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Abstract 

 

Calcium is a highly versatile intracellular signal molecule that can regulate numerous 

different cellular functions. In filamentous fungi there is evidence for it being 

involved in regulating various processes, including spore germination, hyphal tip 

growth, hyphal branching and conidiation. During colony initiation in the 

filamentous fungus Neurospora crassa, conidia form germ tubes which are involved 

in colony establishment, and conidial anastomosis tubes (CATs) which are involved 

in generating fused networks of conidial germlings. The primary research aim of this 

thesis was to analyze the role of Ca
2+

-signalling and homeostasis during colony 

initiation in N. crassa. 

 

Removal of Ca
2+

 from the growth medium showed that external Ca
2+

 was necessary 

for CAT fusion and, more specifically, was required for CAT chemoattraction. Two 

L-type Ca
2+

 channel blockers (verapamil and diltiazem) with different modes of 

action were found to inhibit both conidial germination and CAT fusion in wild type 

strains and CAT fusion was shown to be more sensitive to these two drugs. These 

channel blockers were additionally found to inhibit Ca
2+

 uptake by conidial 

germlings of the wild type expressing the aequorin Ca
2+

 reporter. However, the 

channel blockers also, unexpectedly, raised the cytosolic free Ca
2+

 ([Ca
2+

]c) resting 

level in these germlings suggesting that they did not just inhibit L-type Ca
2+

 activity.  

 

The morphological phenotypes (conidial germination, hyphal extension rate, 

conidiation and hyphal branching) of 22 mutants defective in different components 

of their Ca
2+

-signalling and homeostasis machinery were characterized in order to 

identify their possible roles of Ca
2+

 during colony initiation and development. The 

!cch-1 mutant lacking the CCH-1 L-type Ca
2+

 channel gene exhibited a reduction in 

CAT fusion. CAT fusion was decreased even further in a double mutant 
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(!cch-1!mid-1) suggesting that that the CCH-1 and MID-1 proteins operate in 

combination during this process. Increased extracellular Ca
2+

 partially restored the 

phenotypes of the !cch-1, !mid-1 smco-1 and !cch-1!mid-1 mutants which is 

consistent with CCH-1 and MID-1 being involved in Ca
2+

 uptake from the external 

medium.! !

 

Calcium signatures following mechanical perturbation were successfully measured in 

populations of conidial germlings using aequorin expressed in the wild type and in 

deletion mutants (!cch-1, !yvc-1, !fig-1) lacking different Ca
2+

 channels. The 

removal of external Ca
2+

 completely abolished the [Ca
2+

]c increase in response to 

mechanical perturbation and CCH-1 was found to partly contribute to this increase in 

[Ca
2+

]c. Various Ca
2+

-sensitive dyes (Oregon green 488, Fluo-4 and Calcium 

Green-1) were also tested to determine if they can be used to image [Ca
2+

]c at the 

single cell and subcellular levels. Only Fluo-4 allowed the measurement of [Ca
2+

]c in 

individual cells but the changes in dye fluorescence in response to changes in [Ca
2+

]c 

were too small to be useful for imaging [Ca
2+

]c dynamics at the subcellular level. The 

other two dyes underwent rapid compartmentalization in organelles when loaded into 

germlings. 

 

The plant antifungal proteins (defensins), MsDef1, MtDef4 and PAF were all found 

to disrupt Ca
2+

 signaling/homeostasis in conidial germlings of N. crassa. They all 

inhibited the [Ca
2+

]c increase and raised the resting level of [Ca
2+

]c in response to 

mechanical perturbation. Analysis of an aequorin expressing mutant that was 

defective in glucosylceramide synthase (!gcs) showed that the effects of MsDef1 

(but not MtDef4) on [Ca
2+

]c were mediated by the sphingolipid glucosylceramide. 

All of the defensins tested were found to exhibit different potencies with regard to 

their inhibitory effects on conidial germination and CAT fusion.  
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Chapter 1 

Introduction 

 

1.1 Neurospora crassa as an experimental 

system 

Neurospora crassa has been extensively used as a filamentous fungal model for 

over the last 70 years. It has several attributes that make it very popular as an 

experimental system. Major benefits of N. crassa are its rapid growth (hyphal 

extension rates can be < 1 cm h
-1

) and large hyphae (! 15 µm wide) when cultured 

on defined media. It spends most of its life cycle in the haploid state and thus 

recessive mutated alleles are not masked by dominant alleles on homologous 

chromosomes (Davis & Perkins, 2002). Furthermore, duplicate DNA sequences in 

the genome of N. crassa are naturally detected by the fungus and mutated by a 

process termed RIP (repeat-induced point mutation). This has contributed to the 

very low levels of gene redundancy in N. crassa (Cambareri et al, 1991). In 2003 N. 

crassa became the first filamentous fungus to have its genome sequenced. It has 7 

chromosomes, the genome size is ~ 43 Mbp in size, and the genome is predicted to 

encode ~ 10,000 proteins (Galagan et al., 2003; Borkovich et al., 2004).  

 

In contrast to Saccharomyces cerevisiae, the low rate of homologous recombination 

(typically < 10%) and high levels of non homologous ectopic insertions exhibited by 

the wild type initially hindered development of high-throughput gene knockout 

procedures in N. crassa. A method to increase the speed of deletion cassette creation 

has been developed in this fungus (Colot et al., 2006). By using "mus51 and 

"mus52, in which non- homologous end joining DNA repair was virtually 

eliminated (Ninomiya et al., 2004), every gene in N. crassa is being easily knocked 

out (Dunlap et al., 2007). 
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In addition to the experimental benefits of N. crassa, the Fungal Genetics Stock 

Center (FGSC http://www.fgsc.net) maintains a very large and wide range of strains, 

resources and information that are easily shared with those studying N. crassa. One 

of the most important functions of the FGSC is to distribute strains, plasmids and 

other materials made by the Neurospora Genome project 

(http://www.dartmouth.edu/~neurosporagenome/) (Dunlap et al., 2007). Although N. 

crassa is nonpathogenic, it is phylogenetically very closely allied with and 

genetically similar to several important plant pathogens including Cochliobolus 

carbonum, Fusarium spp., Septoria spp. and Magnaporthe grisea. 

 

1.1.1 Developmental pathways during conidial 

germination in N. crassa 

Neurospora crassa can reproduce either sexually or asexually and elaborates at least 

28 morphologically distinct cell types (Bistis et al., 2003) that contribute to the  

beautifully complex life cycle shown in Figure 1.1.  
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Figure 1.1 The life cycle of N. crassa showing many of the cell types which 
are formed in the sexual and asexual cycles. From 
(http://www.fgsc.net/neurospora/sectionb2.htm). 
 

In the asexual part of this cycle, hyphae that collectively form the mycelium result 

from germination and growth from a haploid asexual spore (conidium) and constitute 

a colony. Conidia are formed from specialized conidiophores and include the 

multinucleate macroconidia (5-10 µM in width) and uninucleate microconidia (2-3 

µM in width). Two developmental pathways that can be undergone during conidial 

(macroconidial) germination have been described: conidial germ tubes and conidial 

anastomosis tubes (CATs). Conidial germ tubes are involved in colony establishment 

(Araujo-Palomares et al., 2007) and CATs fuse to produce networks of conidial 

germlings (Roca et al., 2005a; Read et al., 2009, 2010).  

 

1.1.1.1 Conidial germ tubes 

Survival and dispersal of fungi are mainly achieved through the production of spores. 

The first step in colony establishment is the emergence of a germ tube which is an 

essential developmental stage in the life cycle of all filamentous fungi.  Three 
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important steps can be distinguished during germ tube formation: activation of the 

resting spore, isotropic growth, and polarized growth that form a germ tube from 

which the new mycelium originates (d’Enfert, 1997): 

• Activation. Environmental factors are required to trigger spore germination, 

such as water, oxygen, and carbon dioxide (Carlile and Watkinson, 1994; 

Griffin, 1994).  

• Isotropic growth. During conidial germination, the first morphological 

change that can be observed is isotropic growth, also referred to as ‘swelling’, 

which involves water uptake and wall growth (Griffin, 1994). Due to the 

resumption of numerous metabolic activities including respiration and RNA 

and protein synthesis, the diameter of the cell can enlarge up to several times 

that of the resting spore (van Etten et al., 1983), depending on the species. 

However, N. crassa exhibits relatively little isotropic growth of its conidia 

compared with Aspergillus spp. 

• Polarized growth. Wall deposition becomes polarized at some stage during 

germ tube formation, resulting in a transition from isotropic growth to 

polarized growth and in the formation of a germ tube. Afterwards, the germ 

tube will differentiate into elongating and branching vegetative hyphae. 

Although spore germination is very important as a developmental stage during the 

life cycle of fungi, the precise mechanisms that control the activation of the resting 

conidia, isotropic growth, and the transition to polarized growth remain little 

understood. 

 

1.1.1.2 Conidial anastomosis tubes 

Hyphal fusion (anastomosis) occurs commonly at 3 stages during the life cycle of 

filamentous fungi: (i) colony initiation, (ii) mature colony development, and (iii) 

sexual development (Read et al., 2010). During the early stages of colony formation, 

fusion occurs between conidia or conidial germlings and this process is mediated by 

conidial anastomosis tubes (CATs) (Roca et al., 2005a,b; Read et al., 2009, 2010). 

CATs are specialized hyphae or cell protrusions which are morphologically and 

physiologically distinct from germ tubes and under different genetic control (Roca et 

al., 2005a): 
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• CATs are usually thinner and shorter than germ tubes and exhibit determinate 

growth (Araujo-Palomares et al., 2007).  

• CATs are unbranched, while germ tubes undergo branching (Roca et al., 

2005b; Araujo-Palomares et al., 2007). 

• CATs can arise directly from conidia, from germ tube tips or as subapical 

branches of germ tubes (Roca et al., 2005a,b). 

• CATs induction is dependent on conidial density while germ tube formation 

in N. crassa is not. The optimum conidial density for CATs induction is 5 x 

10
6
 to 10

6
 conidia ml

-1
 (Roca et al., 2005b). 

• CATs home towards each other while germ tubes tend to avoid each other 

(Roca et al., 2005a). 

• CATs are genetically different from germ tubes. A growing number of 

mutants have been observed that are blocked in CAT fusion but undergo 

conidial germination and germ tube formation normally (Read et al., 2009, 

2010). 

• CATs function in interconnecting conidial germlings and are believed to 

allow the young colony to act as a cooperative individual. On the other hand, 

germ tubes function in colony establishment (Read et al., 2009, 2010). 

Figure 1.2 CAT fusion between conidia and conidial germlings in N. 
crassa imaged by low-temperature scanning electron microscopy. (A) 
Conidial germlings interconnected by CATs (arrows). CATs are formed 
directly from conidia but also some form from germ tubes (asterisk). Bar = 

10 µm. (B, C) CATs (arrows) emerging directly from conidia and homing 

towards each other.  Bar = 5 µm. (Reproduced from Roca et al., 2005a). 
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The CAT system of Neurospora crassa is the main model for studying the 

mechanistic basis of hyphal self-fusion and ~ 40 mutants compromised at different 

stages of CAT fusion have been characterized (Read et al., 2012). CAT fusion has 

been shown to require F-actin but not microtubules (Roca et al., 2010), and the 

polarisome protein complex plays an important role in cell polarity regulation during 

different stages of the process (Lichius et al., 2012). Self-signalling, in which 

genetically identical CATs recognize each other as different, involves what has been 

coined the ‘ping-pong mechanism’ (Read et al., 2009). This entails two CATs 

repeatedly switching their physiological states by the oscillatory recruitment of the 

proteins MAK-2 and SO to CAT tips as they grow chemotropically towards each 

other (Fleissner et al., 2009; Goryachev et al., 2012; Read et al., 2009, 2012). Once 

CATs make contact they adhere and the intervening cell wall is remodeled and 

degraded. This is followed by the merging of the two CAT plasma membranes and 

the formation of a fusion pore that results in cytoplasmic continuity being achieved 

between the fused CATs (Read et al., 2009, 2012). 
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Figure 1.3 Summary of the continuum of developmental stages involved in 
CAT fusion and the signaling networks and proteins involved (From Read et 
al., 2012). Note CATs can either arise from the conidia directly or from germ 
tubes (not shown here) (Read et al., 2005a; Read et al., 2009). The three 
major phases of CAT-mediated cell-cell fusion are CAT induction, CAT 
chemotropism and CAT fusion. (a) Ungerminated macroconidia contain on 
average 3-6 nuclei (red circles), and initially grow exclusively by isotropic 
expansion. (b) Cell polarization leads to the outgrowth of a germ tube (GT) 
and conidial anastomosis tubes (CATs). (c) Genetically identical cells 
communicate by releasing an unknown chemoattractant from their tips which 
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is perceived by opposing CAT tips (arrowheads). (d) Orientation of CATs 
along this chemoattractant gradient results in them growing towards each 
other to establish cell-cell contact. (e) Upon contact, tip growth arrests and 
CATs adhere to each other, and this most likely involves adhesive secretion 
and the remodeling of the cell wall around the contact site in order to prevent 
leakage during subsequent pore formation. (f) Fusion pore formation 
(arrowhead) includes localized cell wall degradation and remodeling and the 
merging of plasma membranes. (g) Upon establishment of cytoplasmic 
continuity, organelles including nuclei, become mixed between fused 
germlings. The cell cycle is arrested during CAT chemotropism, and actin, 
but not microtubules, are required for CAT fusion to occur (Roca et al., 2010).  
 
 
1.2 Eukaryotic signal transduction 

All living cells use a network of signal transduction pathways to conduct 

developmental programs, obtain nutrients, control their metabolism, and cope with 

their environment (Sanders et al., 1999). The signalling networks that have evolved 

to generate the appropriate varied cellular responses, are usually composed of 

elements that include a network of receptors, non-protein messengers, enzymes and 

transcription factors. Receptors are normally highly specific for the physiological 

stimulus, and likewise enzymes and transcription factors tend toward specificity 

(Sanders et al., 2002). By contrast, non-protein messengers are relatively few, and 

include cyclic nucleotides (Newton et al., 1999), hydrogen ions (Guern et al., 1991), 

active oxygen species (Van Breusegem et al., 2001), lipids (Ng and Hetherington, 

2001; Nurnberger and Scheel, 2001; Munne-Bosch and Alegre, 2002), and Ca
2+ 

(Sanders et al., 2002). 

 

1.2.1 Ca2+ functions as a ubiquitous 

intracellular mediator 

Calcium is a highly versatile intracellular signal that can regulate numerous different 

cellular functions, such as fertilization, proliferation, development, learning and 

memory, contraction and secretion in mammalian cells (Berridge et al., 2000; 

Carafoli et al., 2001). In plants, Ca
2+

 signalling is involved in mediating a broad 

variety of environmental, developmental and growth stimuli in a wide range of 
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tissues and cell types (Sanders et al., 2002; Scrase-Field and Knight, 2003; Ng and 

McAinsh, 2003). In fungi, Ca
2+

 signalling is involved in such diverse processes as 

yeast bud formation (Davis, 1995), hyphal elongation (Jackson and Heath, 1993) and 

cAMP regulation (Iida et al., 1990). 

 

The ability of a simple ion such as Ca
2+

 to play many important roles in cell biology 

results from the facility that cells have to ‘shape’ Ca
2+

 signals in the dimensions of 

space, time and amplitude (Bootman et al., 2001). Sub-micromolar elevations in 

cytosolic free Ca
2+

 ([Ca
2+

]c) concentrations can take the form of single Ca
2+

 transient, 

oscillations or repeated spikes which are typically stimulus-specific. These Ca
2+

 

signals can thus each have a ‘calcium signature’ which has specific temporal and 

spatial characteristics (Scrase-Field and Knight, 2003). Cells employ a Ca
2+

 

signalling toolkit with many components that can be mixed and matched to create the 

variety of observed Ca
2+

 signals. Exceeding its normal spatial and temporal 

boundaries can result in cell death through both necrosis and apoptosis (Berridge et 

al., 2000). In contrast, there is some evidence supporting a counter-hypothesis in 

which Ca
2+

 does not itself encode specificity but merely acts as a ‘switch’ to activate 

Ca
2+

-sensitive signal-transduction components (Scrase-Field and Knight, 2003). 

 

1.2.2 The Ca2+-signalling toolkit  

The Ca
2+

-signalling network is comprised of 4 functional units (Figure 1.4) 

(Berridge et al., 2000): 

• Signalling is triggered by a stimulus that generates numerous Ca
2+

-mobilizing 

signals. 

• The latter activate the ON mechanisms that feed Ca
2+

 into the cytoplasm. 

• Ca
2+

 functions as a messenger to stimulate a broad range of Ca
2+

-dependent 

processes. 

• The OFF mechanisms composed of pumps and exchangers remove Ca
2+

 from 

the cytoplasm to restore the normally low Ca
2+

 resting level. 
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Figure 1.4 Calcium-signalling dynamics and homeostasis in mammalian cell 
(Berridge et al., 2003). Abbreviations: PMCA, the plasma-membrane Ca2+-
ATPase; SERCA, sarco(endo)plasmic teticulum Ca2+-ATPase; NCX, the 
Na+/Ca2+ exchanger; Ins(1,4,5)P3R, inositol-1,4,5-trisphosphate receptor; 
RYR, ryanodine receptor. 
 

The Ca
2+

 ON mechanism includes channels located at the plasma membrane (PM) 

which regulate the Ca
2+

 influx from the extracellular space, and channels on the 

endoplasmic reticulum (ER) and sarcoplasmic reticulum (SR). The OFF mechanism 

is employed to remove Ca
2+

 from the cytoplasm and includes Ca
2+

 ATPases on the 

PM and endomembranes, in addition to Ca
2+

 antiporters that utilize gradients of other 

ions to provide the energy to transport Ca
2+

 out of the cytoplasm (Berridge et al., 

2000; Bootman et al., 2001). Ca
2+

 uptake into mitochondria is mediated by the 

mitochondrial Ca
2+

-uniporter (MCU), a Ca
2+

-selective channel at the inner 

mitochondrial membrane that allows Ca
2+

 to be taken up into mitochondria down the 

electrochemical gradient without direct coupling to ATP hydrolysis and other ion 

exchange (Montero et al., 2000; Kirichok et al., 2004). Some of the OFF mechanisms 
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can also contribute to cytosolic free Ca
2+

 ([Ca
2+

]c) increases (Lipp P and Niggli E, 

1994). 

 

1.2.2.1 Ca
2+

 entry mechanisms 

Different types of Ca
2+

 influx channels are employed in mammalian cells. They can 

be grouped on the basis of their activation mechanisms (Berridge et al., 2000). 

Voltage-operated Ca
2+

 channels (VOCCs), which can be activated by depolarisation 

of the PM, are used largely by excitable cell types. Receptor-operated Ca
2+

 channels 

(ROCCs) comprise a range of structurally and functionally diverse channels that are 

mainly prevalent in secretory cells and at nerve terminals. ROCCs are activated by 

the binding of an agonist to the extracellular domain of the channel. Mechanically 

activated Ca
2+

 channels respond to cell deformation and are present in many cell 

types. They transport into the cell information concerning the stress/shape changes 

that a cell is experiencing. Store-operated Ca
2+

 channels (SOCCs) are activated in 

response to depletion of a intracellular Ca
2+

 store (Bootman et al., 2000).  The Ca
2+

-

Release-Activated Ca
2+

 channel (CRAC) is found in blood cells and is highly Ca
2+

-

selective. Transient receptor potential (TRP) channels are non-specific cation 

channels and include three groups: TRPC, TRPV and TRPM channels. TRPC 

channels respond indirectly to hormones and transmitters activation and via second 

messengers such as diacylglycerol (DAG). TRPV and TRPM channels are 

responsive to numerous sensory stimuli such as temperature and osmolarity either 

directly or indirectly (Nowycky and Thomas, 2002; Gackiere et al., 2006). 

 

In contrast, in plants, Ca
2+

 influx channels are typically non-selective permeable 

cation channels (Schroeder and Hagiware, 1990; Pei et al., 2000; Very and Davies, 

2000). The three main groups of plant Ca
2+

-permeable channel in the plant PM are 

mechanosensitive Ca
2+

 channels (MCCs), the depolarization-activated Ca
2+

 channels 

(DACCs) and the hyperpolarization-activated Ca
2+

 channels (HACCs) (Sanders et al., 

2002; Hetherington and Brownlee, 2004; Demidchik and Maathuis, 2007). At the 

molecular level, it has recently been shown in tobacco and Arabidopsis that 

glutamate receptor-like channels (GLRs) facilitate Ca
2+

 influx across the plasma 
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membrane, modulate the apical [Ca
2+

]c gradient in pollen tubes, and consequently 

affect pollen tube growth and morphogenesis (Michard et al., 2011). 

