility assay. Black enlarged perithecia 
with matured ascospores were seen in SCM cultures of either ∆plc-1; 
∆splA2 or ∆plc-1; ∆cpe-1 as a male parent and wild type as a female 
parent. Crosses involving wild type as both male and female parents 
were fertile. Scale bar 20 µm
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while plc-1 expression was decreased only in the ∆cpe-1 
mutant (Fig. S5). Similarly, expression of splA2 gene was 
only moderately changed in ∆plc-1 and ∆cpe-1 mutants 
(Fig. S5). Therefore, this result suggested a possible tran-
scriptional control feedback between plc-1 and cpe-1, and 
regulation of cpe-1 transcription by splA2.

Discussion

The  Ca2+ signaling genes plc-1, splA2, and cpe-1 play 
an important role in the regulation of  [Ca2+]c, carotenoid 
accumulation, survival under stress conditions, and acquisi-
tion of thermotolerance in N. crassa (Barman and Tamuli 
2015). In this study, we generated and analyzed the dou-
ble mutants of the  Ca2+ signaling genes plc-1, splA2, and 
cpe-1 to understand the cell functions regulated by their 
genetic interactions. The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-
1 double mutants synthetically showed numerous pheno-
typic alterations such as growth defect, reduced biomass 
accumulation, failure to form aggregates in liquid growth 
conditions, reduced aerial hyphae, premature conidiation 
with reduced germination efficiency, inappropriate conidi-
ation in submerged culture, reduced carotenoid accumula-
tion, and female sterility. However, another double mutant 
∆cpe-1; ∆splA2 and all the parental single mutants showed 
phenotypes like the wild type strain.

The plc-1 gene was shown to play a role in normal 
colony growth, hyphal shape, tip growth, and branching 
in N. crassa using a plc-1 mutant (RIP plc-1) generated 
by repeat-induce point mutation (RIP; Selker and Garrett 
1988; Gavric et al. 2007). However, in contrast to the RIP 
plc-1 mutant, the colony and hyphal growth of the ∆plc-1 
mutant were similar to those of the wild type strain (Lew 
et al. 2015). Therefore, an alternative mechanism or func-
tional redundancy could compensate for the loss of the plc-
1 gene in the ∆plc-1 knockout mutant, but not in the RIP 
plc-1 mutant expressing a dysfunctional gene product (Lew 
et al. 2015). The existence of the alternative or redundant 
mechanism is also supported by our findings that the ∆plc-
1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants constantly 
showed a synthetic defect in morphology, growth, hyphal 
development, conidiation, and female fertility (Figs.  1, 
2, 3, 6). The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 
mutants also showed reduced accumulation of mycelial 
mass (Table S2) and failed to produce mycelial aggregates 
in shaking liquid cultures (data not shown), suggesting a 
defect in hyphal fusion and hyphal network formation in 
the double mutants.

The ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 
showed conidiation as early as 12 h under growth-repress-
ing conditions in glucose-rich medium and complete dark-
ness (Fig.  2), and formed conidiophores even under non-
sporulating conditions in submerged cultures (Fig.  3). In 
previous studies, formation of shorter aerial hyphae was 
found to be linked to premature and constitutive or non-
repressing conidiation as seen in a putative histidine kinase 
development and carotenogenesis control-1 (dcc-1), and a 
non-repressing conidiation protein nonrepressible conidi-
ation gene-1 (nrc-1) mutant, respectively (Kothe and Free 
1998; Barba-Ostria et al. 2011). We found that both ∆plc-1; 