 

1.2.2.2 Ca
2+

 release from internal stores 

The other principal source of Ca
2+

 for signalling is Ca
2+

 release from intracellular 

stores (Figure 1.5) which is mediated primarily by inositol-1,4,5-trisphosphate 

receptors (InsP3Rs) or ryanodine receptors (RYRs) that are located in the ER/SR in 

mammalian cells. These two receptors are also Ca
2+

 channels and are sensitive to 

Ca
2+

 itself. In addition to Ca
2+,

 they are also regulated by many different factors that 

operate on both the luminal and cytosolic surfaces of the channels (Berridge et al., 

2003). These include inositol-1,4,5-trisphosphate (InsP3), cyclic ADP-ribose 

(cADPR), nicotinic acid adenine dinucleotide phosphate (NAADP) and 

sphingolipids. 

 

Figure 1.5 Ca2+-mobilizing messengers and modulators (Berridge et al., 
2003). Abbreviations: Ins(1,4,5)P3R, inositol-1,4,5-trisphosphate receptor; 

RYR, ryanodine receptor; PLC#, $, %, & and ', different isoforms of 
phospholipase C; cADPR, nucleotides cyclic ADP ribose; NAADP, nicotinic 
acid adenine dinucleotide phosphate; SERCA, sarco(endo)plasmic reticulum 
Ca2+-ATPase; PtdIns(4,5)P2, phosphatidylinositol-4,5-bisphophate. 
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InsP3 and cADPR can cause the release of Ca
2+

 from ER/SR stores by the activation 

of InsP3Rs and RyRs respectively. NAADP has been shown recently to mobilize 

Ca
2+

 from acidic organelles through two-pore channels (Calcraft et al., 2009; Zhu et 

al., 2010). In addition, sphingolipid Ca
2+

-release mediating protein of ER 

(SCaMPER) is a Ca
2+

 release channel that is activated by sphingolipids (Betto et al., 

1997). Ca
2+

 release from the mitochondria is mediated by ion-coupled Ca
2+

 

exchangers (Putney and Thomas, 2006).  

 

In plants, the intracellular Ca
2+

 stores include the ER, vacuoles, the nucleus, 

chloroplasts, and mitochondria (Sanders et al., 1999; Sanders et al., 2002; Xiong et 

al., 2006; McAinsh and Pittman, 2009). The activities of at least 4 CPCs have been 

identified in the vacuolar membrane including InsP3- and cADPR-gated channels, 

the vacuolar voltage-gated Ca
2+

 (VVCa) and slow-activating vacuolar (SV) channels 

(Sanders et al., 2002; Hetherington and Brownlee, 2004; Pottosin and Schonknecht, 

2007). Despite InsP3 and cADPR having both been shown to cause the release of 

Ca
2+

 from plant vacuoles that results in increases in [Ca
2+

]c, no homologues have 

been identified for animal InsP3R and RyR channels in plants (Schumaker and Sze, 

1987; Gilroy et al., 1990; Wu et al., 1997; Leckie et al., 1998; MacRobbie, 2000).  

 

1.2.2.3 Ca
2+

 binding proteins 

In human cells, there are ~ 200 encoded Ca
2+

 binding proteins that function either as 

Ca
2+

 effectors or buffers that interact with Ca
2+

 during the ON action (Carafoli et al., 

2001). Of the free Ca
2+

 that enters the cytosol, only a very small proportion remains 

free because most of it becomes rapidly bound to the buffers and to effectors. The 

buffers, such as calbindin D-28 (CB), calretinin (CR) and parvalbumin (PV), which 

become loaded with Ca
2+

 during the ON reaction and unload during the OFF reaction, 

function to fine-tune the spatial and temporal properties of Ca
2+

 signals. They have 

different properties and expression patterns and can alter both the amplitude and the 

recovery time of individual Ca
2+

 transients and increase the diffusional range of Ca
2+

 

(John et al., 2001). For example, the effectors, troponin C, calmodulin (CaM), 

synaptotagmin, S100 proteins and the annexins, are responsible for activating 

different Ca
2+

-sensitive cellular processes. CaM is one of the most important Ca
2+
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binding proteins. Many of the proteins that CaM binds to are unable to bind Ca
2+

 by 

themselves. In these cases, CaM is used as a Ca
2+

 sensor and by binding Ca
2+

 acts as 

a signal transducer to regulate a multitude of different protein targets and affect 

many cellular functions. CaM has four EF-hand motifs, each with distinct affinities 

for Ca
2+

. Binding of Ca
2+

 is associated with a large change in CaM’s conformation 

and exposure of hydrophobic surfaces within each EF-hand domain, which triggers 

CaM’s Ca
2+

 sensor activity and binding to its targets (Hoeflich and Ikura, 2002; 

Clapham, 2007). 

 

1.2.2.4 Ca
2+

 pumps and exchangers 

The Ca
2+

 pumping mechanisms have important homeostatic functions in that they 

maintain the resting level of [Ca
2+

]c at ~ 100 nM and ensure that the internal Ca
2+

 

stores are kept loaded. During the course of a typical Ca
2+

 transient, various pumps 

and exchangers also remove Ca
2+

 from the cytoplasm.  

 

In animal cells, Ca
2+

 extrusion to the extracellular space is primarily limited to two 

families of proteins: the plasma-membrane Ca
2+

-ATPase (PMCA) and the Na
+
/Ca

2+
 

exchanger (NCX). Intracellular Ca
2+ 

is also lowered by Ca
2+

 uptake into cellular 

organelles via a number of organelle-specific pumps and antiporters. Uptake into the 

ER is regulated by proteins in the Sarco- and Endoplasmic Reticulum Ca
2+

 ATPase 

(SERCA) family. Uptake into mitochondria is mediated by the mitochondrial Ca
2+

 

uniporter (MCU) and uptake into Golgi cisternae is mediated by the secretory 

pathway Ca
2+

-ATPases (SPCA) (Berridge et al., 2003; Missiaen et al., 2007). These 

Ca
2+

 pumps and exchangers have different transport rates and affinities, and as such 

they can respond to modest elevations in Ca
2+

 levels and set basal Ca
2+

 levels. Cells 

can also select the combination of OFF reactions to meet their Ca
2+

-signalling 

requirements (Berridge et al., 2003). 

 

Ca
2+

 removal in plants is similar to that in mammalian cells but involves different 

classes of proteins. Vacuoles are the most prominent Ca
2+

 store in plant cells due to 

their large size and capacity for Ca
2+

 accumulation. Ca
2+

 efflux by Na
+
/Ca

2+
 

antiporters is coupled to Na
+
 flux in animals, while plants possess a structurally 
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related family of cation exchanger (CAX) genes that encode H
+
/Ca

2+
 exchangers 

(Cai and Lytton, 2004; Shigaki and Hirschi, 2006). In Arabidopsis, there are six 

CAX genes plus five cation/Ca
2+

 exchangers (CCXs) that are more similar to an 

animal Na
+
/Ca

2+
 exchanger isoform (Cai and Lytton, 2004; Shigaki and Hirschi, 

2006). 

 

1.2.3 Elementary and global Ca2+ signals 

When activated, both Ca
2+

 entry and Ca
2+

 release channels introduce Ca
2+

 into the 

cytoplasm. Since these channels have very short open-times, they only introduce 

brief pulses of Ca
2+

 that form a small plume around the mouth of the channel before 

diffusing into the cytoplasm (Bootman et al., 2001). These elementary Ca
2+

 signals 

represent the basic building-blocks of Ca
2+

 signalling (Bootman and Berridge, 1995). 

They have been shown to provide local control of various physiological functions 

and are responsible to generate global Ca
2+

 signals such as waves and spikes. 

Through the co-ordinated recruitment of multiple elementary Ca
2+

 release and entry 

channels, global Ca
2+

 signals can be achieved (Bootman et al., 2001). 

 

 

1.3 Fungal Ca
2+

 signalling  

1.3.1 Ca2+ signalling in budding yeast 

In fungal cells, Ca
2+

 functions as a highly versatile intracellular signal molecule 

regulating many different biological processes in fungi, such as sporulation, spore 

germination, cell cycle and hyphal tip growth (Shaw and Hoch, 2001; Brand et al., 

2007; Brand and Gow, 2009a and 2009b; Cui et al., 2009). Of all fungal species, the 

mechanisms of Ca
2+

 signalling have been studied in the greatest detail in 

Saccharomyces cerevisiae (the budding yeast). In S. cerevisiae, Ca
2+

 signalling is 

involved in a broad range of important physiological responses (Table 1.1). In 

normal-growing yeast, [Ca
2+

]c is maintained in the range of 50-200 nM, while the 

presence of environmental free Ca
2+

 concentrations ranging from < 1 !M to > 100 

mM, through the functioning of an elaborate Ca
2+

 signalling and homeostasis system 

as shown in Figure 1.6. Extracellular stimuli cause a sudden increase in the cytosolic 
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Ca
2+

 level, activating the effector proteins to exert a cellular response (Bonilla and 

Cunningham, 2002; Cui and Kaandorp, 2006; Cui et al., 2009).  

 

Figure 1.6 Ca2+ signalling and homeostasis in yeast (adapted from Dolinski 
and Botstein, 2007). 
 

Table 1.1 Processes/responses involving Ca2+ signalling in S. cerevisiae. 

Processes/Responses References 

Sugar-induced Ca2+ 
elevation 

Nakajima-Shimada et al., 1991; Batiza et al., 1996; 

Coccetti et al., 1998; Tisi et al., 2002; Tokes-Fuzesi et al., 
2002; Aiello et al., 2004; Kellermayer et al., 2004; Tropia et 

al., 2006 

Response to mating 

pheromone 

Iida et al., 1994; Fischer et al., 1997; Paidhungat and 

Garrett, 1997; Locke et al., 2000; Muller et al., 2001; Muller 
et al., 2003; Zhang et al., 2006; Martin et al., 2011 

Cell cycle 
Anraku et al., 1991; Iida et al., 1994; Gray et al., 1997; 

Zhang et al., 2008 

Hypo-osmotic shock Batiza et al., 1996; Loukin et al., 2007; Loukin et al., 2008 

Hyper-osmotic shock 
Matsumoto et al., 2002; Denis et al., 2002; Zhou et al., 

2003 

High external calcium 
Miseta et al., 1999a; Miseta et al., 1999b; Forster and 

Kane, 2000 

Alkaline stress Serrano et al., 2002; Viladevall et al., 2004; Arino, 2010 

Antifungal treatment 

Edlind et al., 2002; Courchesne and Ozturk, 2003; Gupta 

et al., 2003; Courchesne et al., 2009; Ouedraogo et al., 

2011; Martin et al., 2011 

Cold shock Batiza et al., 1996; Peiter et al., 2005 

Iron toxicity Peiter et al., 2005 

Endoplasmic reticulum 

stress 

Bonilla et al., 2002; Cronin et al., 2002; Bonilla and 

Cunningham, 2003 

Ion stress and salt 

tolerance 

Mendoza et al., 1996; Matheos et al., 1997; Matsumoto et 

al., 2002 

Salicylic acid Mori et al., 1998 
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Table 1.2 Ca2+ signalling proteins in S. cerevisiae. 

Protein Class Protein name References 

Ca2+ permeable channel 
Cch1p 
Mid1p 

Yvc1p 

Fischer et al., 1997; Paidhungat et al., 

1997 

Iida et al., 1994 
Palmer et al., 2001 

Ca2+ ATPase 
Pmc1p 

Pmr1p 

Cunningham and Fink, 1994 

Rudolph et al., 1989 

Ca2+/H+ exchanger Vcx1p Cunningham and Fink, 1996 

Calmodulin Cmd1p Davis et al., 1986 

Calcineurin A (catalytic 

subunit) 
Cna1p, Cna2p Cyert et al., 1991 

Calcineurin B (regulatory 

subunit) 
Cnb1p Kuno et al., 1991 

Calcineurin dependent 

transcription factor 
Crz1p 

Matheos et al., 1997; Stathopoulos et 

al., 1997 

Calcineurin regulators 

(binding proteins) 
Rcn1p Kingsbury and Cunningham, 2000 

CaM dependent protein 

kinase 

Cmk1p, 

Cmk2p 
Cyert, 2001 

Calnexin Cne1p De Virgilio et al., 1993 

Phospholipase C Plc1p 
Flick and Thorner, 1993; Payne and 
Fitzgerald-Hayes, 1993; Yoko-o et al., 

1993 

 

 

1.3.1.1 Ca
2+

 permeable channels in S. cerevisiae 

In S. cerevisiae, three Ca
2+

 permeable channels have been identified (Iida et al., 1994; 

Fischer et al., 1997; Paidhungat et al., 1997; Palmer et al., 2001).  

 

Mid1 is an integral N-glycosylated plasma protein with sequence homologs only 

found in fungi but with a secondary structure that is similar to regulatory (2/$-

subunits of animal voltage-gated calcium channels (VGCCs). Mid1 functions as a 

stretch-activated Ca
2+

-permeable cation channel when expressed in mammalian cells 

(Kanzaki et al., 1999). It has been shown that Mid1 co-works with Cch1, a 

homologue of the catalytic (1-subunit of mammalian voltage-gated Ca
2+

 channels 

(Iida et al., 1994; Fischer et al., 1997), in mating pheromone-induced Ca
2+

 uptake 

(Paidhungat et al., 1997; Fischer et al., 1997; Muller et al., 2001). In addition, Mid1 

together with Cch1, is responsible for a hyperosmotic stress-induced  [Ca
2+

]c 

transient, suggesting a possible role as a mechanosensitive Ca
2+

 channel in intact 
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yeast cells (Matsumoto et al., 2002). On the other hand, Mid1 can also function 

independently of Cch1 in an antiarrhythmic drug amiodarone-induced [Ca
2+

]c 

transient (Courchesne et al., 2003). Mid1 is also required in producing a hexose-

induced [Ca
2+

]c transient (Tokes-Fuzesi et al., 2002). By using immuno fluorescence 

microscopy it was found that Mid1 is also localized to the endoplasmic reticulum as 

well as the plasma membrane (Yoshimura et al., 2004), and this different localization 

to that of Cch1 further supported the possibility that Mid1 might be capable of Ca
2+

 

channel activity without Cch1 as well as suggesting that Mid1 functions at the 

plasma and ER membranes. 

 

The Cch1 protein of S. cerevisiae is a homologue of the pore-forming (1-subunit of 

mammalian VGCCs, and it constitutes a high-affinity Ca
2+

-influx system with the 

Mid1 protein in this organism (Iida et al., 1994; Fischer et al., 1997; Muller et al., 

2001). Strains lacking Cch1 exhibit a biochemical defect in Ca
2+

 uptake and 

accumulation in the presence of low extracellular Ca
2+

; the cch1" mutation caused a 

reduction in total and cytosolic Ca
2+

 accumulation (Iida et al., 1994). Further 

evidence to support that Cch1 is an essential component of a Ca
2+

 channel is the 

sequence similarity between Cch1 and the (1-subunits of L-type, voltage-gated 

calcium channels. Although the overall sequence similarity is limited (24% over the 

entire length of the protein), the size and predicted structures and topologies are 

conserved between Cch1 and its mammalian counterparts (Catterall, 1995; Waard et 

al., 1996; Hofmann et al., 1994). As mentioned before, the similar phenotypes and 

biochemical defects of strains lacking either Cch1 or Mid1, or lacking both Cch1 and 

Mid1, including low Ca
2+

 uptake activity and loss of viability after exposure to the 

mating pheromone (-factor, suggest that these two proteins together can form a 

channel necessary for a common Ca
2+

 influx system across the plasma membrane 

(Fischer et al., 1997; Paidhungat and Garrett, 1997; Locke et al., 2000; Matsumoto et 

al., 2002). This is supported by the observations showing that Mid1 co-

immunoprecipitates with Cch1 (Locke et al., 2000) and co-overproduction of Cch1 

and Mid1 is sufficient to increase Ca
2+

 uptake activity (Iida et al., 2004). Cch1 is 

reported to be localized to the plasma membrane only (Locke et al., 2000). 
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Yvc1, the sole transient receptor potential (TRP) homolog in the budding yeast S. 

cerevisiae, forms a stretch-activated cation channel of 320-pS conductance that is 

located in the vacuolar membrane (Palmer et al., 2001; Denis and Cyert, 2002; Zhou 

et al., 2003). Hyperosmotic shock activates Yvc1 to release Ca
2+

 into the cytoplasm 

(Denis and Cyert, 2002) and the released Ca
2+

 further activates Yvc1 by Ca
2+

-

induced Ca
2+

 release (CICR) feedback (Zhou et al., 2003). 

 

In rich medium, a low affinity Ca
2+

 uptake system (LACS) was identified that did 

not involve Cch1/Mid1 Ca
2+

 channel activity. It was stimulated by pheromone 

signalling, was insensitive to calcineurin activity and its activation was sufficient to 

elevate [Ca
2+

]c in spite of its 16-fold lower affinity than the high affinity Ca
2+

 influx 

system (HACS) (i.e. Cch1-Mid1) in budding yeast (Muller et al., 2001).  Fig1, a 

polytopic plasma membrane protein with four predicted transmembrane helices 

(Erdman et al., 1998), was required for LACS activity. The inactivation of Fig1 

results in a mating cell fusion defect but this can be suppressed in the presence of 

high extracellular Ca
2+

 suggesting that Fig1 is an important component or regulator 

of LACS (Muller et al., 2003). 

 

Recently, a new regulator of the high affinity Ca
2+

 influx system was identified by 

Martin et al (2011). By using genome-wide screening in yeast under different 

conditions, it was revealed that Ecm7, which is a member of the PMP-

22/EMP/MP20/Claudin superfamily of transmembrane proteins (includes &–subunits 

of VGCCs), is required for HACS function under most conditions. Their data 

suggested that Ecm7, Mid1 and Cch1 all interact (Martin et al., 2011).  

 

1.3.1.2 Removal of Ca
2+

 from the cytoplasm 

Intracellular Ca
2+

 transport to organelles has been widely studied in S. cerevisiae. In 

this organism, more than 90% of the intracellular Ca
2+

 is in the vacuole (Eilam et al., 

1985; Dunn et al., 1994), transported there by Vcx1, a protein that facilitates Ca
2+

/H
+
 

exchange, and by Pmc1, a Ca
2+

-pumping ATPase (Cunningham and Fink, 1994, 

1996; Pozos et al., 1996). Pmr1, another Ca
2+

-pumping ATPase, transports Ca
2+

 or 

Mn
2+

 into the Golgi (Antebi and Fink, 1992; Rudolph et al., 1989; Sorin et al., 1997). 
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In contrast to filamentous fungi (see section 1.3.2), S. cerevisiae has not been found 

to have a Ca
2+

-pumping ATPase in the plasma membrane or a SERCA-type ATPase 

in the endoplasmic reticulum (ER).  

 

1.3.1.3 Main proteins involved in Ca
2+

 signalling in 

yeast 

Calmodulin (CaM), a small, ubiquitous highly conserved Ca
2+

-binding protein, 

regulates many proteins and processes in all eukaryotes. CMD1, the single gene 

encoding CaM, is required for viability in Saccharomyces cerevisiae (Davis et al., 

1986; Ohya and Botstein, 1994). It has 60% similarity in its protein sequence to 

vertebrate calmodulins (Davies et al., 1986). Vertebrate calmodulin binds four 

molecules of Ca
2+

 per molecule of CaM, whereas yeast CaM binds a maximum of 

three molecules of Ca
2+

 (Luan et al., 1987; Matsuura et al., 1991; Starovasnik et al., 

1993). In yeast, it performs essential roles in mitosis, through its regulation of 

Nuf1p/Spc110p, which is a component of the spindle pole body, and in bud growth, 

by binding Myo2p, an unconventional class V myosin required for polarized 

secretion. Although CaM is essential, and is one of the main Ca
2+

 binding proteins, 

the essential functions mentioned above that are mediated by it do not require Ca
2+

 

binding; cells with mutant forms of calmodulin that fail to bind Ca
2+

 can still perform 

these essential functions. CaM is also required for endocytosis in yeast and 

participates in Ca
2+

-dependent, stress-activated signalling pathways through its 

regulation of a protein phosphatase, calcineurin, and the protein kinases, Cmk1p and 

Cmk2p. Thus, calmodulin performs important physiological functions in yeast cells 

in both its Ca
2+

-bound and Ca
2+

-free form (Cyert, 2001). 

 

Calcineurin, or PP2B, is a highly conserved, Ca
2+

 calmodulin-dependent 

phosphoserine/phosphothreonine-specific phosphatase (reviewed in Klee et al., 1998; 

Aramburu et al., 2000). It is a hetrodimer composed of a catalytic A subunit and an 

essential regulatory or B subunit, which is an EF-hand-containing protein related to 

calmodulin. At resting [Ca
2+

]c levels, the A and B subunits remain associated, but the 

enzyme is inactive due to an autoinhibitory domain at the C terminus of the A 

subunit. Upon elevation of [Ca
2+

]c, Ca
2+

-bound calmodulin binds to the A subunit 
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and displaces the autoinhibitory domain, thus activating phosphatase activity 

(reviewed in Klee et al., 1998). In yeast, calcineurin is encoded by three genes: 

CNA1 and CNA2/CMP2 encode functionally redundant catalytic subunits, and CNB1 

encodes the regulatory subunit (Cyert et al., 1991; Kuno et al., 1991; Liu et al., 1991; 

Cyert and Thorner, 1992). 

 

Yeast calcineurin regulates a signal transduction pathway that is activated by 

intracellular Ca
2+

 and results in increased expression of a specific set of calcineurin-

dependent genes. Under different stress conditions, such as exposure to high 

concentrations of ions (Ca
2+

, OH
-
, Mn

2+
, Na

+
/Li

+
), mating pheromone ((-factor) and 

high temperature, and in mutants in which cell wall structure is compromised, 

calcineurin-mediated gene expression is activated (Mendoza et al., 1994; Mazur et al., 

1995; Cunningham and Fink, 1996; Matheos et al., 1997; Stathopoulos and Cyert; 

1997; Mendizabal et al., 1998; Zhao et al., 1998). Also mutants lacking calcineurin 

activity are sensitive to high pH, Mn
2+

, or Na
+
/Li

+
, lose viability during prolonged 

exposure to mating pheromone, and display synthetic lethality with mutations that 

compromise cell wall integrity (Cyert et al., 1991; Farcasanu et al., 1995; Mendoza 

et al., 1994; Moser et al., 1996; Nakamura et al., 1993; Withee et al., 1997; Eng et al., 

1994; Garrett-Engele et al., 1995; Parent et al., 1993).  

 

Ca
2+

/calcineurin-dependent transcription is mediated by a zinc-finger transcription 

factor, encoded by CRZ1/TCN1/HAL8, that activates the expression of target genes 

(Matheos et al., 1997; Mendizabal et al., 1998; Sathopoulos and Cyert, 1997). 

CRZ1/TCN1 was identified as a multicopy suppressor that restored expression of a 

CDRE-lacZ reporter gene in a calcineurin mutant strain (Stathopoulos and Cyert, 

1997), and loss-of-function alleles of CRZ1/TCN1 were identified as mutations that 

eliminated Ca
2+

-induced calcineurin-dependent gene expression of a PMC1-lacZ 

reporter gene (Matheos et al., 1997). Calcineurin dephosphorylates Crz1p in vitro, 

suggesting that Crz1p is a direct substrate of the phosphatase (Stathopoulos-

Gerontides et al., 1999), although there are additional roles for calcineurin distinct 

from Crz1p regulation. Crz1p rapidly relocalizes from the cytosol to the nucleus in a 

Ca
2+

-induced, calcineurin-dependent manner (Stathopoulos-Gerontides et al., 1999). 
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Calcineurin can be activated by CaM, and thus can induce the expression of PMC1 

and PMR1 and inhibit the function of Vcx1p via activation of the Crz1p transcription 

factor (Cunningham and Fink, 1994; Cunningham and Fink, 1996; Stathopoulos-

Gerontides et al., 1999; Kingsbury and Cunningham, 2000; Cyert, 2001). This 

suggests that calcineurin also plays roles in the regulation of Ca
2+

 homeostasis in 

budding yeast. 

 

1.3.2 Ca2+ signalling in filamentous fungi 

In filamentous fungi, Ca
2+

-mediated signalling is crucial for regulating stress 

responses, morphogenesis, and pathogenicity (Kraus and Heitman, 2003), and is 

involved in a broad range of physiological processes (Table 1.3). 

 

Table 1.3 Processes involving Ca2+ signalling in filamentous fungi other 

than N. crassa. 

Processes Fungus References 

Hyphal tip 
growth 

Saprolegnia ferax, 
Candida albicans, 

Cryptococcus neoformans, 

Fusarium graminearum, 

Zoophthora radicans, 

Hyde and Heath, 1995; 

Brand et al., 2007 

Cruz et al., 2001; Fox and 
Heitman, 2005 

Robson et al., 1991 a; 1991b 

Magalhaes et al., 1991 

Hyphal 
branching 

Aspergillus niger, 
Fusarium graminearum 

Meyer et al., 2009 
Robson et al., 1991a; 1991b 

Cell cycle Aspergillus nidulans 
Rasmussen et al., 1990; 

Rasmussen et al., 1994 

Mating Cryptococcus neoformans, 
Cruz et al., 2001; Fox and 
Heitman, 2005 

Appressorium 

formation 

Zoophthora radicans, 

Colletotrichum trifolii 

Magalhaes et al., 1991 

Warwar and Dickman, 1996 

Microtubule 
stability 

Ustilago maydis Adamikova et al., 2004 

Virulence 

Cryptococcus neoformans 

 

 
Botrytis cinerea 

Magnaporthe oryzae 

 
Candida albicans 

Aspergillus fumigatus 

Odom et al., 1997;Kraus et al., 

2003 and 2005; Kmetzsch et 

al.,2010 
Schumacher et al., 2008 

Choi et al., 2009 

Bader et al., 2003; Blankenship 
et al., 2003; Sanglard et al., 2003 

Steinbach et al., 2006 

Mechanosensing 

Aspergillus awamori, 

Aspergillus niger, 
Candida albicans 

Nelson et al., 2004 

Bencina et al., 2005 
Brand et al., 2007 
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Oxidative stress Aspergillus nidulans Greene et al., 2002 

ER stress Cryptococcus neoformans Hong et al., 2010 

Spore 

germination 
Colletotrichum trifolii Warwar and Dickman, 1996 

 

 

1.3.2.1 The roles of Ca
2+

 signalling in N. crassa 

Of all the filamentous fungi, Ca
2+

 signalling has been most studied primarily in 

pharmacological studies, in the ascomycete Neurospora crassa. In N. crassa, Ca
2+

 

has been found to be involved in regulating numerous  physiological processes 

including: 

 

Conidial germination. Conidial germination was found to be inhibited by the 

anticalmodulin (CaM) drugs calmidazolium (CaMZ) and trifluoperazine (TFP), 

indicating that this process is CaM-dependent. An increase in intracellular CaM 

concentration was observed during conidial germination and phosphorylation of 

specific proteins during conidial germination and hyphal elongation was found to be 

CaM-dependent (Rao et al., 1997).  

 

Hyphal tip extension. Extracellular Ca
2+

 is required at micromolar concentrations 

for hyphal tip extension and morphogenesis (Takeuchi et al., 1988). A tip high 

[Ca
2+

]c gradient was first found in growing hyphae of N. crassa by using Ca
2+

 

selective dyes (Levina et al., 1995). The source of the Ca
2+

 appeared to be 

intracellular stores as no net Ca
2+

 flux across the plasma membrane was detected at 

the elongating hyphal tip (Levina et al., 1995; Lew, 1999; Silverman-Gavrila et al., 

2001). Further inhibitor studies resulted in a proposed model of how a tip-focused 

[Ca
2+

]c gradient is produced and maintained in N. crassa hyphae. In this model, the 

gradient is generated and maintained internally by the concerted action of inositol 

1,4,5-trisphosphate (IP3) -activated Ca
2+

 release from tip-localized vesicles 

(Silverman-Gavrila et al., 2002) and Ca
2+

-ATPase-mediated sequestration into the 

endoplasmic reticulum behind the growing tip (Silverman-Gavrila et al., 2001). 
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Hyphal branching. The Ca
2+

-selective ionophore, A23187, which is capable of 

raising [Ca
2+

]c concentration, was found to induce apical branching in N. crassa 

(Reissig and Kinney, 1983). An increase in hyphal branching was arrested when the 

expression level of the catalytic subunit of calcineurin (cna-1) was reduced. Similar 

phenotype was observed when calcineurin-specific drugs were applied to the wild 

type (Prokisch et al., 1997). Exogenous Ca
2+

 addition was also found to alter the 

branching morphology caused by cold shock in N. crassa (Kawano and Said, 2002). 

Mutation of the phospholipase C-1 gene which is thought to be important in 

intracellular Ca
2+

 signalling, resulted in slow, aberrant growth and branching (Gavric 

et al., 2007). 

 

Circadian rhythm. A Ca/CaM-dependent kinase like protein (CAMK-1) null 

mutant grew slowly after germination from ascospores which indicates that CAMK-1 

plays an important role in growth and development of N. crassa. Analysis of this 

mutant revealed that this protein affected the phase, period, and light-induced phase 

shifting of the circadian conidiation rhythm (Yang et al., 2001). Other studies have 

also provided evidence for Ca
2+

 signalling playing roles in circadian rhythms in N. 

crassa (Techel et al., 1990; Sadakane and Nakashima, 1996; Yang et al., 2001). 

 

Other processes. Ca
2+

 has also been found to be involved in other processes in N. 

crassa: it has been found that heat shock caused a rapid release of Ca
2+

 from 

vacuoles  (Kallies et al., 1998), and a cAMP-activatable Ca
2+

-dependent neutral 

trehalase was identified in germination conidia of A. nidulans and N. crassa in N. 

crassa (d’Enfert et al., 1999). 

 

1.3.2.2 Ca
2+

 signalling machinery in N. crassa 

Neurospora crassa was the first filamentous fungus to have its genome completely 

sequenced (Galagan et al., 2003). A comparative genomic analysis of the Ca
2+

 

signalling machinery in N. crassa identified over 20 of the proteins likely to be 

necessary for Ca
2+

 signalling in (Zelter et al., 2004). 
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Figure 1.7 Overview of major intracellular Ca2+-signalling proteins in N. 
crassa. Location of proteins in plasma membrane and/or organelle 
membranes was not determined here. C, Ca2+-permeable channel; T, Ca2+-
ATPase and Ca2+/H+ exchanger; PLC, phospholipase C; CaM, calmodulin; 
Ca2+/CaM reg, Ca2+ and/or calmodulin regulated. Numbers in brackets are 
number of proteins in that class (adapted from Zelter et al., 2004). 
 

Table 1.4 Proteins involved in Ca2+ signalling and homeostasis in N. 
crassa (adapted from Zelter et al., 2004). 
 

Proteins class 
Proteins in N. 

crassa 

Closest S. 
cerevisiae 
homologue 

Locus in 
N. crassa 

Ca2+ permeable 

channels 

CCH-1 
MID-1 

YVC-1 

FIG-1 

Cch1p 
Mid1p 

Yvc1p 

Fig1p 

NCU02762 
NCU06703 

NCU11680 

NCU02219 

Ca2+ pumps 

NCA!1 

NCA!2 

NCA!3 

Pmr1p 

Pmc1p 
Pmc1p 

NCU03305 

NCU04736 
NCU05154 

Ca2+ pumps 

PMR-1 
PH-7 

ENA!1 

 

 
 

 

Pmr1p 

 

 
 

Spf1p 

Neo1p 

Ypk9p 

NCU03292 

NCU08147 

NCU05046 
NCU07966 

NCU04898 

NCU03818 

NCU10143 

Ca2+ exchangers 

CAX 

 
 

 

 

Vcx1p 

Vcx1p 
Vcx1p 

 

Vcx1p 
Vnx1p 

YDL206W,Ecm27p 

 

NCU07075 

NCU00916 
NCU00795 

NCU06366 

NCU07711 
NCU05360 

NCU02826 

NCU08490 

Phosopholipase 

C!$ 
 

Plc1p 
Plc1p 

Plc1p 

Plc1p 

NCU01266 
NCU06245 

NCU11415 

NCU02175 
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Camodulin  Cmd1p NCU04120 

Calcineurin 

(catalytic) 
CNA-1 Cna1p, Cna2p NCU03804 

Calcineurin 
(regulatory) 

CNB-1 Cnb1p NCU03833 

Ca2+ and/or CaM 

binding proteins 
 

Cmk1p, Cmk2p 

Cmk1p, Cmk2p 

Sak1p 
Rck2p, Rck1p 

Kin4p 

Dun1p 
End3p 

NCU02283 

NCU09123 

NCU06177 
NCU09212 

NCU00914 

NCU02814 
NCU06347 

Calnexin  Cne1p NCU09265 

Calreticulin  Cne1p NCU09265 

Calpactin I heavy 

chain 
  NCU04421 

Calcineurin-
Responsive Zinc 

finger 

 Crz1p NCU07952 

 

Influx of Ca
2+

 ions into the cytoplasm of N. crassa may involve InsP3 activated Ca
2+

 

channels (Cornelius et al., 1989; Schultz et al., 1990; Silverman-Gavrila et al., 2002). 

InsP3 is present within Neurospora hyphae (Lakin-Thomas, 1993). In spite of this, 

Neurospora lacks recognizable InsP3 receptors. In addition, neither ADP ribosyl 

cyclase nor ryandine receptor proteins, principal components of Ca
2+

 release 

mechanisms in plant and animal cells, are found in Neurospora (Galagan et al., 

2003).  

 

Three unique Ca
2+

 signatures have been found to be associated with mechanical 

perturbation, hypo-osmotic shock, and high external Ca
2+

, respectively (Nelson et al., 

2004). Four conserved Ca
2+

-permeable channels have been proposed based on 

comparative genomic analyses of N. crassa and Aspergillus spp.: CCH-1, MID-1, 

YVC-1, and FIG-1 (Zelter et al., 2004; Bencina et al., 2009). CCH-1 bears sequence 

similarity to the (1, catalytic subunit of voltage-gated Ca
2+

-permeable channels 

(Figure 1.8A), and has been localized in the yeast membrane (Locke et al., 2000). 
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Figure 1.8 (A) Protein alignments of S. cerevisiae Cch1p and its homologs in 

N. crassa and M. grisea (the (1, catalytic subunit of the voltage-gated Ca2+-
permeable channel of Rattus norvegicus is shown for reference). Grey boxes 
indicate regions homologous to the PFAM00520 domain which is involved in 
ion transport. (B) Protein alignments of the S. cerevisiae Mid1p, and its 
homologs in N. crassa and M. grisea. (from Zelter et al., 2004).  
 

MID-1 is also similar to the yeast protein, Mid1p (Figure 1.8B), which is a stretch-

activated Ca
2+

 channel protein, and has been localized to the plasma membrane and 

ER (Iida et al., 1994; Kanzaki et al., 1999; Yoshimura et al., 2004). In N. crassa, 

MID-1 has been found to be involved in the regulation of ion transport via Ca
2+

 

homeostasis (Lew et al., 2008). The third permeable channel is YVC-1. It is a 

voltage-dependent Ca
2+

-activated Ca
2+

-permeable channel which is located in the 

yeast vacuolar membrane (Palmer et al., 2001). FIG-1 is a homolog of Fig1p in yeast, 

which is a component of low affinity Ca
2+

 uptake system (Erdman et al., 1998; 

Muller et al., 2003). 

 

A range of Ca
2+

 transporter proteins have been identified which help the cell to 

remove Ca
2+

 either from the cytoplasm to the cell exterior or from the cytoplasm to 

the internal stores in N. crassa (Figure 1.9) (Zelter et al., 2004). All three types of 

Ca
2+

-pumping ATPases are present and had been identified earlier in a PCR-based 

A 

B 
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search for P-type ATPases (Benito et al., 2000). The nca-1 encodes a SERCA type 

ATPase. The nca-2 and nca-3 genes are closely related to each other and appear to 

encode PMCA type ATPases. The pmr gene encodes a SPCA type of ATPase. CAX 

is a homolog of Vcx1p, the Ca
2+

/H
+
 exchanger that plays a important role in vacuolar 

transport in yeast (Benito et al., 2000; Bowman et al., 2009, 2011). 

 

 

Figure 1.9 Distribution of organelles and Ca2+ transporters in N. crassa 
hyphae (adapted from Bowman et al., 2009). 

 

 

1.4 Ca2+ channel blockers  

L-type Ca
2+

 channel blockers inhibit the transmembrane flow of Ca
2+

 ions through 

voltage-gated L-type channels and all bind to the (1 subunit of the L-type Ca
2+

 

channel, which is the main pore-forming unit of the channel (Abernethy and 

Schwartz, 1999). As mentioned in Section 1.3.2.2, CCH-1 is a L-type Ca
2+

 channel 

homologue in N. crassa. Like the (1 subunit, CCH-1 contains four hydrophobic 

repeat units (I –IV) (Figure 1.8A), each consisting of six TM domains (S1 - S6) that 

tetramerize to form the core of the Ca
2+

 channel which is an aqueous pore (Zelter et 

al., 2004). Each of the S4 segments followed by two hydrophobic residues of 

domains I, II and III contain repeated motifs of a positively charged residue which 

coordinate in a similar fashion to the voltage sensors in ion channels of higher 

eukaryotes (Paidhungat and Garrett, 1997). In humans, the phenylalkylamine Ca
2+
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channel blockers (e.g. verapamil) bind to the transmembrane segment 6 of motif IV 

(IVS6), the benzothiazepine Ca
2+

 channel blockers (e.g. diltiazem) bind to the 

cytoplasmic bridge between motif III (IIIS) and motif IV (IVS), and the 

dihydropyridine Ca
2+

 channel blockers (e.g. nifedipine, nimodipine) bind to the 

transmembrane segment 6 of both motif III (IIIS6) and motif IV (IVS6) (Abernethy 

and Schwartz, 1999) (Figure 1.10). 

Figure 1.10 Proposed arrangement of the polypeptide chain of the Channel-

Forming (1c subunit of the L-type calcium channel in humans. The four 
repetitive motifs (I, II, III, and IV) each consist of six putative transmembrane 
segments. Both the N-terminal and C-terminal point to the cytoplasm. Gold 
rings separate the segments encoded by numbered exons. The 
transmembrane segments encoded by alternative exons 8 or 8A, 21 or 22, 
and 31 or 32 are shown. Sequences encoded by invariant exons 7, 33, and 
45, which are subject to constitutive splicing, are blue. Exons 40, 41, and 42 
are subject to alternative splicing. Putative sites of glycosylation and of 
phosphorylation involving protein kinase C (C) and protein kinase A (A) are 
shown, as are the discrete binding areas of the three types of Ca2+ channel 
blockers – phenylalkylamine (verapamil-like), benzothiazepine (diltiazem-like), 
and dihydropyridine (nifedipine-like) (from Abernethy and Schwartz, 1999).!
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1.5 Antimicrobial peptides 

More than 880 different antimicrobial peptides have been identified or predicted 

from nucleic sequences. They are therefore an abundant and also diverse group of 

molecules that are found in many tissues and cell types in a variety of plant, animal 

and microbial species (Zasloff, 2002; Brogden et al., 2003; Ganz, 2003; Lehrer, 

2004). Their amino acid composition, amphipathicity, cationic charge and size allow 

many of them to attach to and insert into membrane bilayers to form pores by 

‘barrel-stave’, ‘carpet’ or ‘toroidal-pore’ mechanisms (reviewed by Brogden, 2005). 

Recently, there has been speculation that transmembrane pore formation is not the 

only mechanism of microbial killing. Several pieces of evidence suggest that 

translocated peptides can have a range of effects in bacteria including inhibiting cell-

wall synthesis, nucleic-acid synthesis, protein synthesis or enzymatic activity, as well 

as altering septum formation (reviewed by Brogden, 2005). Also advances have been 

made possible by the rational design of novel non-natural AMPs by modifying their 

amino acid sequences, with the goal of improving the properties of AMPs (Marcos et 

al., 2008). 

 

1.5.1 Plant defensins 

Plant defensins are small, highly stable, cysteine-rich antimicrobial proteins that are 

thought to constitute an important component of the innate plant defence mechanism 

against fungal pathogens and are structurally and functionally related to the insect 

and mammalian defensins (Hoffmann et al., 1999; Lehrer and Ganz, 2002; Thomma 

et al., 2002).  

 

Most plant defensins have been isolated from seeds where they are abundant and 

have been characterized at the molecular, biochemical and structural levels 

(Broekaert et al., 1995; Kader, 1997). Defensins have also been identified in other 

tissues, such as leaves (Terras et al., 1995; Kragh et al., 1995; Segura et al., 1998), 

fruit (Meyer et al., 1996; Wisniewski et al., 2003), and roots (Sharma and Lonneborg, 

1996).  
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1.5.1.1 Biological activity and antifungal activity of 

plant defensins 

Different biological activities have been reported for these proteins, including 

antifungal activity (Terras et al., 1995), antibacterial activity (Segura et al., 1998), 

proteinase activity (Wijaya et al., 2000), and (-amylase inhibitory activity (Bloch 

and Richardson, 1991). 