Fig. 7  Regulatory factors for transcription and mating pheromone 
signaling gene expression in SCM liquid cultures of the N. crassa 
strains. a Promoter sequences ~2  kb upstream of transcription start 
site of the plc-1, splA2, and cpe-1 genes were predicted and analyzed 
using the Mat Inspector program (Quandt et  al. 1995). Regulatory 
factors identified for each gene are listed in the Table S6 with their 
respective roles. Arrows indicate the transcription start site at +1 in 
the 5′ UTR (filled in black), and the ORFs filled in grey indicate the 
3′ UTR. Symbols that depict different regulatory elements are: open 
hexagon Aspergillus/Neurospora nitrogen regulator, closed hexa-
gon pheromone response element, closed triangles cAMP-element 
responsive binding proteins, open triangles yeast cell cycle and 
metabolic regulator, open circles carbon source responsive element, 
closed diamonds yeast heat shock factors, closed pentagon fungal 
basic leucine zipper family, open trapezoid yeast mating factor, open 
diamonds fungal GATA binding factors and closed trapezoid yeast 
stress response elements. b expression analysis of the ccg-4, mfa-1, 
and fmf-1 genes. RNA was extracted from SCM liquid cultures and 
the expression of mating pheromone precursors were studied by qRT-
PCR on three biological replicates for each of the N. crassa strain 
indicated. The relative expression of each gene was normalized to the 
expression of β-tubulin gene and expression values were compared 
with that of wild type. Error bars indicate standard deviations cal-
culated from the data for three independent experiments (n = 3) with 
P values <0.05 (*), <0.01 (**) and <0.001 (***) compared with the 
wild type strain as measured by one-way ANOVA test
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∆splA2 and ∆plc-1; ∆cpe-1 double mutants enter the asex-
ual developmental program earlier than either the wild 
type or parental single mutants. However, early conidia-
tion in ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants 
might not have produced fully developed conidia leading to 
delayed germination. In addition, conidiation in submerged 
cultures of the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 
mutants were correlated with the expression of conidiation 
specific gene, con-10 (Fig. 3). The con-10 gene was shown 
to express during conidiation in N. crassa (Roberts et  al. 
1988). These results further support the idea of a possible 
genetic interaction between plc-1 and splA2, and plc-1 and 
cpe-1, and indicate a role of these  Ca2+-signaling genes in 
normal conidiation.

Cultures of N. crassa produce characteristic orange pig-
mentation mainly due to the accumulation of the apoca-
rotenoid neurosporoxanthin and variable amounts of its 
precursor carotenoids in the mycelia and asexual spores or 
conidia that are produced by the illuminated airborne myce-
lia (Zalokar 1954; Li and Schmidhauser 1995; Lauter et al. 
1997; Estrada et al. 2008; Díaz-Sánchez et al. 2011; Avalos 
and Corrochano 2013; Barman and Tamuli 2015). Carot-
enoid biosynthesis in N. crassa is affected by both light 
and temperature, illumination at low temperature causes an 
increase in neurosporoxanthin accumulation, whereas illu-
mination at normal temperature results in the accumulation 
of its carotenoid precursors (Harding et al. 1969; Harding 
1974; Estrada et  al. 2008; Díaz-Sánchez et  al. 2011; Bar-
man and Tamuli 2015). We found lower carotenoid accu-
mulation after a 24  h illumination in cultures of ∆plc-1; 
∆splA2 and ∆plc-1; ∆cpe-1 double mutants at three dif-
ferent temperatures of 8, 22, and 30 °C due to a slower 
carotenoid accumulation at different time points and this 
could explain their reduced mycelial pigmentation (Fig. 4; 
Table  2). In contrast, in a time course analysis, the ∆plc-
1, ∆splA2, ∆cpe-1, and ∆cpe-1; ∆splA2 mutants showed 
an increased level of carotenoid accumulation after a 24 h 
illumination as compared to wild type (Fig. 4). Enhanced 
carotenoid accumulation was also observed in the cata-
lase-3 deficient mutant, cat-3, and a Cu, Zn-superoxide 
dismutase mutant, sod-1 (Michán et al. 2003; Yoshida and 
Hasunuma 2004). Increased carotenoid accumulation in 
the sod-1 mutant was related to intracellular generation of 
ROS (Yoshida and Hasunuma 2004). ROS has also been 
reported to regulate carotenoid synthesis in other organ-
isms, including Phaffia rhodozyma, where carotenoid syn-
thesis was induced by singlet oxygen, and Fusarium aquae-
ductuum, where increased carotenoid accumulation in the 
mycelia was observed upon treatment with redox dyes 
under red light (Sundquist et al. 1994; Schroeder and John-
son 1995). Therefore, increased carotenoid accumulation in 
the ∆plc-1, ∆splA2, ∆cpe-1, and ∆cpe-1; ∆splA2 mutants 
could be due to an increased intracellular concentration of 