 

Some plant defensins exhibit potent antifungal activity in vitro at micromolar 

concentrations against a broad spectrum of filamentous fungi. Based on their effects 

on the growth and morphology of the fungus, Fusarium culmorum, two groups of 

defensins can be distinguished: the morphogenic and non-morphogenic antifungal 

defensins. The morphogenic defensins reduce hyphal elongation and induce 

hyperbranching, whereas non-morphogenic defensins reduce hyphal elongation 

without causing any morphological distortions (Broekaert et al., 1995; Thomma et al., 

2003). There is some evidence that shows that at least some plant defensins may act 

as peptide hormones regulating plant growth and development, because when 

germinating Arabidopsis thaliana seeds were treated with either KP4 (a virally 

encoded Ustilago maydis antifungal protein) or plant defensins, root growth and 

development were arrested. Furthermore, the inhibition of root growth and antifungal 

activity is abrogated by exogenously added calcium (Allen et al., 2008).  

 

1.5.1.2 Mode of action of defensins 

Unlike the mammalian and insect defensins, antifungal plant defensins induce 

membrane permeabilization through specific interactions with high-affinity binding 

sites on fungal cells (Thevissen et al., 1997, 2000), but do not form ion permeable 

pores in artificial lipids bilayers, nor do they change their electrical properties 

(Thevissen et al., 1996). The precise mechanism of action that is employed by plant 

defensins is not understood, although it is generally accepted that they interact with  

the plasma membrane (Lay and Anderson, 2005).  
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It has been suggested that growth inhibition may be due to the dissipation of a high 

Ca
2+

 concentration gradient in the hyphal tip (Thevissen et al., 1996) that may be 

required to drive polarized growth (Robson et al., 1991; Garrill et al, 1993). The 

radish (RsAFP2) and dahlia (Dm-AMP1) defensins induce a Ca
2+

 influx and K
+
 

efflux when added to the hyphae of N. crassa at concentrations that are inhibitory for 

growth (Thevissen 1996, 1999). In support of a link between ion fluxes and 

antifungal acitivity, De Samblanx et al (1997) demonstrated that a variant (V39R 

substitution) of RsAFP2 that displayed enhanced antifungal activity against 

Fusarium culmorum induced even more Ca
2+

 uptake (up to 2.5 fold), while a variant 

(Y38G substitution) that displayed almost no antifungal activity caused no Ca
2+

 

uptake. MsDef1, (from Medicago sativa, was found to inhibit the hyphal elongation 

of the fungal pathogen Fusarium graminearum in a dose-dependent manner, causing 

a hyperbranching phenotype) and KP4 has been shown to block L-type Ca
2+

 

channels in both fungi and animals (Gu et al., 1994; Gage et al., 2001 and 2002; 

Spelbrink et al., 2004). In contrast, RsAFP2 and MtDef2 (from Medicago truncatula), 

although structurally similar to MsDef1, did not block L-type Ca
2+

 channels 

(Spelbrink et al., 2004), suggesting that these proteins are the products of convergent 

and divergent evolution and may have different mechanisms of action (Allen et al., 

2008). At the molecular level, the characterization of defensin-resistant mutants of 

unicellular and filamentous fungi has implicated a role for fungal sphingolipids and 

glucosylceramides in the mechanism of growth inhibition by some of these defensins 

(Thevissen et al., 2000, 2004; Ferket et al., 2003; Thomma et al., 2003). It has also 

been shown that RsAFP2 interacts with fungal glucosylceramides in a first step 

leading to fungal growth arrest (Thevissen et al., 2004). 

 

Patch clamp experiments demonstrated that plant defensins isolated from Zea mays 

(maize) inhibited Na
+
 currents in a rat tumor cell line although its in vitro antifungal 

activity was not found (Kushmerick et al., 1998). Also based on surface topology 

similarities with K
+
 channel blockers, it has been proposed that the seed defensin 

Psd1 acts as a K
+
 channel blocker in pea (Pisum sativum) (Almeida et al., 2002). 
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1.6 Imaging and measurement of calcium 

in filamentous fungi 

Direct demonstration of signal-response coupling via Ca
2+

 requires the localization 

and measurement of changes in [Ca
2+

]c in living cells (Read et al., 1992). 

 

A variety of methods have been developed for measuring [Ca
2+

]c in mammalian 

systems. Two methods commonly used for Ca
2+

 measurement in living cells are: 

Ca
2+

-sensitive microelectrodes (Miller, 1994); and Ca
2+

-sensitive, light emitting 

probes (Miyawaki et al., 1997; Parton and Read, 1999). Ca
2+

-sensitive 

microelectrodes have not been widely applied to fungi because of technical 

difficulties although it has been used to analyse [Ca
2+

]c homeostasis in hyphae of N. 

crassa (Miller et al., 1990). Ca
2+

 probes (also known as indicators, reporters or 

sensors) are molecules that can not only form selective and reversible complexes 

with Ca
2+

 ions, but, uniquely, the physicochemical characteristics of the in Ca
2+

-free 

and Ca
2+

-bound forms are sufficiently different to enable their relative concentrations 

to be measured (Rudolf et al., 2003). 

 

1.6.1 Synthetic Ca2+ fluorescent indicators 

Fluorescent dyes have a number of advantages: they are cheap, easy to use, have a 

high dynamic range, and are easy to calibrate (Demaurex, 2005). A large number of 

fluorescent Ca
2+

 indicators are available for studying Ca
2+

 in cells (Haugland, 1996). 

Most are based on the Ca
2+

 chelators EGTA or BAPTA modified to incorporate 

fluorescent reporter groups (Grynkiewicz et al., 1985; Minta et al., 1989). Changes in 

[Ca
2+

]c are related to changes in probe fluorescence intensity (using non-ratiometric 

indicators, also referred to as a ‘single-wavelength’ dyes) or the fluorescence 

intensity ratio (ratiometric indicators, also known as a ‘dual-wavelength’ dyes).  

 

Accurate calibration of the [Ca
2+

]c using single-wavelength dyes is difficult. When 

free Ca
2+

 increases, the fluorescence intensity increases proportionately across the 

whole emission spectrum. However, the amount of fluorescence is dependent on the 
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amount of dye measured, which can vary as a consequence of unequal cytosol 

thickness, unequal distribution of dye within or between cells, and leakage and/or 

photobleaching of dye during an experiment (Read et al., 1992). Quantification of 

[Ca
2+

]c concentration can be much more accurate by using ratiometric dyes because 

these fluorochromes characteristically exhibit a shift in either their excitation or 

emission spectra when they bind to Ca
2+

 which allows these dyes to be used for ratio 

analysis (Read et al., 1992). 

 

Although some success has been achieved with using Ca
2+

 dyes with filamentous 

fungi, their utility has been limited due to various and often serious technical 

problems encountered with [Ca
2+

]c measurement (Hickey et al., 2005; Nair et al., 

2011). Loading of dyes into the fungal cell by microinjection often results in altered 

morphology and growth (Parton et al., 1997; Silverman-Gavrila et al., 2001). Also, 

once a dye has been introduced, it may be cytotoxic or be rapidly sequestered into 

organelles (e.g. secretory vesicles) (Parton et al., 1997; Hickey et al., 2005). In order 

to prevent dye compartmentalization within organelles or leakage from cells, dextran 

conjugates of these indicators have been used (Parton et al., 1997; Parton and Read, 

1999). 

 

1.6.2 Protein-based Ca2+ indicators 

1.6.2.1 Photoproteins 

Bioluminescence is the production of light by living organisms. Several light 

emitting, Ca
2+

-binding proteins have been described (e.g., aequorin, obelin, 

mitrocomin, and clytin), and some of them have been used to measure [Ca
2+

]c 

(Shimomura, 1985; Tsuji et al., 1995). These photoproteins emit visible 

luminescence by an intramolecular reaction in the presence of Ca
2+

, and are not 

affected by photobleaching due to excitation illumination because luminescent and 

not fluorescent light is being measured. They also provide a low signal : noise ratio 

compared with fluorescent probes (Takahashi et al., 1999).  
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Aequorin, isolated from the jellyfish Aequorea victoria, is the most popular 

bioluminescent Ca
2+

 indicator (Inouye et al., 1985; Prasher et al., 1985). It is a 22 

kDa photoprotein composed of apoaequorin (the apoprotein), coelenterazine (the 

luciferin) and bound oxygen, and shows high affinity for free Ca
2+

. On binding Ca
2+

, 

aequorin is converted into apoaequorin, carbon dioxide and coelenteramide, and 

energy from this reaction is released as blue light ()max = 469 nm). Aequorin can be 

used to report [Ca
2+

]c inside cells because the amount of luminescence is dependent 

upon the concentration of free Ca
2+

. Further advantages of aequorin include: very 

large dynamic range over which Ca
2+

 can be measured; retention within the cell 

compartment that it has been targeted to; lack of [Ca
2+

]c buffering; and non-

cytotoxicity (Miller et al., 1994). 

 

Recombinant aequorin has been used to measure [Ca
2+

]c in a wide range of different 

fungi (Nakajima-Shimada et al., 1991; Shaw et al, 2001; Greene et al., 2002; Nelson 

et al., 2004; Bencina et al., 2005; Binder et al., 2010). The expression of native 

jellyfish apoaequorin in filamentous fungi is commonly very low. However, high 

levels of aequorin expression were obtained in various filamentous fungi, including 

N. crassa, by codon-optimization of the aequorin gene (Nelson et al., 2004; Zelter et 

al., 2004; Binder et al., 2010). Due to its weak signal, aequorin is usually limited to 

obtaining average measuriements of [Ca
2+

]c dynamics in cell populations and 

subcellular imaging of [Ca
2+

]c in single cells is generally not practical (Kim et al., 

2012). 

 

1.6.2.2 GFP-based probes 

Genetically encoded fluorescent proteins (FPs) have been significantly improved for 

imaging Ca
2+

 signalling in single living cells or whole organisms. Although they are 

often difficult to express in living cells, they can allow permanent labelling of cells 

(Demaurex, 2005). Ca
2+

-sensitive FPs, in contrast to aequorin, are fluorescent 

without enzymes and cofactors required. Ca
2+

-sensitive FPs can be divided into two 

important groups: (1) Förster Resonance Energy Transfer (FRET) based probes of 

the cameleon type, comprising two FPs connected by a Ca
2+

-sensitive linker; and (2) 

the single GFP type, such as pericams, composed of a single FP bearing a Ca
2+

-
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dependent inserted sequence (Camgaroos, pericams and G-CaMPs) (Demaurex, 2005; 

Zhao et al., 2011). 

 

FRET-based Ca
2+

 cameleon sensors have been successfully expressed in whole 

animals (Diegelmann et al., 2002; Hasan et al., 2004; Higashijima et al., 2003) and 

plants (Allen et al., 1999; Iwano et al., 2004; Kosuta et al., 2008; Monshausen et al., 

2008). However, the use of Ca
2+

 FP sensors has been limited in fungi. The first 

successful expression of a FRET-based Ca
2+

 biosensor (Cameleon YC3.60; Nagai et 

al., 2004) has recently been reported in three plant pathogenic, filamentous fungi 

(Magnaporthe oryzae, Fusarium oxysporum, and Fusarium graminearum) (Kim et 

al., 2012). 
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Figure 1.11 Protein-based Ca2+ sensors (adapted from Rudolf et al., 2003).A. 
Photoproteins, a Ca2+-induced conformational change of the apoprotein 
(depicted as a rod-shaped structure) leads to peroxidation of the coenzyme 
(the reduced form of the coenzyme coelenterazine is shown in black and the 
oxidized form, coelenteramide, is shown in dark blue), which results in the 
release of blue light. Red circles represent the peroxide molecules. B: GFP-
based probes. (a) In the case of cameleon, a Ca2+-induced interaction 
between calmodulin (CaM) and the CaM-binding peptide M13 increases 
fluorescence resonance energy transfer (FRET) leading to a decrease in the 
fluorescence of cyan fluorescent protein (CFP) and an increase in the 
fluorescence of yellow fluorescent protein (YFP). (b) For the camgaroo probe, 
the Ca2+-induced conformational change in CaM leads to an increase in the 
fluorescence of YFP. (c) In the pericam, the Ca2+-induced interaction 
between CaM and the binding peptide M13 of pericam leads to changes in 
the fluorescence characteristics of circularly permuted (cp) YFP.  
 

 

 

Aequorin 

Cameleon 

Camgaroo 

  Pericam 
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1.7 Aims of the work described in the 

thesis 

Relatively little is known about Ca
2+

-signalling and homeostasis in N. crassa or other 

filamentous fungi compared with that which is known about these processes in 

budding yeast. The overall objective of my research was to analyse the roles of Ca
2+

 

signalling and homeostasis during colony initiation in N. crassa. The specific aims 

were: 

• To identify which Ca
2+

 signalling and homeostasis proteins play roles in 

colony initiation. This was done by analysing the phenotypes of 22 knockout 

strains that were predicted to be involved in Ca
2+

 signalling and/or 

homeostasis 

• To analyse the role of Ca
2+

 channels in colony establishment using Ca
2+

 

channel blockers in wild type and knockout strains of channels. This work 

also involved using Ca
2+

 channel blockers in combination with [Ca
2+

]c 

measurement  

• To analyse the inhibitory effects of antifungal peptides on colony initiation 

and the possible role of [Ca
2+

]c and sphingolipids in their modes of action 
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Chapter 2 

Material and Methods 

!

2.1 Chemicals 

Unless otherwise stated all chemicals used in this study were purchased from Sigma-  

Aldrich (Sigma-Aldrich Company Ltd., Poole, Dorset, UK).  

!

!

2.2 Organisms and strains 

Genetically modified Neurospora crassa (N. crassa) and Escherichia coli (E. coli) 

are containment level 1 organisms and the relevant procedures for their handling and 

disposal (published by the Genetic Manipulation and Biological Safety Committee, 

University of Edinburgh) were followed at all times. Established sterile technique 

was used at all times. 

!

2.2.1. Neurospora crassa strains 

A total of 33 N. crassa strains were used and produced in this study. Table 2.1 

shows all strains created by the Neurospora Genome Project, Dartmouth Medical 

School, Dartmouth, USA, and supplied by the Fungal Genetics Stock Centre (FGSC, 

School of Biological Sciences, University of Missouri, Kansas City, USA), also 

includes strains received from other sources than the FGSC. Strains genetically 

modified within this study for [Ca
2+

]c measurement studies and expression of 

fluorescent fusion proteins are also listed in Table 2.1.  

!

!

!

!
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Table 2.1 Neurospora crassa strains used and generated in this study. 
hygR encodes for the hygromycin resistance gene. bar encodes for ignite 
(also known as phosphinothricin or basta) resistance gene. aeqS encodes 
codon optimized aequorin (Nelson et al., 2004). hypo states for hypothetical 
protein. 
Strain FGSC/strain 

number 

Locus Mating 

type 

Genotype Source 

wild type FGSC2489 - A 74-OR23-1VA FGSC 

wild type FGSC4200 - a ORS-SL6a FGSC 

!yvc-1† FGSC11253 NCU11680 A !yvc-1, hygR FGSC 

!fig-1**† FGSC17273 NCU02219 a !fig-1, hygR FGSC 

!hypo* FGSC11860 NCU08283 A !hypo, hygR FGSC 

!hypo* FGSC11858 NCU06601 A !hypo, hygR FGSC 

!cch-1†‡  NCU02762 A !cch-1, hygR This study 

!mid-1* FGSC11708 NCU06703 A !mid-1, hygR FGSC 

!cch-1!mid-1†   a !cch-1,!mid-1, 

hygR 

This study 

!nca-1* FGSC13287 NCU03305 a !nca-1, hygR FGSC 

!nca-2* FGSC13071 NCU04736 A !nca-2, hygR FGSC 

!nca-3* FGSC13037 NCU05154 A !nca-3, hygR FGSC 

!ph-7* FGSC11256 NCU08147 A !ph-7, hygR FGSC 

!hypo* FGSC11409 NCU07966 A !hypo, hygR FGSC 

!hypo* FGSC13040 NCU04898 A !hypo, hygR FGSC 

!hypo* FGSC16010 NCU03818 a !hypo, hygR FGSC 

!hypo* FGSC12645 NCU10143 A !hypo, hygR FGSC 

!ena-1* FGSC11237 NCU05046 A !ena-1, hygR FGSC 

!cax* FGSC11249 NCU07075 A !cax, hygR FGSC 

!hypo* FGSC11686 NCU00916 A !hypo, hygR FGSC 

!hypo* FGSC12375 NCU00795 A !hypo, hygR FGSC 

!hypo* FGSC11408 NCU06366 A !hypo, hygR FGSC 

!hypo* FGSC11529 NCU02826 A !hypo, hygR FGSC 

!hypo* FGSC12468 NCU08490 a !hypo, hygR FGSC 

Wt74Ap37b   A bar,aeqS,hygR Marris (2007) 

22A3WTAZ6   A hygR, aeqS Zelter (2004) 

15317   a hygR, aeqS This study 
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429601510‡   A !cch-1,hygR, 

bar,aeqS 

This study 

11253p16b1a

3 

  A !yvc-1,hygR, 

bar,aeqS 

Marris (2007) 

553   a !fig-1,hygR, 

bar,aeqS 

This study 

7-7   A !gcs,hygR, 

bar,aeqS 

This study 

* Southern blotting of entire cassette verified by FGSC.  
** Southern blotting of the hph cassette only verified by FGSC. 

† PCR verified in this study (Appendix B).  

‡ Southern blotting verified in this study (Appendix B).  

 

2.2.2. Escherichia coli strain  

!"#! E. coli strain used in this study for plasmid DNA (pDNA) selection and 

amplification was DH5" (#18265-017, Invitrogen).  

$

$

2.3. Plasmid DNA 

Plasmids used and engineered in this study are listed in Table 2.2.$$$

$$

Table 2.2 Plasmids used and generated within this study. Plasmid maps 

can be found in Appendix A. 

Strain Description Source 

pAZ6 
cpc1 promoter aeqS expression vector, hygR 

selection 
Zelter (2004) 

pAB19 
cpc1 promoter aeqS expression vector, bar 

selection 
Marris (2007) 
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2.4. Culture media and growth conditions 

2.4.1 Culturing E. coli  

2.4.1.1 Culture media  

E. coli was grown on solid or in liquid Luria-Bertani (LB) medium (Table 2.3). 

Glycerol stocks made according to Sambrook and Russell (2001) were used for long 

term storage of E. coli at -80 °C. 

!

Table 2.3 Luria-Bertani (LB) medium. 

Component Quantity 

Tryptone 10 g 

Yeast extract 5 g 

NaCl 10 g 

Agar 10 g 

dH2O Add to 1 Litre 

!

To increase survival rate and thus transformation efficiency after heat shock or 

electrophoresis, E.coli were recovered in super optimal broth with catabolite 

repression (SOC) medium (Table 2.4). 

!

Table 2.4 Super-optimal broth with catabolite repression medium (SOC). 

Component Quantity 

Tryptone 10 g 

Yeast extract 5 g 

NaCl 10 g 

Agar 10 g 

KCl (1 M) 2.5 ml 

MgCl2 (2 M) 5ml 

dH2O 972.5 ml 

Adjusted to PH 7.0 with NaOH, autoclaved and then 

add: 
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Sterile glucose (1 M) 20 ml 

!

For selection of E.coli strains transformed with plasmids containing antibiotic 

resistance genes, chloramphenicol (35 µg/ml) was added to the medium after 

autoclaving and once media had cooled to 50 °C. 

!

2.4.1.2 Types of culture and growth conditions 

Solid LB plates contained 15 to 20 ml LB per 8.5 cm plastic Petri dish. Media were 

made, autoclaved and allowed to cool to 50 °C before addition of the appropriate 

antibiotics. Plates were poured before media solidification, allowed to solidify, 

inoculated with 50-200 µl of LB bacterial cell suspension and incubated upside down 

at 37 °C. A sterile bent glass or sterile glass beads (4 mm) were used to disperse the 

inoculum.  

 

For plasmid minipreps 5 ml liquid LB cultures supplemented with the appropriate 

antibiotic were inoculated using a sterile pipette tip and incubated overnight in a 

shaking incubator at 37 °C and 180 rpm.  

!

2.4.2 Culturing N. crassa 

2.4.2.1 Culture media   

N. crassa was grown on solid or in liquid Vogel’s media (VgS) (Vougel, 1956) using 

2% sucrose as the carbon source (Table 2.5). For solid media 2% Oxoid agar was 

added (Table 2.6) before autoclaving. All media and salt solutions were made using 

distilled water (dH2O) and sterilized before use by autoclaving at 121 °C, 15 psi for 

20 min.   

 

 

 

!

!
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Table 2.5 Vogel’s salts 50 x stock solution (stored at 4 °C). 

Component Quantity 

Na3Citrate-2H2O 126.7 g 

KH2PO4 250 g 

*NH4NO3 100 g 

MgSO4-7H2O 10 g 

CaCl2-2H2O 5 g 

**Vogel’s trace elements 

solution 
5 ml 

†Biotin solution 5 ml 

dH2O add to 1 Litre 

* omitted for N-free VM, ** see Table 2.7, † see Table 2.8 

!

Table 2.6 Vogel’s sucrose minimal medium.  

Component Quantity 

*Vogel’s salts 50 x 

stock solution 
20 ml 

Sucrose 20 g 

Agar 20 g 

dH2O add to 1 Litre 

* see Table 2.5 

!

Table 2.7 Vogel’s trace elements stock solution (stored at 4 °C). 

Component Quantity 

Citric acid-1H2O 5 g 

ZnSO4-7H2O 5 g 

Fe(NH4)2SO4-7H20 1 g 

CuSO4-5H2O 0.25 g 

MnSO4-1H2O 0.05 g 

H2BO4 0.05 g 

Na2MoO4-2H2O 0.05 g 

dH2O add to 1 Litre 

!
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Table 2.8 Biotin stock solution (stored at 4 °C). 

Component Quantity 

d-biotin 5 g 

dH2O add to 1 Litre 

!

For VgS to be used with ignite selection (bar resistance gene), NH4NO3 was omitted 

from the VgS 50x stock solution (Table 2.5) to yield nitrogen-free Vogel’s medium 

(N-free VgS). To replace the nitrogen source, 0.5 % (w/v) proline was used as an 

alternative nitrogen source as this had been found to increase the potency of ignite 

selection (Table 2.9) (Hays and Selker, 2000).  

 

For Ca
2+

 free VgS media the CaCl2 was replaced with KCl to give an equivalent 

amount of chloride ions in the stock solution. 

 

For selection of strains containing the bacterial hygromycin phosphotransferase (hph) 

gene, which confers resistance to hygromycin B (hyg), hygromycin B (Staben et al., 

1989) was added to the plating media after autoclaving once media had cooled to 

50 °C.   

   

For selection using the ignite/basta resistance (bar) gene, which confers resistance to 

ignite (also known as phosphinothricin), ignite was extracted from the “Harvest” 

herbicide (Bayer Crop Science Ltd., Monheim, Germany). Extraction was performed 

using the methods described in the protocol of Hays and Selker, (2000). The 

effective concentration of ignite was titrated against Neurospora wt 74A for each 

extraction (typical effective concentration was 400 !g ml
-1

 ignite).  

!

Table 2.9 Antibiotics used for strain selection.!

Antibiotics Stock conc. Solvent Final conc. 

Hygromycin B 200 mg/ml dH2O 150-200 µg/ml 

Ignite 400 mg/ml dH2O 400 µg/ml 

!

!
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To induce the sexual cycle in Neurospora, strains were grown under nitrogen- and 

carbon-limiting conditions on solid synthetic crossing medium (SCM) (Table 2.10) 

(Westergaard et al., 1947). 

 

Table 2.10 Synthetic crossing medium (SCM).!

Component Quantity 

‡Synthetic crossing 
medium 50 x stock solution 

20 ml 

Sucrose 20 g 

Agar 20 g 

dH2O add to 1 Litre 

‡ see Table 2.11  

!

Table 2.11 50 x synthetic crossing medium stock solution. 

Component Quantity 

KNO3  50 g 

K2HPO4  35 g 

KH2PO4  25 g 

MgSO4-7H2O  25 g 

NaCl  5 g 

CaCl2-2H2O  5 g 

**Vogel’s trace elements solution 5 ml 

†Biotin solution 2.5 ml 

dH2O add to 1 Litre 

** see Table 2.7, † see Table 2.8 

!

For plating and selection of N. crassa transformants after electroporation, specific 

recovery media are required. For ignite selection N-free VgS salts were used.  

!

Table 2.12 Fructose-glucose-sorbose (FIGS) 10 x stock solution. 

Component Quantity 

Fructose 5 g 

Glucose 5 g 
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Sorbose 200 g 

Agar 20 g 

dH2O add to 1 Litre 

Filter sterilized and stored at RT 

 

Table 2.13 Top agar. 

Component Quantity 

*VgS salts 50x stock solution 20 ml 

Sorbitol 182 g 

Agar 15 g 

dH2O add to 1 Litre 

Autoclave and cooled down  then add: 

**FIGS 10x stock solution 100 ml 

* see Table 2.5, ** see Table 2.12 
 

Table 2.14 Bottom agar. 

Component Quantity 

*VgS salts 50x stock solution 20 ml 

L-Arginine hydrochloride 3 g 

Agar 15 g 

dH2O 800 ml 

Autoclave and cooled down  then add: 

**FIGS 10x stock solution 100 ml 

* see Table 2.5, ** see Table 2.12 

 

Table 2.15 Complete selection medium (CSM). 

Component Quantity 

Sorbitol 182 g 

*VgS salts 50x stock solution 2 ml 

Agar 15 g 

Add dH2O to 900 ml, cool down and add: 

**FIGS 10x stock solution 100 ml 

* see Table 2.5, ** see Table 2.12 

!
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2.4.2.2 Types of culture and growth coniditions   

Mature colonies of N. crassa. For experiments requiring mature hyphal colonies, 

Petri dishes were inoculated in the centre of the agar plate with either an agar plug 

from an established colony or a 5-10 µl drop of a conidial suspension. Plates were 

then incubated at 35 °C for 2 days, then placed on the bench for another 2-3 days to 

get better conidiation.  

 

Conidial germling cultures. For experiments requiring asexual spores either agar 

slants or plates were inoculated with a 5-10 µl drop of dense conidial suspension, 

incubated for three days at 35 °C in the dark, then placed on the bench for another 1-

2 days until sufficient amounts of conidia have been produced. Conidia were 

harvested in 1-5 ml of sterile water by either rinsing the colony surface on the plate, 

or by adding water to the slant, swirling and then aspirating. The spore suspension 

was then filtered through a pipette tip containing a ball of sterile cotton wool to 

remove hyphal fragments and larger arthroconidia. The concentration of conidia was 

then determined using a Fuchs-Rosenthal cell counting chamber (Paul Marienfeld 

GmbH & Co. KG, www.marienfeld-superior.com) and adjusted by dilution in dH2O 

to 5 x 10
5
 - 1 x 10

6
 spores/ml.  

 

Long-term stock cultures. Stock cultures of N. crassa were grown in VgS agar 

slants supplemented with selection marker where appropriate. The slant cultures 

were inoculated and allowed to grow at 25 °C for 7-10 days in continuous light until 

maximum conidiation was achieved. These slants were then refrigerated at 4 °C and 

used for several weeks. Stock cultures were stored at – 20 °C until required. 

 

Microwell Plates set up for 6 h assays. Conidia of antibiotic resistant strains used 

to prepare microwell plates were grown in VgS slants with no selection and 

incubated for 7 days at 24 °C under constant illumination. This method of culturing 

ensured that conidia used in [Ca
2+

]c assays had normal morphology and were 

unaffected by growth in the presence of antibiotics. Microwell plates (flat bottomed 

96 well opaque white 12.8 cm ! 8.8 cm plates, Thermo Fisher Scientific, 

Loughborough, UK) were inoculated with 100 "l of liquid VgS containing 2.5 "M 
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(Biosyth, Switzerland) or 10 !M native coelenterazine (Lux Biotechnology, 

Edinburgh, UK) and 1"10
6
 conidia ml

-1
. Coelenterazine was added by dissolving 15 

nmol aliquots in 15 !l methanol in the dark before addition to the cell suspension. 

The final methanol concentration was not more than 0.5% which is known not to 

affect spore germination or hyphal growth (Kozlova-Zwinderman, 2002). After 

inoculation microwell plates were individually wrapped in tin foil and incubated in 

the dark at the appropriate temperature for 6 h before measurement using 

luminometry. !

!

!

2.5 Comparative genomics by BLASTp 

analysis  

Potential hypothetical protein orthologs from N. crassa and other species (mostly is 

Saccharomyces cerevisiae genome) were identified based on: E-value, % identities 

and number of positives, as well as conserved protein domains. The following 

genome and proteome online tools were used to compare gene and protein sequences, 

and validate predicted functional domains:  

 

Genome databases  

Neurospora crassa  

http://www.broad.mit.edu/annotation/genome/neurospora/  

Saccharomyces cerevisiae  

http://www.broad.mit.edu/annotation/genome/saccharomyces_cerevisiae/  

http://www.yeastgenome.org/ 

!!

GenBank at NCBI  

http://www.ncbi.nlm.nih.gov/Genbank/index.html!!

!

Functional Domains  

http://www.ebi.ac.uk/InterProScan/!!

!
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ClustalW2  

http://www.ebi.ac.uk/Tools/clustalw2/index.html 

!!

!

2.6 Molecular cloning techniques 

2.6.1 Extraction of plasmid DNA from E. coli 

Plasmid minipreps were performed using one of the following commercial kit 

suppliers according to manufacturer’s recommendations: Qiagen, Crawley, UK; 

Zymo Research, Irvine, USA; and Roche Applied Science, UK. 

!

2.6.2 Extraction of genomic DNA from N. crassa 

2.6.2.1. Phenol/chloroform extraction from fungal 

mycelia  

The desired strain was inoculated into liquid VgS and then incubated for 2-3 days at 

35 °C and constant light until enough mycelium produced. The mycelium was 

carefully collected and transferred onto a double-layered 10 x 10 cm square of sterile 

Miracloth (#475855, Calbiochem, Merk KGaA, Darmstadt, Germany). Folded 

together in the middle then sandwiched between paper towels the fungal biomass 

was dry-pressed to remove as much liquid as possible. The dried flakes of mycelium 

were then transferred into liquid nitrogen in a pre-chilled mortar and ground the 

mycelium to a fine powder, then transferred into 2 ml Eppendorf tubes already 

containing 600 µl of DNA extraction buffer (Table 2.16) plus 1.5 µl RNase (#19101, 

Qiagen; 10 ng/µl final concentration). After vigorous vortexing the mixture was 

incubated for 15-20 min at 65 °C in a heat block, and subsequently cooled down on 

wet ice for 5 min. To extract gDNA, 300 µl phenol and 300 µl 

chloroform/isoamylalcohol 24:1 mixture were sequentially added with vigorous 

vortexing in between and afterwards. Phase separation was achieved by 

centrifugation for 10 min at 12000x g at 4 °C. The upper aqueous phase containing 

the gDNA was carefully taken off with a pipette and transferred into a fresh 1.5 ml 

Eppendorf tube containing 600 µl chloroform/isoamylalcohol 24:1 mix. The upper 
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phases were again separated by centrifugation, and transferred in a fresh 1.5 ml 

Eppendorf tube containing 0.8 vol. (600-650 µl) pre-chilled (-20 °C) isopropanol. 

DNA precipitation occurred during a 30 min or overnight incubation period at -20 °C. 

The precipitated gDNA was pelleted by centrifugation for 15 min at 14000x g and 

4 °C. After discarding the supernatant and washing the pellet once in 0.8 vol. (~800 

µl) 75% EtOH, the gDNA dried at RT for 5-10 min, before being resuspended in a 

suitable volume (typically 20-50 µl) of 10 mM TrisHCl or dH2O. Optionally, 

remaining RNA was digested by adding 1/10 of the solution volume (5-10 µl) RNase 

(10 µg/µl stock) to the sample and incubate for 2 h at 37 °C. Purified gDNA was 

stored at - 20 °C. 

!

Table 2.16 DNA extraction buffer. 

Component Quantity 

10 mM Tris-HCl (pH 8) 10 ml 

NaCl 8.2 g 

0.5 M EDTA 1 ml 

dH2O add to 100 ml 

autoclaved and stored at RT 

!

2.6.2.2. Quick gDNA extraction protocols  

Two time saving alternative methods which can provide sufficient amounts of 

biomass for the extraction of gDNA were used prior to genetic verification by PCR. 

500 µl of liquid VgS, supplemented with selection marker if desired, were inoculated 

with a small drop of spore suspension of the desired strain, and incubated overnight 

at 30-35 °C. The mycelial biomass formed was collected by centrifugation for 10 

min at 12000x g at room temperature, and the supernatant medium was discarded. 

Subsequent steps for the two methods were as follows:!

•   500 µl of lysis buffer (Table 2.17) were added to the mycelial pellet and the 

sample incubated for 1 h at 60 °C in a heat block. Subsequently, 250 µl 

phenol and 250 µl of a chloroform/isoamylalcohol 24:1 mix were added and 

the sample vigorously vortexed. DNA purification was performed as 

described in the previous section.  
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•    Approximately 150 ml of Ottawa Sand (Fisher Scientific !S-23) or glass 

beads (0.4–0.6 µm) were added to the mycelial pellet with 500 ml of isolation 

buffer (Table 2.18) and were vortexed for 2 min, then incubated at 65 °C to 

provide a heat shock for 5-7 min. 300 ml of 7.5 M ammonium acetate was 

added and inverted to mix, then incubated on ice for 10 min. About 700 ml of 

the supernatant was collected by centrifugation at 14,000 rpm for 3-5 min and 

added to a new tube which contained 500 ml isopropanol. This was inverted 

to mix it, and then incubated on ice for 10 min. The sample was spun for 3 

min at 14,000 rpm and the supernatant discarded. 250 ml of TE (10 mM Tris-

HCl pH 7.5, 1 mM EDTA) was added to the pellet and incubated at 50 °C for 

5-10 min. 200 ml of chloroform : isoamyl alcohol (24:1) was then added and 

vortexed briefly, spun at 14,000 rpm for 1 min and the aqueous phase 

(approximately 220 ml) was collected. Ethanol precipitation (see 2.6.5) of the 

DNA was then performed and resuspended to achieve the desired 

concentration in dH2O or 10 mM Tris-HCl. 

!

Table 2.17 DNA lysis buffer. 

Component Quantity 

20 mg/ml Proteinase K* 12.5 – 25 µl 

SDS (5 % w/v) 500 µl 

0.5 M EDTA 50 µl 

dH2O Add to 5 ml 

Stored at 4 °C and used within 2-3 days 

* e.g. Proteinase K #19131, Qiagen  
!

Table 2.18 DNA isolation buffer. 

Component Quantity 

10% N- lauroylsarcosine 200 ml 

1 mM Tris-HCl (pH 8) 100 ml 

200 mM EDTA (pH 8) 1.7 ml 

Stored at 4 °C and used within 2-3 days 

!
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2.6.3 Restriction of plasmid DNA 

Restriction digests were performed according to the manufacturer’s instructions for 

the enzymes used. Restriction enzymes were purchased from New England Biolabs 

(New England Biolabs Ltd., Hitchin, UK; www.neb.com) or Promega (Promega 

Biosciences, Inc., Southampton, UK; www.promega.com).  

!

2.6.4 DNA extraction and purification from 

agarose gels  

DNA bands were excised from agarose gels, transferred to 1.5 ml Eppendorf tubes 

and weighed. DNA was then purified with one of the following gel extraction kits 

according to the manufacturer’s recommendations: Invisorb Spin DNA extraction kit 

#IV-10201102, Invitek, Berlin, Germany; Wizard SV Gel and PCR Clean-Up system 

#A9281, Promega, Southampton, UK or QiaQuick Gel Extraction Kit #28704, 

Qiagen, Crawley, UK,. DNA was eluded in 10 mM Tris-HCl or dH2O.  

 

2.6.5 Ethanol precipitation of DNA  

0.1 vol. 3M sodium acetate (pH 5.2) was added to the DNA solution in an Eppendorf 

tube. Two volumes of chilled (- 20 °C) EtOH were added and the DNA precipitated 

for 30 min at - 20 °C. Subsequently the mix was centrifuged at 13000 rpm and 4 °C 

for 30 min, and the supernatant removed. The DNA pellet was washed in 1 vol. of 

70 % ethanol and centrifuged for 5 min at 13000 rpm at 4 °C. After discarding the 

supernatant the pellet was dried for 5-10 min at RT and resuspended in the desired 

volume of 10 mM Tris-HCl or dH2O. 

!

2.6.6 Measuring DNA quantity and quality  

Quantity and quality of all DNA samples were measured using the NanoDrop ND-

1000 spectrophotometer (www.nanodrop.com).  

!

!
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2.6.7 Primer design and DNA sequencing  

Primers (Appendix B) were supplied by Invitrogen (Invitrogen Ltd., Paisley, UK). 

DNA sequencing PCRs were performed using the BigDye® Terminator v3.1 Cycle 

Sequencing kit (#4337455, Applied Biosystems, Warrington, UK), and analysed by 

The GenePool Sequencing Service, Ashworth Laboratories, University of Edinburgh, 

Edinburgh, UK. Sequence analysis was performed using FinchTV vers.1.4.0 

software from Geospiza Inc., Seattle, USA, and the ClustalW2 online alignment tool 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html).  

!

2.6.8 PCR purification 

Enzymes and unwanted buffer ingredients were removed from PCR reactions using 

one of the following commercial PCR purification kits according to manufacturer’s 

recommendations: PCRapace kit, #IV-10202003, Invitek, Berlin, Germany; 

PureLink PCR Purification kit, #K3100-01, Invitrogen, Paisly, UK or QIAquick PCR 

Purification kit #28104, Qiagen, Crawley, UK. 

!

2.6.9 Genetic verification of gene deletion 

strains 

Although most of the gene deletion strains generated by the NIH Neurospora 

Genome Project had been previously verified by Southern analysis, some of the 

knockouts were obtained as heterokaryons or had not been subjected to Southern 

analysis. PCR verification and Southern analysis was done to make sure the 

knockouts are the ones they were supposed to be. 

!

2.6.9.1 PCR verification 

The absence of the wild type gene and the presence of the hph cassette at the target 

locus were both analysed by PCR to verify the knockouts. A schematic drawing of 

the PCR set up is shown in Figure 2.1. 
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!

Figure 2.1 Generation and genetic verification of gene deletion strains. (a) 
Simplified representation of the gene deletion process by homologous 
recombination. (b) By using two gene-specific primers positioned inside the 
wild type ORF (X_1000_rv and X_500_fw) paired up with primers positioned 
outside of the 5’ and 3’ flank used for homologous recombination 
(X_5’200_fw and X_3’300_rv) to verify whether the wild type gene is present. 
(c) Presence of the hph cassette in the target locus is analysed with primers 
specific for the cassette (hph_800_fw and hph_300_rv), paired up with the 
same primers outside of both flanks as described before.  
!

In addition, specific primers were used for PCRs to verify if complementation of the 

mus-51 locus (NCU08290.3) and the mus-52 locus (NCU00077.3) deletions, 

respectively, had been successful. 

!

2.6.9.2 Southern blotting 

Southern analysis was performed by using the following commercially kits  

according to the recommendations of the manufacturers: Amersham ECL Direct™ 

Nucleic Acid Labeling and Detection System, GE Healthcare, Germany; and DIG-

High Prime DNA Labeling and Detection Starter Kit II, Roche Applied Science, 

UK.  

!
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2.7 Transformation of E. coli  

Amplification of plasmid DNA was performed by transformation of competent E. 

coli DH5! by electroporation (BioRad Gene PulserTM, BioRad Laboratories Ltd., 

Herts, UK) with appropriate DNA as described in (Sambrook et al., 2001).  

!

!

2.8 Transformation and homokaryon 

purification of N. crassa 

2.8.1 Preparation of electrocompetent conidia  

Two hundred and fifty ml conical flasks containing 100 ml solid VgS media were 

inoculated with conidial suspension and incubated at 24 °C for 7 days or until 

maximum conidiation. Conidia were harvested by addition of 75 ml 1 M sorbitol 

(cooled to 4 °C) to the flask which was then mixed for 60 s. The suspension was then 

filtered through 3 layers of sterile mirocloth into a sterile 50 ml falcon tube. The 

filtrate was then centrifuged for 8 min at 4 °C and 4000 rpm, supernatant was 

discarded and the pellet was resuspended in 50 ml 1 M sorbitol. This was then 

repeated 3 more times and after the last centrifugation the pellet was resuspended in 

the sorbitol remaining after decanting. Conidial concentration was then determined 

using a haemocytometer and the suspension was adjusted to 2.5 ! 10
9
 conidia/ ml.  

  

2.8.2 Electroporation  

2.8.2.1 Transformation by electroporation 

In a sterile 40 "l of the conidial suspension from section 2.8.1 was mixed with 2 "l 

DNA (1-5 "g) and incubated on ice for 5 min. The solution was then transferred to a 

0.2 ml electro-poration cuvette and electroporated (resistance: 600 Ohms, voltage: 

1.5 kVcm
-1

, capacitance 25 oF, BioRad Gene PulserTM, BioRad Laboratories Ltd., 

Herts, UK). When a beep was heard 1 ml 1 M sorbitol was added to the 

electroporation cuvette and mixed gently by Pasteur pipetting. Electroporated conidia 
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were then added to 10 ml top agar (Table 2.13) at 50 °C and poured onto a 20 ml 

bottom agar plate (Table 2.14). After the agar had set, plates were inverted and 

incubated at 24 °C until colonies appeared (after 2-3 days). Once individual colonies 

were visible they were picked and transferred to VgS slants containing appropriate 

selection and incubated for 7 days at 24 °C.  