ROS as revealed by the reduction of carotenoid accumula-
tion by the antioxidant NAC (Fig. 5).

N. crassa cultures when grown in low levels of nitrogen, 
light, and low temperatures enter the sexual phase of its life 
cycle and form multicellular female reproductive structures 
termed as protoperithecia (Perkins and Barry 1977; Nelson 
and Metzenberg 1992; Nelson 1996; Coppin et  al. 1997). 
Specialized hyphae called trichogynes originate from the 
protoperithecia and undergo chemotropic growth towards a 
fertilizing cell of opposite mating type, and after fertiliza-
tion, protoperithecia develop into perithecia enclosing mul-
tiple asci, each containing eight ordered ascospores (Raju 
1992; Kim and Borkovich 2006). A few sexual develop-
ment and pheromone related genes play an important role 
in the sexual development process in N. crassa. The chem-
otropic attraction of trichogyne towards a male cell is regu-
lated by the G-protein-coupled receptors (GPCRs) PRE-1 
and PRE-2 that recognize and bind to their respective pher-
omones MFA-1 and CCG-4, respectively (Bobrowicz et al. 
2002; Kim et  al. 2002, 2012; Kim and Borkovich 2004, 
2006; Deka et al. 2016). PRE-1 and PRE-2 are homologous 
to the pheromone receptors Ste3p and Ste2p, and MFA-1 
and CCG-4 are homologous to the pheromone precursor a- 
and α-mating factors of Saccharomyces cerevisiae, respec-
tively (Pöggeler and Kück 2001; Bobrowicz et  al. 2002; 
Kim et  al. 2002; Kim and Borkovich 2006; Deka et  al. 
2016). Another pheromone related gene fmf-1, that encodes 
the female and male fertility gene in N. crassa, is a homo-
logue of Schizosaccharomyces pombe transcription factor 
ste11. Both fmf-1 and ste11 play role in pheromone signal-
ing for mating in N. crassa and S. pombe, respectively (Qin 
et al. 2003; Iyer et al. 2009). To understand the molecular 
basis of female sterility of the ∆plc-1; ∆splA2 and ∆plc-1; 
∆cpe-1 double mutants, we determined the expression of 
the pheromone related genes ccg-4, mfa-1, and fmf-1 con-
sidering an incubation period of 18–20 h to avoid conidi-
ation induced by starvation in liquid cultures for nitrogen 
or glucose limitation in N. crassa (Müller and Russo 1989; 
Bobrowicz et  al. 2002). We found reduced expression of 
ccg-4, mfa-1, and fmf-1 in SCM liquid cultures of the ∆plc-
1; ∆splA2 and ∆plc-1; ∆cpe-1 double mutants, and this was 
consistent with the female sterility phenotype in these two 
double mutants (Fig. 6; Table S5). In addition, in the pro-
moter regions of the plc-1, splA2, and cpe-1 genes, regu-
latory sequences for relevant transcription factors, includ-
ing the pheromone response elements, yeast cell cycle and 
metabolic regulator, yeast mating factors and yeast stress 
response elements are found, which further support for 
the requirement of these genes during sexual development 
(Fig. 7; Table S6).