 

2.8.2.2 Dye-loading by electroporation 

To introduce the dextran-conjugated dye or cell im-permeant dye into cells, 20 µl of 

conidial suspension (see section 2.8.1) was mixed with 20 µl of dye to give a final 

volume of 40 µl.  This was then incubated at room temperature for 5 min. Using the 

same electroporation parameters as above, the conidia were then washed two times 

with VgS in order to remove excess dye. The conidial concentration was then 

determined using a haemocytometer and adjusted to 5 ! 10
5 

-
  
1 ! 10

6 
conidia ml

-1
, 

transferred to 8-well chambers and incubated at 35 °C for the appropriate time. 

!

2.8.3 Transformants screening and 

homokaryon purification 

Transformants selected to be tested for [Ca
2+

]c measurements were grown for 7 days 

and screened for aequorin expression using plate luminometry. A loop of conidia 

was suspended in 0.25 ml liquid VgS and 80 "l aliquots of the resulting cell 

suspension were then transferred to 2 wells of a 96 well plate. Once all transformants 

had been added to the plate, a 15 nmol aliquot of coelenterazine dissolved in 15 "l 

methanol was added to 1.2 ml liquid VgS. Twenty "l aliquots of this solution were 

added to each inoculated well in the microplate. The plate was then wrapped in foil 

and incubated for 24 h at 24 °C. After incubation the plate was transferred to the 

Microlumat Luminometer set to 24 °C and groups of six wells were ran under a 1.5 

min discharge protocol with an injection of 3 M CaCl2 (final conc. 1.5 M), 20% 

ethanol, at 57 s  (repeated measurement, cycle time; 11.51 s, measurement time; 1 s). 

The luminescence emitted by each well at discharge injection was examined to 

identify any wells expressing aequorin.  
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Any transformants shown to be expressing aequorin were then entered into 

homokaryon purification. Loops of spores from a transformant were suspended in 

0.5 ml liquid VgS and the concentration of this suspension was determined by a 

haemocytometer. The cell suspension was then diluted to 1000 cells/ml in liquid VgS 

and a 150 !l aliquot of the diluted suspension was spread on a drug amended VgS 

plate. The plate was then sealed with parafilm and incubated overnight at 24 °C. The 

following morning 2 colonies were excised from the plate and transferred into 

separate drug amended VgS slants. These slants were incubated at 24 °C for 7-10 

days until maximum conidiation was achieved. The plating was then repeated until 

each initial transformant had been plated at least three times.   

!!

To identify any transformants that had lost aequorin expression, 80 !l aliquots of the 

initial, more concentrated, cell suspension were inoculated into 2 wells of a 96 well 

microplate. Once all transformants had been added to the plate a 15 nmol aliquot of 

coelenterazine dissolved in 15 !l methanol was added to 1.2 ml liquid VgS. 20 !l 

aliquots of this solution were added to each inoculated well in the microplate to give 

final coelenterazine concentration of 2.5 !M in all wells. The plate was then wrapped 

in foil and incubated for 24 h at 24 °C. After incubation the plate was transferred to 

the Microlumat luminometer set to 24 °C and groups of six wells were ran under a 

1.5 min discharge protocol with an injection of 3 M CaCl2, 20% ethanol, at 57 s 

(repeated measurement, cycle time; 11.51 s, measurement time; 1 s). No colonies 

were picked from any transformant strain that did not express aequorin. 

 

 

2.9 Sample preparation for live-cell 

imaging 

Inverted agar block culture. For imaging mature hyphal colonies, strains were 

grown on solid agar medium as described in section 2.4.2.2. Using a sterile scalpel a 

quarter of the colony was excised, such that all developmental stages (colony centre 

to leading edge) of the extending mycelium were represented on the agar block. The 

agar was then inverted and transferred onto a droplet of liquid media on a large (48 x 



 !"#

64 mm #1.5, R.A. Lamb, www.ralamb.co.uk) glass coverslip. During the preparation 

the hyphae suffer mechanical perturbation which can cause transient cessation of 

growth and apical swelling. Therefore, samples were placed on the microscope stage 

or bench and allowed 10-30 min to recover and resume normal growth, indicated by 

rapid cytoplasmic bulk flow towards the colony edge.  

 

Liquid culture. Liquid culture techniques were used in experiments monitoring the 

germination and fusion process of conidial germlings. A 0.5-1 x 10
6
 spores/ml 

solution was prepared as described in section 2.4.2.2. 200 µl of the spore solution 

were added into eight well slide culture chambers (Nalge Nunc International, 

www.nalgenunc.com), and incubated at 35 °C. In contrast to ‘inverted agar’ sample 

preparation, this type of culture made the application of biochemical inhibitors or 

dyes at any time point of the experiment much easier, as appropriate amounts of 

stock solution of the desired biochemical (Table 2.21) could simply be added into 

the medium. At selected time points the developmental stage of the cells was 

documented using DIC microscopy (section 2.10.2).  

 

2.10 Microscopy 

2.10.1. Stereomicroscopy  

A Nikon SMZ 1500 fluorescence stereomicroscope was used to assess the general 

colony morphology, monitor development of sexual structures, and for single colony 

isolation during homokaryon purification (section 2.8.3) in this study. The 

fluorescence stereomicroscope had a magnifying range of 0.75 x to 11.25 x. Images 

were acquired with Nikon ACT-1 software on a Nikon digital DXM 1200F colour 

camera and stored as TIFF files.  

!

2.10.2. Brightfield and differential interference 

contrast microscopy  

A Nikon Eclipse TE 2000 E inverted microscope (Nikon Instruments Europe B.V, 
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Surrey, UK) with differential interference contrast (DIC) and bright field (BF) optics, 

Nikon camera (DXM1200F) and Nikon ACT-1 image capture software were used. A 

Nikon Plan Fluor 100 ! 1.4 N.A. DIC H oil immersion, a Nikon Plan Apo 60 ! 1.2 

N.A. DIC H water immersion objective lens or a Nikon Plan Apo 20x 0.5 N.A. DIC 

M air objective were used. Digital images were stored as TIFF files. 

!

2.10.3. Widefield fluorescence microscopy  

Either a standard Nikon mercury arc lamp (regulating the power with either an 8! or 

4! neutral density filter), or a combination of the two, a Till Polychrome IV 

monochromator xenon arc lamp (www.till-photonics.com) or a CoolLED system 

(www.coolled.com) were used with a Nikon Plan Fluor 100! 1.4 N.A. DIC H oil 

immersion objective or a Nikon Plan Apo 60! 1.2 N.A. DIC H water immersion 

objective lens. For Fluo-4, Oregon Green 488, Calcium Green"#-1 and Fluorescein 

diacetate (FDA) imaging the Nikon B-2A filter cube was used, for propidium iodide 

(PI) imaging the Nikon G-2A filter was used. Characteristics of these two fluorescent 

filters are summarised in Table 2.19.  

!

Table 2.19 Details of filter cubes used for widefield fluorescence 

microscopy. 

Filter set Excitation filter 
Dichroic 

mirror 

Emission filter 

 

Nikon B-2A 470/20 nm  500 nm  515 nm  

Nikon G-2A 535/25 nm  565 nm  590 nm  

 

2.10.4 Preparation of dyes for fluorescence 

microscopy  

Fluorescent dyes (Table 2.20) were used as markers for [Ca
2+

]cyt or specific cellular 

compartments and applied as liquid droplets of freshly made working solution either 

underneath the agar block when using the inverted agar method (section 2.4.2.2), or 

simply added to the cell suspension when working with liquid cultures (section 



 !"#

2.4.2.2).  

 

Table 2.20 Fluorescent dyes and proteins used in this study. 

Dye Selectivity Conc.  
Ex. 

(nm) 
Em. 
(nm) 

Source  

Calcium GreenTM-1 intracellular Ca2+ 10 µM 506 531 Invitrogen 

Fluo-4 intracellular Ca2+ 2-4 µM 494 516 Invitrogen 

Fluorescein diacetate 

(FDA) 
esterases 

5 µg ml-

1 
475 535 Sigma 

Oregon Green-488 intracellular Ca2+ 20 µM 496 524 Invitrogen 

Propidium iodide (PI) nucleic acid 
5 µg ml-

1 
536 617 Sigma 

!

2.11 Quantification of conidial germination 

and CAT fusion 

Conidial germination was quantified as the percentage of conidia possessing a 

protuberance that was at least as long as it was wide. CAT fusion was quantified as 

the percentage of conidia or conidial germlings involved
 
in fusion. 100 conidia 

/conidial germlings were counted in three samples for each treatment and each 

experiment was repeated at least once(Roca et al., 2010; Lichius et al., 2010). 

 

.2.12 Mycelial extension rate measure-

ments 

Vogel’s medium plates were centrally inoculated. After incubation at 35
o
C for 6-12 h, 

once a constant mycelial extension rate was achieved, the position of the advancing 

mycelial front (leading hyphae) was marked twice daily along four random radii on 

the lower Petri dish plate using an indelible marker pen. This exercise was performed 

on three plates for each strain assessed and from these measurements the average 

mycelial extension rate was calculated. 
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2.13 Biochemical agents and inhibitors 

A number of L-type calcium channel inhibitors and antifungal proteins have been 

tested for effects on germination and CAT fusion in N. crassa. All chemicals have 

been applied by adding appropriate amounts of stock solutions to liquid germling 

cultures, prepared as described in section 2.4.2.2. The treated cells were qualitatively 

monitored by DIC microscopy (section 2.10.2) and quantitatively evaluated by cell 

counts, based on the acquired image data. All biochemical agents used within this 

study are listed in Table 2.21.  

 

Table 2.21 Biochemical inhibitors and antifungal proteins used in this 

study. 

Name Application Source 

Verapamil Ca2+ blocker Fluka 

Diltiazem Ca2+ blocker Sigma 

Nimodipine Ca2+ blocker Sigma 

Lanthanum Ca2+ blocker Acros oganics 

benomyl microtubule depolymerizer  Chemservice 

MsDef1 Antifungal protein Dilip Shah 

MtDef4 Antifungal protein Dilip Shah 

Amphotericin B Antifungal protein Pete Marris 

!

!

2.14 In vivo [Ca
2+

]c measurement by 

luminometry  

Luminometry was performed by using either an LB96P Microlumat luminometer or 

a MicrolumatPlus LB 96V (both from Berthold Technologies Bad Wilbad, Germany) 

both controlled by a dedicated PC running the Microsoft Windows based Berthold 

WinGlow
TM

 software. The luminometer allowed a maximum of two 100 !l 



 !"#

injections into each well through built in injectors. Such injections were used to 

stimulate samples, or discharge aequorin from samples, when required. 

 

Flat bottomed 96 well opaque white 12.8 cm ! 8.8 cm microtitre plates (Thermo 

Fisher Scientific, Loughborough, UK) were used in all experiments involving 

microwell plate luminometry. Each well has a capacity of 350 "l.  

 

In this study repeated measurement protocols were used. The repeated protocol 

measures light emitted from a number of samples over the course of one experiment. 

To achieve this, the detector of the luminometer must move from one sample to next. 

The time it takes to measure every sample in the experiment and return to the starting 

sample is called the cycle time. The time that each sample is measured for per cycle 

is called the measurement time. The standard measurement time was 1 s and the 

standard cycle time was 11.51 s for all luminometry.  

!

2.14.1 Standard luminometry for 6 h [Ca2+]c 

assay 

Microwell plates containing N. crassa colonies (inoculated and grown as described 

in section 2.4.2.2) were placed in the luminometer 10 min prior to measurement. 

Luminescence was then measured for 11 min with mechanical perturbation (100 "l 

injection of liquid VgS medium) stimuli being provided after 57 sec. (Zelter et al., 

2004). A repeated measurement protocol was used to measure luminescence, for 1 

sec intervals, of six sample wells every 11.51 sec for a total of 11 min 8 sec. Six 

extra wells in each plate were inoculated to determine the total amount of aequorin 

available to bind [Ca
2+

]c. This was measured using a repeated measurement protocol 

lasting 11 min with one 100 "l injection of 3 M CaCl2, 20% ethanol after 57 sec for 

experiments using germ tubes (Nelson et al., 2004). This protocol was known as a 

discharge protocol. Average background luminescence levels were measured by a 

repeated measurement protocol also and this average background luminescence for a 

well was subtracted from the experimental luminescence during calibration of [Ca
2+

]c.  
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2.14.2 Luminometry with chemical treatments  

To investigate the effects chemical agents and antifungal proteins (Table 2.23) on 

[Ca
2+

]c, they were added to microwells in 100 !l aliquots 12 min prior to 

luminometry. Chemicals were dissolved in liquid VgS to minimise any osmotic 

stress. All chemical concentrations given refer to the final concentration in a 

microwell after addition of the chemical and any stimulus injection into the well.   

!

2.14.3 Calibration of luminometer data  

Measurements of Relative Luminescence Units (RLU) obtained by the LB96P 

Microlumat  luminometer were converted to values of [Ca
2+

]c by the term bert 

program developed by Alex Zelter (Zelter, 2004). Term bert was written in perl 

(http://www.perl.com) and used the perl data language [PDL] (http://pdl.perl.org) for 

complex multidimensional data manipulation. Three files were read into the program 

for each experiment:  (1) background data, from the measurement of wells 

containing untreated cells in growth medium; (2) sample data, from the actual cells 

in growth medium that were experimentally treated; and (3) discharge data, from 

samples assigned for discharge. Error type could be set to variance, standard 

deviation or standard error.  Input data were converted by the term bert program into 

Ca
2+

 concentrations using the following empirically derived calibration formula,  

Equation 2.1 (Fricker et al., 1999; Zelter, 2004). 

!

Calibration coefficients for Equation 2.1 were determined by Badminton et al. (1995). 

The discharge data was used to determine k for each time point. All discharge data 

were multiplied by 1.24 to correct for the fact that the ethanol in the discharge 

solution quenches aequorin luminescence by 24% (Kozlova-Zwinderman, 2002).!

!

(2.1) 
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Chapter 3 

Role of different Ca
2+

 signalling/ 

homeostasis proteins in colony 

initiation and development 

!

3.1 Introduction 

There have been a limited number of studies on the role of different Ca
2+

 

signalling/homeostasis proteins during colony initiation and development in N. 

crassa. 

 

As mentioned before in Section 1.3.2.1 in Neurospora crassa: A23817, the Ca
2+

-

selective ionophore which is capable of raising [Ca
2+

]c, was found to induce apical 

branching (Reissig and Kinney, 1983); exogenous Ca
2+

 addition altered the 

branching morphology (Kawano and Said, 2002); extracellular Ca
2+

 was shown to be 

required at micromolar concentrations for hyphal tip extension and morphogenesis 

(Takeuchi et al., 1988); and a tip high [Ca
2+

]c gradient was found in growing hyphae 

(Levina et al., 1995). 

 

MID-1 encodes a stretch-activated channel which has been suggested to play a role 

in the regulation of ion transport via Ca
2+

 homeostasis and signalling (Lew et al., 

2008). The !mid-1 mutant was found to exhibit slower growth than the wild type. 

The smaller colony size of the !mid-1 mutant at any particular point was partially 

offset by a higher branching density based on measurements of the hyphal growth 

unit (hyphal length/number of branches). In addition to slower colony extension on 

solid growth medium, the mid-1 mutant produced fewer conidia when grown on 

slants (Lew et al., 2008). 

!
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Recently, Bowman et al. (2011) analysed growth and fertility in four Ca
2+

 transport 

mutant strains: !nca-1, !nca-2, !nca-3 and !cax. All mutants showed similar 

hyphal branching patterns to those in the wild type when grown on solid growth 

medium. No fertility defects were found in the !cax, !nca-1 or !nca-3 strains. 

However, the !nca-2 strain produced fewer conidia and was infertile as a female 

parent. With increasing concentrations of CaCl2 in liquid medium, the growth of the 

!cax, !nca-1 , and !nca-3 mutants was very similar to that of wild type strain 74A. 

The !nca-2 mutant showed significant inhibition of growth in the presence of 50 

mM CaCl2. Strains with both !cax and !nca-2 mutations (!cax!nca-2 and 

!cax!nca-1!nca-2) were particularly sensitive to Ca
2+

 and ! 1 mM CaCl2 almost 

completely inhibited the growth of these strains. The growth of !nca-1!nca-2 and 

!nca-2!nca-3 mutants was not significantly different from that of the !nca-2 strain. 

All mutation combinations that excluded !nca-2 exhibited a similar pattern of 

growth as the wild type strain (Bowman et al., 2011). 

!

The aims of the research described in this chapter were: 

(1) To determine the influence of external Ca
2+ 

on conidial germination and CAT 

fusion 

(2) To determine the influence of L-type Ca
2+

 channel blockers on conidial 

germination and CAT fusion 

(3) To analyse the morphological phenotypes (conidial germination, conidiation, 

hyphal extension rate and hyphal branching) of 22 mutants of genes involved 

in the Ca
2+

 signalling/homeostasis machinery to identify possible roles of 

Ca
2+

 during colony initiation and development 

!

!

3.2 Results 

3.2.1 External Ca
2+

 is required for CAT fusion 

To determine whether external Ca
2+

 is required for conidial germination and CAT 

fusion, conidia were incubated for 5–6 h in liquid Vogel’s medium without 
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extracellular Ca
2+

. For this experiment, extracellular Ca
2+

 was removed by replacing 

CaCl2 with KCl in the preparation of the medium or by supplementing the standard 

Vogel’s medium with the cell-impermeant Ca
2+

 chelator, BAPTA. CAT fusion was 

completely inhibited when Ca
2+

 was removed from the medium in either treatment 

which suggests Ca
2+

 is required for CAT fusion (Figure 3.1) while germ tube 

formation was not affected too much (93.0 ± 1.78 % for untreated control; 89.7 ± 

0.1 % when BAPTA added and 86.4 ± 3.8 % when Ca free medium was used). Short 

conidial protrusions that resembled CATs were produced when Ca
2+

 was omitted 

from the medium (Figure 3B and 3C). 

!

!

!

!

!

!

Figure 3.1 Extracellular Ca2+ is required for CAT fusion (5-6 h incubation) 
at 35 °C. (A) Conidial germination and CAT fusion in standard liquid Vogel’s 

medium (contains !680 µM CaCl2) (B) Conidial germination and CAT fusion 
in Ca2+ free Vogel’s medium. Note short conidial protrusions (*) that 
resemble CATs. (C) Conidial germination and CAT fusion in Vogel’s medium 
supplemented with 1.5 mM BAPTA. Note short conidial protrusions (*) that 

resemble CATs. Bars = 20 µm.  

!

Germ tube formation, but not CAT formation and fusion, are dependent on 

microtubules (Roca et al., 2010). To further analyse whether these small protrusions 

formed are CATs or small germ tubes when extracellular Ca
2+

 was removed, 

experiments were done in the presence of the microtubule polymerization inhibitor, 

benomyl (Roca et al., 2010). Under these conditions it was found that CATs were 

formed but they did not undergo fusion in the absence of extracellular Ca
2+

 whilst 

treated with benomyl. This indicates that Ca
2+

 is probably required for CAT 

chemoattraction as a prelude to CAT fusion (Figure 3.2). 
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!

!

Figure 3.2 Evidence that Ca2+ is required for CAT chemoattraction (4-5 h 
incubation) at 35 °C. (A) Conidial germination and CAT fusion in Vogel’s 
liquid medium. (B) Conidial germination and CAT fusion in Vogel’s 

supplemented with 3 µg/ml benomyl. Note CAT fusion (arrows). (C) Conidial 

germination in Ca2+ free Vogel’s supplemented with 3 µg/ml benomyl. Note 

short conidial protrusions that are probably CATs. Bars = 20 µm. 
!

3.2.2 L-type Ca2+ channel blockers selectively 

inhibit CAT fusion 

To determine whether CCH-1 plays a role in conidial germination and/or CAT fusion, 

I selected verapamil, diltiazem and nimodipine as three different L-type Ca
2+

 channel 

blockers with different modes of action.  

 

The effects on germination (germ tube and CAT emergence from conidia) and CAT 

fusion of verapamil in the medium at different concentrations were assessed 

(Figures 3.3 and 3.4). !!!!!

!

!
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!Figure 3.3 Dose-dependent effects of verapamil on conidial 
germination and CAT fusion. (A) Histogram showing dose dependent 
effects after incubation for 5-6 h at 35 °C. (B) Graph showing dose 
dependent effects after incubation for 3 h and 5 h at 35 °C. Results are 
expressed as means ± SDs (n = 3). 

!

When verapamil was added to the conidia of wild type N. crassa, CAT fusion was 

inhibited in a dose-dependent manner (Figure 3.3). Verapamil at 0.5 mM inhibited 

CAT fusion to a small extent but had no significant effect on germination (Figure 

3.3). 1.5 mM verapamil was the lowest concentration used that inhibited germination. 

1.5 mM verapamil also completely inhibited CAT fusion after incubation for 5 h 

(Figure 3.3A). However, short protrusions that resembled unfused CATs were 

evident after treatment with 1.5 mM verapamil (Figure 3.4). The IC50 concentration 

of verapamil for conidial germination and CAT fusion were 1-1.5 mM and 0.9-1.0 

mM respectively (Figure 3.3A). 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!

!

!

!

!

Figure 3.4 Conidial germination and CAT fusion in the wild type at 35 °C 
(5 h incubation). (A) Vogel’s medium without verapamil. (B) Effects of 1.0 
mM verapamil. (C) Effects of 1.5 mM verapamil. Note short cell protrusion 

(asterisk) that maybe unfused CATs. Bars = 20 µm. 
!
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Diltiazem had a similar effect to verapamil on conidial germination and CAT fusion 

in N. crassa (Figures 3.5 and 3.6). It inhibited both processes in a dose-dependent 

manner (Figure 3.5) and CAT fusion was more sensitive to this agent than conidial 

germination. At 1.5 mM, diltiazem inhibited the rate of CAT fusion by more than 

50 % compared with the control but there was little effect on conidial germination at 

that concentration (Figure 3.5). When a higher concentration (> 2 mM) was used, 

CAT fusion was completely inhibited by diltiazem and conidial germination was 

inhibited by 50 % (Figure 3.5A). The IC50 concentration of diltiazem for conidial 

germination and CAT fusion were ~ 2.5 mM and 1.0 – 1.5 mM, repectively (Figure 

3.5A). 

!

 
Figure 3.5 Dose-dependent effects of diltiazem on conidial germination 
and CAT fusion. (A) Histogram showing dose dependent effects after 
incubation for 5-6 h at 35 °C. (B) Graph showing dose dependent effects 
after incubation for 3 h and 5 h at 35 °C. Results are expressed as means ± 
SDs (n = 3). 

!

!

!

!

!

!

!

Figure 3.6 Conidial germination and fusion in the wild type. (A) Vogel’s 
medium without diltiazem. (B) Effects of 1.5 mM diltiazem. (C) Effects of 2.0 
mM diltiazem. Note short cell protrusions (*) that maybe unfused CATs. Bars 

= 20 µm. 
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I attempted to use nimodipine as a dihydropyridine Ca
2+

 channel blocker to analyse 

the effects on conidial germination and CAT fusion in N. crassa. In contrast to the 

other two L-type Ca
2+

 channel blockers, verapamil and diltiazem, nimodipine proved 

impossible to fully dissolve in water. Even using a low Vogel’s liquid medium (10%) 

did not prevent small crystals of nimodipine forming. When nimodipine was used at 

a concentration of 250 µM, with crystals present, no inhibition of germination or 

CAT fusion was observed (data not shown). Lanthanum is a divalent cation channel 

blocker (Hong et al., 2010) which was also used in this study. I encountered the same 

problem with lanthanum as with nimodipine (i.e. it would not dissolve appropriately 

in growth medium although it dissolved perfectly in water). Even using a 

concentration as low as 0.25 µM, it still formed crystals in the presence of growth 

medium in the chamber. With crystals present, when lanthanum was used at a 

concentration of 16 µM, it inhibited the conidial germination completely (data not 

shown). 

!

3.2.3 Morphological phenotypes of mutants in 

genes involved in the Ca2+ signalling/ 

homeostasis machinery 

Morphological phenotypes of 22 homokaryon mutant strains in genes involved in the 

Ca
2+

 signalling/homeostasis machinery (Zelter et al., 2004; Marris, 2007) were 

analysed, which includes 7 Ca
2+

 channel mutants, 9 Ca
2+

 ATPases, 6 Ca
2+

 antiporters. 

The results in this section mainly describe the morphological phenotypes of conidial 

germination and CAT fusion, vegetative hyphal fusion in the mature colony, hyphal 

extension rates, hyphal branching and conidiation. Most of the mutants used in this 

study were obtained from FGSC except two (!cch-1 and !cch-1!mid-1). I used the 

cch-1 knockout cassette obtained from the Neurospora genome project 

(http://www.dartmouth.edu/~neurosporagenome/index.html) to delete the gene 

(NCU02762) and produce a homokaryotic mutant strain lacking the !mus-52 

mutation according to Colot et al (2006). Sexual crossing with the wild type was 

used after this to remove the !mus-52 mutation. Deletion of the cch-1 gene was 
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confirmed by PCR and Southern analysis. The double channel mutant !cch-1!mid-1 

was obtained by sexual crossing of the !cch-1 and !mid-1 mutants. PCR was used to 

verify the mutants (as shown in Appendix B). 

 

3.2.3.1 CCH-1 involves in conidial germination and 

CAT fusion 

Seven known and putative Ca
2+

 channel mutants were tested for conidial germination 

and CAT fusion (Figure 3.7). !cch-1 showed the greatest reduction in CAT fusion 

(40.5 ± 1.7 %) compared to the wild type control (69.0 ± 4.2 %) (Figure 3.7A). The 

double knockout strain !cch-1!mid-1 exhibited more severe reduction in CAT 

fusion after 6 h of incubation (24.7 ± 5.2 %) and did not significantly increase with a 

further 2 h of incubation (24.2 ± 5.47 %) (Figure 3.7B) indicating that the reduction 

in CAT fusion in this double mutant was not due to a reduced rate in the process. All 

mutant strains tested had a similar percentage of germination compared to the wild 

type (Figures 3.7A and B). 

 

!

 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 (A) Conidial germination and CAT fusion in wild type and Ca2+ 
channel mutant strains after 5-6 h incubation. Note that NCU08283 and 
NCU06601 are predicted Ca2+ channels (Bencina et al., 2009). (B) Conidial 
germination and CAT fusion in the wild type, !cch-1 and !cch-1!mid-1 
mutants after 6 and 8 h of incubation. Conidial germination and CAT fusion is 
also shown for the !mid-1 after 6 h of incubation (it was not necessary to 
measure these processes after 8 h because the values after 6 h were not 
significantly different from those of the wild type). Results are expressed as 
means ± SDs (n = 3). 
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Figure 3.8 Conidial germination and CAT fusion in wild type and Ca2+ 
channel mutant strains after incubation for 5-6 h. Note that NCU08283 and 

NCU06601 are predicted Ca2+ channels (Bencina et al., 2009).Bar = 20 µm. 
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Figure 3.9 Conidial germination and CAT fusion in wild type and Ca2+ 
ATPase mutant strains after incubation for 5-6 h. Results are expressed as 
means ± SDs (n = 3). 
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Another nine known and putative Ca
2+

 ATPase mutant strains were analysed for 

conidial germination and CAT fusion. All of them exhibited a similar percentage of 

conidial germination and CAT fusion to wild type, except NCU04898 which showed 

a significant reduction (p < 0.01) in CAT fusion (45.51 ± 5.75 %) compared with its 

mat A parental wild type (68.9 ± 4.23 %) (Figure 3.9).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Conidial germination and CAT fusion in Ca2+ ATPase mutant 
strains after incubation for 5-6 h incubation. Note that NCU07966, 
NCU04898, NCU03818 and NCU10143 are predicted Ca2+ ATPases 

(Borkovich et al., 2004; Zelter et al., 2004). Bar = 20 µm. 
!

None of the six Ca
2+

 antiporter mutants screened exhibited a significant reduction in 

conidial germination or CAT fusion after 5-6 h incubation (Figure 3.11). !
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Figure 3.11 Conidial germination and CAT fusion in wild type and Ca2+ 
antiporter mutant strains after 5 -6 hour incubation. Note that NCU00916, 
NCU00795, NCU06366, NCU02826 and NCU08490 are predicted Ca2+ 
ATPases (Borkovich et al., 2004; Zelter et al., 2004). Results are expressed 
as means ± SDs (n = 3). 
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Figure 3.12 Conidial germination and CAT fusion in Ca2+ wild type and 
antiporter mutant strains. Note that NCU00916, NCU00795, NCU06366, 
NCU02826 and NCU08490 are predicted Ca2+ ATPases (Borkovich et al., 

2004; Zelter et al., 2004). Bars = 20 µm. 
!
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3.2.3.2 All mutant strains can undergo vegetative 

hyphal fusion 

Filamentous fungi grow as a multicellular, multinucleate network of filamentous 

called hyphae. The formation of channels between fungal hyphae by self fusion is a 

defining feature of filamentous fungi, and hyphal fusion is especially important for 

the purposes of nutrient and water transport, communication and cellular homeostasis 

in such a fluid, dynamic system (Glass et al., 2000; Read et al., 2010). During the 

vegetative phase hyphal fusions are commonly formed during colony establishment 

by specialized conidial anastomosis tubes (CATs), and then later by specialized 

fusion hyphae in the mature colony (Read et al., 2009, 2010, 2012). 

!

Figure 3.13 Diagram showing the three stages involved in vegetative hyphal 
fusion in the mature colony (from Glass et al., 2004). 
!

Three basic phases in the process leading up to hyphal fusion in the mature colonly 

have been defined: pre-contact, post-contact and post-fusion (Read et al., 2010) 

(Figure 3.13). During the pre-contact phase, specialized fusion hyphae that are 

fusion-competent exhibit positive tropisms by growing towards each other, and their 

close vicinity to other hyphae can induce the formation of further fusion hyphae. 

During the post-contact phase, these hyphae make contact, adhere, commonly swell 
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at their tips, and their intervening cell walls break down. Finally, during the post-

fusion phase the plasma membranes of the two hyphae fuse providing cytoplasmic 

continuity allowing the movement of organelles between them. The fusion pore 

usually increases in size following fusion and septa often form in the vicinity of the 

site of fusion (Hickey et al., 2002; Read and Roca, 2006). 

!

Various mutant strains that lack of the Ca
2+

 signaling / homeostasis proteins were 

tested to see whether they can undergo vegetative hyphal fusion as wild type does 

(Figure 3.14). Seven Ca
2+

 channel mutants, nine Ca
2+

 pump mutants and six Ca
2+

 

antiporter mutants have been tested. None of them showed any defective on 

vegetative hyphal fusion (Figure 3.15, 3.16 and 3.17) and all of the mutants 

exhibited cytoplasmic continuity as verified by cytoplasmic flow through the sites of 

cell fusion. 
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Figure 3.14 Vegetative hyphal fusion observed in wild type N. crassa after 17 
h under 35 °C. (A) wild type mat A. (B) wild type mat a. Circles indicates the 

fusion point. Bars = 20 µm. 
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Figure 3.15 Vegetative hyphal fusion observed in Ca2+ channel mutants. 
Circles indicate fusion point. All mutants were observed 17-20 h post 

inoculation except !!cch-1mid-1, which was observed after 42 h. Bars = 20 

µm. 
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Figure 3.16 Vegetative hyphal fusion in Ca2+ pump mutants. Circles indicate 

the fusion point. Bars = 20 µm. 
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Figure 3.17 Vegetative hyphal fusion in Ca2+ antiporter mutants. Circles 

indicate the fusion point. Bars = 20 µm. 
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3.2.3.3 CCH-1 and MID-1 Ca
2+

 channel proteins and 

the Ca
2+

 pump protein NCU04898 plays roles in 

hyphal extension and conidiation  

To test whether the Ca
2+

 signalling / homeostasis proteins play roles in hyphal 

extension and the conidial production, wild type and mutant strains were cultured on 

Vogel’s agar medium in Petri dishes for 17 h – 20 h at 35°C in the dark to assess the 

relative rate of colony extension or 3 days at 35°C in the dark then 2 days more in 

daylight at room temperature to assess the mature colony phenotype and conidiation, 

respectively. Figure 3.18A shows the amount of mycelial growth in wild type mat A 

and mat a.  Figures 3.18B and C show the range of variation in appearance and 

conidiation patterns of the mature colonies of the two mating types. 

!

!

!!

!

!

! !

Figure 3.18 (A) Mycelial extension rates (as represented by visual inspection) 

of the two mating types of the wild type after incubation at 35°C for 17 h in 
the dark. (B and C) Range of variation in the mature colony and conidiation 

phenotype of the two mating types of the wild type after incubation at 35°C 
for 3 days in the dark followed by growth in the presence of daylight at room 
temperature for 2 days more.  

!

Of seven Ca
2+

 channel mutants analysed in the same way, four showed similar 

hyphal extension rates and conidiation patterns as the wild type does (compare 

Figures 3.18 and 3.19). !cch1 and !mid1 both exhibited reduced rates of mycelial 

extension and produced fewer conidia than the wild type. The !cch1!mid1 double 

knock out had an even more severe phenotype with a further reduction in mycelial 

extension rate and conidiation. In one day the wild type will cover the whole plate 

after being centrally inoculated. However, after incubation for 5 days the 

!cch1!mid1 mutant had not covered the whole plate (Figure 3.19).  
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Of nine Ca
2+

 pump mutants and eight Ca
2+

 antiporter mutants analysed, with one 

exception, the rest exhibited a similar mycelial extension rate and pattern of 

conidiation to the wild type (compare Figures 3.18, 3.20 and 3.21). The deletion 

mutant lacking the Ca
2+

 pump protein NCU04898 exhibited a markedly slower 

mycelial extension rate (Figure 3.20)  

!

Figure 3.19 Mycelial extension rates and conidiation patterns observed in the 
Ca2+ channel mutants. Note that the pigmentation in each of the mutants 
varied to a similar extent as that for the wild type (see Figure 3.18).  
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Figure 3.20 Mycelial extension rates and conidiation patterns in the Ca2+ 
pump mutants. Note that the pigmentation in each of the mutants varied to a 
similar extent as that for the wild type (see Figure 3.18). Note that the 

apparent reduced extension rate of !nca-2 shown here is not significant and 
falls within the range of variation in hyphal extension exhibited by the wild 
type strains. 
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Figure 3.21 Mycelial extension rates and conidiation patterns in Ca2+ 
antiporter mutants. Note that the pigmentation in each of the mutants varied 
to a similar extent as that for the wild type (see Figure 3.18)  
 
 

3.2.3.4 !cch-1 and !mid-1 showed a higher density of 

hyphal branching 

The vegetative hyphae at the periphery of the mature colony of the wild type undergo 

subapical branching as shown in Figure 3.22. Hyphal branching is necessary for 

efficient colonization and utilization of the substrate upon which the fungus is 

growing. To analyse the possible roles of the Ca
2+

 signalling / homeostasis proteins in 

hyphal branching, the different mutant strains were grown on Vgs solid media in Petri 

dish plates for 18-20 h, then their branching patterns were examined with the light 

microscope. 

!
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!

! !

Figure 3.22 Hyphal tip branching observed in wild type strains. 

 

The hyphal branching patterns of seven putative Ca
2+

 channel mutants were analysed 

(Figure 3.23). Four single channel mutants (!yvc-1, !fig-1, NCU08283 and 

NCU06601) showed normal hyphal branching compared with the wild type (Figure 
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3.22). The !cch-1 and !mid-1 mutants, however, exhibited a higher branching 

density and the mycelial architecture behind the growing colony edge was denser and 

less organized than that of the wild type. The double mutant !cch-1!mid-1 had an 

even higher branching density back from the edge of the colony. The hyphal 

branching patterns of nine Ca
2+

 pump mutants and six Ca
2+

 antiporter mutants were 

also analysed and all were found to be normal when compared with the wild type 

(Figure 3.24 and 3.25).  
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Figure 3.23 Hyphal tip branching observed in Ca2+ channel mutants. Bars = 

1 mm" !
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Figure 3.24 Hyphal tip branching in Ca2+ antiporter mutants. Bars = 1 mm.!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.25 Hyphal tip branching in Ca2+ pump mutants. Bars = 1 mm.!
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3.2.3.5 The smco-1 mutant partially phenocopies the 

!cch-1 mutant 

The whole genome sequencing of 18 classical mutant strains of N. crassa, and the 

putative identification of the mutations associated with the phenotypes of these 18 

mutants, has been published recently (McCluskey et al., 2011). One of these mutants 

called semicolonial-1 (smco-1; FGSC1363) was reported to have a single unique 

insertion of 8 nucleotide bases in a gene which was shown to be the cch-1 gene 

(NCU02762) encoding the L-type Ca
2+

 channel protein, CCH-1. To determine the 

effects of this insertion, which would have caused a frame shift mutation in the cch-1 

gene, on the phenotypes associated with the !cch-1 mutant (section 3.2.3), I 

compared the phenotypes of the smco-1 and !cch-1 mutants. 

!

The smco-1 strain exhibited a slower hyphal extension rate (0.137 ± 0.002 cm h
-1

) 

compared to the wild type (0.195 ± 0.006 cm h
-1

) and !cch-1 (0.16 ± 0.005 cm h
-1

) 

strains (Figure 3.26A, B), and  a reduced production of conidia which is similar to 

!cch-1 (Figure 3.26C). Hyphal fusion was observed in the mature colony (Figure 

3.26D) and similar hyphal branching to the wild type was observed (Figure 3.26E). 

CAT fusion (but not germination) was significantly reduced in the smoc-1 mutant (p 

< 0.1) but it was not inhibited as much as that in the !cch-1 mutant (Figure 3.26F). 
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Figure 3.26 Characterization of the phenotypes of the wild type and smco-1 
strains (A, B, C, D and E). A. Growth at 35°C for 18 h in the dark. B. Growth 
at 35°C for 42 h in the dark. C. Growth at 35°C for 3 days in the dark followed 
by 2 days at room temperature exposed to daylight. D. Hyphal fusion in the 
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mature colony of the smco-1 (*). E. Hyphal branching in smco-1 in mature 

colony. F. Germination and CAT fusion in the wild type, !cch-1 and smco-1 
strains. Results are expressed as means ± SDs (n = 3).  

!

3.2.3.6 Low extracellular Ca
2+

 inhibits the growth and 

conidiation of the wild type   

To test whether extracellular Ca
2+

 is required for, and how it influences, the growth 

and development of the wild type, the strain was grown on: (a) Ca
2+

-free medium or 

(b) Ca
2+

-free medium supplemented with 1 mM BAPTA (to remove any remaining 

Ca
2+

 associated with the agar), and the results compared with growth on normal 

Vogel’s (VgS) medium (which contains 0.68 mM Ca
2+

). 

!
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Figure 3.27 Effects of external Ca2+ on growth of the wild type grown on 
Vogel’s (VgS) medium. A. Grown at 35 °C for 18 h in the dark. B. Grown at 
35 °C for 18 h in the dark (in the presence of 1 mM BAPTA). C. Grown at 
35 °C for 18 h in the dark (with medium lacking CaCl2). D. Grown at 35 °C for 
18 h in the dark (with medium lacking CaCl2 and containing BAPTA to 
remove any remaining Ca2+ associated with the agar). E. Grown at 35 °C for 
42 h in the dark (in the presence of 1 mM BAPTA). F. Grown at 35 °C for 3 
days in the dark and then 2 days at room temperature whilst exposed to  
daylight (with medium lacking CaCl2 and containing BAPTA). 
!

Reducing the Ca
2+

 in the medium either by adding 1 mM BAPTA or leaving Ca
2+

 out 

of the medium did not have a significant effect on hyphal extension rates (0.25 ± 

0.016 cm h
-1

 on normal VgS medium, Figure 3.27A; 0.25 ± 0.01 cm h
-1

 when grown 

on BAPTA supplemented VgS medium, Figure 3.27B; and 0.23 ± 0.00 cm h
-1

 on 

Ca
2+

 free VgS medium, Figure 3.27C). However, an order of magnitude slower 
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hyphal extension rate (0.02 ± 0.01 cm h
-1

) was observed when grown on Ca
2+

 free 

VgS medium supplemented with 1 mM BAPTA (Figure 3.27D). It is thus clear that 

the agar medium on its own must contain a significant amount of Ca
2+

 that can only 

be removed by further supplementing the medium lacking Ca
2+

 with 1 mM BAPTA. 

Extracellular Ca
2+

 was found not be essential for mycelial growth because eventually 

the colony in the complete absence of extracellular Ca
2+

 covered the plate and 

underwent conidiation although the latter was inhibited compared with the wild type 

grown in the presence of normal levels of Ca
2+

 (Figure 3.27E and F). 

!