Thus, the ∆plc-1; ∆splA2 and ∆plc-1; ∆cpe-1 double 
mutants displayed several defects in vegetative and sexual 
phases in N. crassa. Therefore, effect of the ∆plc-1; ∆splA2 
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and ∆plc-1; ∆cpe-1 double mutants in vegetative growth 
and sexual development in N. crassa consistently suggested 
pleiotropic nature of these double mutants. Genetic interac-
tions of the plc-1, splA2, and cpe-1 genes might be involved 
in modulating cellular pathways controlled by  Ca2+ sign-
aling machinery in N. crassa. The PLC-1 catalyses the 
hydrolysis of  PIP2 to  IP3 and DAG that induces release 
of  Ca2+ from intracellular stores and activation of PKC, 
respectively (Rhee and Bae 1997). The  sPLA2 is a secre-
tory enzyme that hydrolyzes the sn-2 ester linkage of glyc-
erophospholipids in a  Ca2+ dependent manner and regulates 
a range of biological functions (Ghannoum 2000; Dennis 
et al. 2011; Cavazzini et al. 2013). In N. crassa, two  sPLA2 
proteins encoded by the NCU06650 and NCU09423 genes 
were characterized (Takayanagi et  al. 2015). We found 
that these two  sPLA2 proteins show 37% identity (e-value 
1e-38) in a BLAST analysis (https://blast.ncbi.nlm.nih.gov/
Blast.cgi; Altschul et al. 1990). Moreover, the NCU06650, 
but not the NCU09423, encoded protein contains a puta-
tive calmodulin (CaM) binding site with the amino acid 
sequence TCHALANVYYAAVREFGRTKGELQ (http://
calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence.html; Yap 
et al. 2000), and the NCU06650 encoded protein was clas-
sified as a member of the  Ca2+ and/or CaM binding proteins 
(Borkovich et  al. 2004). In addition, a low-affinity  Ca2+/
H+ exchanger is activated in the presence of high  [Ca2+]c 
(also designated as  [Ca2+]i), requires a  H+ or pH gradient 
maintained by a  H+-transporting ATPase and a functional 
synaptic vesicular protein synaptotagmin-1 (SYT-1) that 
contains two C2 domains for  Ca2+-binding, for buffering 
the  [Ca2+]c level in the rat pheochromocytoma PC12 cells 
(Cordeiro et  al. 2013). Taken together, our findings sug-
gest that the  Ca2+ release from intracellular stores, which 
is induced by  IP3 generated by the PLC-1, and/or activated 
PKC might be necessary for the  sPLA2 mediated signaling 
for normal growth and development in N. crassa. In addi-
tion, under the conditions inducing sexual development, 
release of  Ca2+ mediated by the PLC-1 and the  [Ca2+]c 
buffering activity of the CPE-1  Ca2+/H+ exchanger might 
be important in the regulation of the pheromone signal-
ing genes necessary for fertility. Our current understand-
ings on the functions of the  sPLA2 proteins have mainly 
come from the mammalian enzymes, however, knowledge 
about their fungal counterparts has remained very limited. 
Therefore, a detailed insight into the functions of the N. 
crassa  sPLA2 encoded by the NCU06650 would be help-
ful to understand the functions of this largely uncharacter-
ized group in fungi. Similarly, knowledge about the func-
tions of the CPE-1  Ca2+/H+ exchanger would be helpful 
to understand the biological role of this unique exchanger. 
Interestingly, the CPE-1  Ca2+/H+ exchanger encoded by 
the NCU06366 was found significantly different from all 
the  Ca2+-transporters identified in N. crassa, Magnaporthe 

grisea, and S. cerevisiae in a phylogenetic analysis (Zelter 
et al. 2004). This study revealed that the plc-1, splA2, and 
cpe-1 genes synthetically play an important role in both 
vegetative and sexual development in N. crassa that could 
provide deeper insight into the future understanding of how 
filamentous fungi are able to respond and adapt to diverse 
environments.
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