3.2.3.7 Increasing the extracellular Ca
2+

 partially 

rescued the the !cch-1, !mid-1 and !cch-1!mid-1 

mutant phenotypes  

To determine whether the !cch-1 mutant, !mid-1 mutant, smco-1 and the !cch-

1!mid-1 mutant strains were phenocopying to any extent the effects of removing 

extracellular Ca
2+

 from the wild type, I tested whether it was possible to rescue, to 

any extent,  the wild type phenotype from each of these mutants by increasing the 

external Ca
2+

 concentration. First, I was able to confirm that extracellular Ca
2+

 is 

required for the growth of these mutants (Figure 3.28), as I had shown it to be for the 

wild type (Figure 3.27).  
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Figure 3.28 Cultures of different wild type and Ca2+ channel mutant strains 
on VgS medium (wild type only) or VgS medium lacking Ca2+ and 
supplemented with 1 mM BAPTA for 3 days at 35 °C and 2 further days at 
room temperature with daylight. 
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Increasing the concentration of extracellular Ca
2+

 in VgS solid medium (which on its 

own contain 0.68 mM CaCl2) by adding an extra 25 mM CaCl2, partially rescued the 

normal wild type phenotype in the single !cch-1, !mid-1 and smco-1 mutants and 

the double !cch-1!mid-1 mutant. In each mutant, the hyphal extension rate was 

significantly increased close to that of the wild type in the presence of extra Ca
2+

 

with the exception of the double mutant which was only increased to a very small 

extent (Figure 3.29; Table 3.1). However, normal conidiation and the mature colony 

phenotype of the wild type was more-or-less restored in all of the mutants (Figure 

3.29). 
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Figure 3.29 Phenotypes of wild type and Ca2+ channel mutants grown on 
normal VgS medium (rows 1 and 2) and Vogel’s medium supplemented with 
25 mM CaCl2 (rows 3 and 4).  Cultures were grown for 18 h at 35 °C (row 1 
and 3) and for 3 days at 35 °C and 2 further days at room temperature with 
daylight (row 2 and 4). Note that the normal wild type hyphal extension rate is 
partially restored and the normal wild type mature colony phenotype 
(including conidiation) is nearly fully restored after adding extra Ca2+ to the 
medium.  
!
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Table 3.1 Hyphal extension rate for different strains when grown on 

Vogel’s with or without elevated Ca2+. 
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3.3 Discussion 

Calcium functions as a highly versatile intracellular signal molecule regulating many 

different biological processes. In fungi, two major Ca
2+

 uptake pathways have been 

identified and characterized: the high-affinity calcium-uptake system (HACS), active 

during low Ca
2+

 availability, and the low affinity Ca
2+

 uptake system (LACS), which 

acts when Ca
2+

 availability is high (Iida et al., 1994; Fischer et al., 1997; Paidhungat 

and Garrett, 1997; Erdman et al., 1998; Martin et al., 2011; Cavinder and Trail, 

2012). In Saccharomyces cerevisiae, a third Ca
2+

 uptake pathway was recently 

described but has yet to have its genetic components identified (Groppi et al., 2011). 

The HACS is composed minimally of Cch1, which is a L-type voltage-gated Ca
2+

-

channel, Mid1, which is a stretch-activated non-selective channel/regulatory protein 

and the PMP22_Claudin superfamily member regulatory protein Ecm7 (Martin et al., 

2011). The LACS is composed minimally of Fig1, a transmembrane calcium channel 

or regulatory protein, and its activity is only revealed under conditions when HACS 

is inhibited by rich growth medium (Muller et al., 2001; Bonilla et al., 2002; Muller 

et al., 2003; Brand et al., 2007; Cavinder et al., 2011). In contrast to the HACS, 

which is regulated by calcineurin (Iida et al., 1994; Paidhungat and Garrett, 1997; 

Locke et al., 2000; Muller et al., 2001; Bonilla et al., 2002), the LACS is independent 

of calcineurin and its affinity for Ca
2+

 is 16-fold lower (Muller et al., 2001). However, 

both systems are activated on exposure to "-factor, the peptide sex pheromone, 

which stimulates the formation of the polarized mating projection (Muller et al., 

2001; Noma et al., 2005). Localization of Mid1p and Fig1p to the mating projection 

is dependent on Spa2 and Bni1, which are the two components involved in the 

polarized growth of hyphae, budding and mitotic spindle orientation in S. cerevisiae 
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(Muller et al., 2001; Noma et al., 2005). Therefore HACS and LACS may be 

involved in polarized cell growth in fungi. 

 

Investigations published have reported that hyphal orientation of Candida albicans is 

regulated by a Ca
2+

-dependent mechanism (Brand et al., 2007). After prolonged 

incubation (> 14 days) on Ca
2+

-depleted solid minimal medium, wild-type C. 

albicans colonies produced aberrant lobed margins that could be alleviated by the 

addition of 10 mM Ca
2+

 to the medium.  Emerging colonies of the !cch1 and !mid1 

mutants produced lobed colonies after 2 days and the aberrant morphologies of the 

colonies of the !fig1 mutant were partially alleviated by supplementation with 

external Ca
2+

, consistent with these genes being involved in Ca
2+

 signalling in C. 

albicans. The growth rates (i.e. increase in biomass) but not the extension rates of 

hyphae were affected by the mutations of CCH1, MID1. Compared to the control 

strain, the growth rates of !cch1, !mid1, and !cch1!mid1 double mutants were 

reduced by 19%, 23% and 25%, respectively (Brand et al., 2007). In N. crassa, it has 

been reported that !mid-1 mutants displayed reduced vigour, reduced conidiation, 

lower hyphal turgor pressure and lower membrane potential (Lew et al., 2008). In 

contrast to !mid-1 mutants of S. cerevisiae, addition of Ca
2+

 to the culture medium 

does not restore the wild-type phenotype to N. crassa !mid-1 mutants. It has also 

been reported that the N. crassa !mid-1 mutant did not exhibit defects in ascospore 

development or ascospore discharge. The !mid-1 mutant in Gibberella zeae, 

however, exhibited a > 12-fold reduction in ascospore discharge activity and 

produced predominately abnormal two-celled ascospores with constricted and fragile 

septa (Iida et al., 1994; Cavinder et al., 2011).  

 

Recently, Fig1 was examined for its role in the growth and development of the plant 

pathogen Fusarium graminearum. The !fig1 mutant failed to produce mature 

perithecia, and sexual development was halted prior to the formation of perithecium 

initials (Caviner and Trail, 2012). The !fig1 mutant also showed a reduced 

vegetative growth rate and reduced macroconidium production. The N. crassa !fig1 

mutant was also examined in my study. The mutant was not affected in filamentous 
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growth or female fertility in mating type A, but the !fig1 mating type a strain failed 

to produce fertile fruiting bodies (Caviner and Trail, 2012). 

 

My preliminary results here showed that the removal of Ca
2+

 from the growth 

medium or the supplementation of the Ca
2+

 chelator, BAPTA, both inhibited CAT 

fusion but had no obvious effects on conidial germination. Short protrusions that 

were produced when external Ca
2+

 was omitted from the growth medium suggested 

that external Ca
2+

 is required for CAT chemotropism but not CAT formation. This 

was confirmed when the microtubule polymerization inhibitor benomyl was used, 

and again small protrusions were formed but no fusion occurred between them. 

These results show that CAT formation is not inhibited by the absence of external 

Ca
2+

 because, in contrast to the formation of long germ tubes, CAT formation is 

microtubule independent (Roca et al., 2010). Because the final steps of CAT fusion 

are inhibited by the absence of external Ca
2+

, these results indicated that the 

preceding process of CAT chemotropism requires external Ca
2+

. 

 

Two kinds of L-type Ca
2+

 channel blockers, verapamil and diltiazem, were used to 

study whether CCH-1 plays any role in conidial germination and CAT fusion. 

Results showed that these Ca
2+

 channel blockers exhibit dose-dependent inhibition of 

both conidial germination and CAT fusion but significantly CAT fusion was more 

sensitive to L-type Ca
2+

 channel blockers than was conidial germination. CCH-1 is 

the L-type Ca
2+

 channel homologue in N. crassa. The results are consistent with 

CCH-1 being involved in conidial germination and CAT fusion but playing a more 

significant role in CAT fusion. In Cryptococcus neoformans, Cch1 has been shown 

to localize to the plasma membrane (Liu and Gelli, 2008). 

 

With the single mutant strains obtained from FGSC, I was able to analyse the 

different morphological phenotypes of the mutants defective in genes involved in the 

Ca
2+

 signaling / homeostasis machinery. Of 22 mutants analysed, most possessed 

similar phenotypes to the wild type. The !cch-1 mutant showed some interesting 

differences, however. It exhibited a reduction in CAT fusion, slower hyphal 

extension rate, less conidiation and a higher branching density than the wild type. 
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Although the !mid-1 mutant exhibited no reduction in CAT fusion, it also shared 

many phenotypic features with the !cch-1 mutant (i.e. slower hyphal extension rate, 

less conidiation and a higher branching density) which are consistent with what was 

reported by Lew et al. (2008). Evidence that MID-1 and CCH-1 act together in the 

same pathway was suggested by the observation that these two single mutants 

showed similar phenotypes with regard to slower hyphal extension rates, less 

conidiation and higher branching densities. But loss of both CCH-1 and MID-1 

resulted in phenotypes of greater severity than the loss of either CCH-1 or MID-1. 

However, the fact that only the single !cch-1 mutant (and not the !mid-1 mutant) 

was defective in CAT fusion suggests that these two proteins, besides working 

cooperatively with each other, may have individual functions in N. crassa too. This 

is consistent with the findings in S. cerevisiae in which Cch1p and Mid1p were found 

to co-immunoprecipitate and yet respond to some stimuli differently (Locke et al., 

2000; Tokes-Fuzesi et al., 2002; Courchesne and Ozturk, 2003; Cavinder et al., 

2011). My mutants analysis provides evidence for CCH-1 and MID-1 having a 

cooperative role in CAT fusion.  

 

Whole genome sequencing of a classical N. crassa mutant called semicolonial-1 

(smco-1) was recently reported to have a single unique insertion of 8 nucleotide 

bases in the cch-1 gene (McCluskey et al., 2011). Interestingly, the phenotype of the 

smco-1 mutant was different to that of the wild type as well as the !cch-1 mutant, 

but it exhibited less conidiation similar to the !cch-1 mutant. CAT fusion was 

significantly inhibited in the smco-1 mutant but not as much as that in !cch-1. These 

results suggest that the function of cch-1 gene is only partially compromised in the 

smco-1 mutant. The insertion of 8 nucleotide bases in the cch-1 gene will have 

caused a frame shift mutation without possibly destroying the function of the CCH-1 

protein completely. At the time of completing this thesis it was not clear precisely 

where the 8 nucleotide insertion in the gene was.  

 

Removal of extracellular Ca
2+

 significantly inhibited the growth and conidiation of 

the wild type, as well as the !cch-1, !mid-1 smco-1 and !cch-1!mid-1 mutants. The 

wild type phenotype was largely rescued in the single mutants, and partially rescued 
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in the double mutant, when a higher concentration of extracellular Ca
2+

 was present 

the growth medium. This indicates that CCH-1 and MID-1 play roles in the uptake of 

Ca
2+

 from the external medium and the defective phenotypes that result from the 

absence of either or both of these proteins can be ameliorated to a greater or lesser 

extent by increasing the concentration gradient between the cytosolic and 

extracellular Ca
2+

.  

!

3.4 Summary 

• Evidence is provided for external Ca
2+

 being required for CAT chemotropism 

• L-type Ca
2+

 channel blockers selectively inhibit CAT fusion probably by 

inhibiting CAT chemotropism  

• CCH-1 and MID-1 seem to act cooperatively as well as individually in N. crassa  

• The classical N. crassa mutant smco-1 exhibited a less accentuated mutant 

phenotype (CAT fusion, conidiation) to the !cch-1 mutant indicating that it has 

only partially lost the normal functioning of the CCH-1 protein 

• Low extracellular Ca
2+

 is required for normal hyphal  growth conidiation  

• Increased extracellular Ca
2+

 partially rescued the phenotypes of the !cch-1, 

!mid-1, smco-1 and !cch-1!mid-1 mutants indicating that CCH-1 and MID-1 

are involved in Ca
2+

  uptake from the external medium  

!

!

!!!!!!!!!!!!!!!!!!

!

!

!

!

!
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Chapter 4 

Imaging and measurement of 

[Ca
2+

]c  

!

4.1 Introduction 

Detection and measurement of intracellular calcium concentration ([Ca
2+

]i) have 

relied on a variety of methods, the popularity of which depends on their ease of use 

and applicability to different cell types (Whitaker et al., 2010). As mentioned in 

Section 1.5, two methods that have been used for Ca
2+

 measurement in single living 

fungal cells are: Ca
2+

-sensitive microelectrodes (Miller, 1994); and Ca
2+

-sensitive, 

light emitting probes (Miyawaki et al., 1997; Parton and Read, 1999). Due to their 

technical ease-of-use, Ca
2+

 probes, also known as indicators, reporters or sensors, 

have been more used than Ca
2+

-sensitive microelectrodes in fungi.  

 

One kind of Ca
2+

 probe are the synthetic Ca
2+

-sensitive fluorescent dyes which are 

cheap, easy to use, have high dynamic ranges and are easy to calibrate (Demaurex, 

2005). A large number of fluorescent Ca
2+

 dyes are available for analysing free Ca
2+

 

in cells and most of them are modified from the Ca
2+

 chelators EGTA or BAPTA 

(Grynkiewicz et al., 1985; Minta et al., 1989). The commonly available fluorescent 

Ca
2+

 indicators fall into two operational classes: dual-wavelength ratiometric dyes 

and single-wavelength nonratiometric dyes. As mentioned in Section 1.5.1, for 

nonratiometric indicators, a change in free Ca
2+

 brings about a corresponding change 

in the intensity of the indicator’s fluorescence emission spectrum, whereas the 

wavelength of the excitation peak remains essentially unchanged. In contrast, 

ratiometric indicators exhibit not only intensity changes with changing Ca
2+

 

concentration but the Ca
2+

-free and Ca
2+

-bound forms of the indicator actually have 

distinct spectra, the maxima of which occur at different wavelengths (Whitaker et al., 

2010). The dextran-conjugated dyes are biopolymers with pendant indicator 
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molecules. Being membrane-impermeant, dextran conjugates must be loaded into 

cells by an invasive technique such as microinjection (Whitaker et al., 2010). 

Dextran conjugates tend to have longer residence time in cells when compared with 

the monomeric indicators and therefore they can be useful in applications in which 

long-term monitoring of [Ca
2+

]i is required (Whitaker et al., 2010). 

 

The use of Ca
2+

 dyes for imaging and measuring intracellular free Ca
2+

 in 

filamentous fungi is fraught with problems. The first problem is often associated 

with introducing the dye into the cell, and this can be particularly difficult with Ca
2+

 

dyes (Read et al., 1992; Knight et al., 1993; Parton and Read, 1999; Hickey et al., 

2005). The second problem is that the dyes frequently become sequestered within 

organelles and this can potentially have a profound effect in artifactually generating 

what appear to be cytosolic ionic gradients (Hickey et al., 2005). The third problem 

is the quantitation, which can be affected due to variations in dye concentration 

within a cell, cell thickness, dye leakage or dye photobleaching (Parton and Read, 

1999; Hickey et al., 2005). Although there are problems when fluorescent dyes are 

used in measuring Ca
2+

 ion concentrations, it has been reported that hyphal 

elongation in Neurospora crassa relies upon a tip high [Ca
2+

]c gradient, based on 

fluorescent dye imaging and Ca
2+

 chelator injections (Silverman-Gavrila et al., 2000). 

Cytosolic free Ca
2+

 in these experiments was measured by ratio imaging the emission 

intensities of the Ca
2+

-selective fluorescent dyes fluo-3 and fura red, and which were 

loaded into the hyphae ionophoretically according to a updated method mentioned in 

Lipp and Niggli (1993; Silverman-Gavrila 2000, 2001). Another example of the 

successful application of fluorescent indicators to measure intracellular calcium and 

morphology in filamentous fungi has involved ratio measurements in a plate reader 

of the Ca
2+

-sensitive Fluo-4-AM combined with calcium-insenstive dye Cell trace 

calcein red-orange-AM in the fungus Penicillium chrysogenum (Nair et al., 2011). 

 

Another kind of Ca
2+

-probes is the genetically encoded Ca
2+

 indicators as described 

in section 1.5.2. One of these is the Ca
2+

-sensitve bioluminescent probe aequorin 

(Whitaker et al., 2010). The recombinant aequorin method has been developed as an 

easy and routine measurement for [Ca
2+

]i measurement in filamentous fungi at the 
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cell population level in 96 well plates. Codon optimization of the aequorin gene 

facilitated great increases in the levels of recombinant aequorin expression in a range 

of species, including in Neurospora crassa (Nelson et al., 2004; Binder et al., 2010).  

 

Three external stimuli, namely mechanical perturbation, hypo-osmotic shock and 

high external Ca
2+

, were found transiently to increase [Ca
2+

]c. [Ca
2+

]c responses to 

these three stimuli were identified and characterized in Aspergillus awamori, 

Aspergillus niger and Neurospora crassa (Nelson et al., 2004; Zelter, 2004; Bencina 

et al., 2005; Binder et al., 2010). Each of the calcium signatures associated with these 

physico-chemical treatments was unique. Although the physiological roles of the 

responses were not assessed, the results suggest the involvement of three distinct 

calcium-mediated signal transduction pathways (Nelson et al., 2004). All three 

stimuli were applied through the plate luminometer injectors into individual wells 

containing fungal cells incubated in a 96 well plate. More specifically, the three 

stimuli were applied as follows: (1) iso-osmotic growth media for mechanical 

perturbation; (2) growth media diluted 1:20 with dH2O for hypo-osmotic shock; and 

(3) 100 mM CaCl2 for high external Ca
2+

. Due to the method of applying each 

stimulus, mechanical perturbation is a component of both the hypo-osmotic and high 

external Ca
2+

 stimuli. In my research only the mechanical perturbation stimulus was 

investigated.!

!

The aims of the research described in this chapter were: 

(1) To define and characterize the Ca
2+

 signature associated with the [Ca
2+

]c 

response to mechanical perturbation in 6 h old wild type germlings of N. 

crassa  

(2) To analyse the influence of external Ca
2+

 on the [Ca
2+

]c response to 

mechanical perturbation 

(3) To determine the effects of the L-type Ca
2+

 channel blockers (verapamil and 

diltiazem) on the [Ca
2+

]c response to mechanical perturbation 

(4) To determine the effects of Ca
2+

 channel proteins (CCH-1, YVC-1 and FIG-1) 

on the [Ca
2+

]c in response to mechanical perturbation 

(5) To attempt to image the [Ca
2+

]c using different Ca
2+

 selective dyes  
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4.2 Results 

4.2.1 The Ca2+
 signature in response to 

mechanical perturbation  

It has been previously shown that 6 h old germlings exhibit a transient increase in 

[Ca
2+

]c  in response to mechanical perturbation involving injection of isotonic VgS 

medium into a well of a multiwell plate containing the germlings expressing 

aequorin (Marris, 2007). Using the same experimental protocol (section 2.11) I 

obtained similar results and demonstrated that mechanical perturbation generated a 

highly reproducible Ca
2+

 signature (Figure 4.1). The influence on this Ca
2+

 signature 

of extracellular Ca
2+

, various Ca
2+

 modulators and the lack of different Ca
2+

-channels 

was further investigated.   

 

!

!

!

!

!

!

!

!

 
 
Figure 4.1 The highly reproducible [Ca2+]c response to mechanical 
perturbation in conidial germlings of the wild type which has been used to 
assay the effects of extracellular Ca2+, Ca2+ modulators and deletion of 
various Ca2+ channel genes. Two examples of the Ca2+ signatures obtained 
on different days are shown. Note that there can be variations in the Ca2+ 
signatures from day to day but on any one day the Ca2+ signatures are 
consistently highly reproducible. Results are expressed as means ± SDs (n = 
6). 
 

!
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4.2.2 External Ca2+ is required for the [Ca2+]c 

response to mechanical perturbation 

To assess whether the external Ca
2+

 plays a role in the [Ca
2+

]c response to 

mechanical perturbation in germlings, the highly selective Ca
2+

 chelator BAPTA 

were used to remove Ca
2+

 ions from the extracellular medium (the normal free Ca
2+

 

concentration in liquid VgS medium is 0.68 mM) or Ca
2+

 free VgS medium was used. 

!

Figure 4.2 (A) [Ca2+]c responses of wild type germlings to mechanical 
perturbation in Ca2+ free VgS and VgS. Mechanical perturbation in these 
treatments was provided by injecting isotonic Ca2+ free VgS or isotonic VgS, 
respectively. (B-D) [Ca2+]c responses to mechanical perturbation in the 
presence of different concentrations of BAPTA that were added at the time of 
inoculation. Results are expressed as means ± SDs (n = 6). 

!

When Ca
2+

 free VgS was used, the transient increase in [Ca
2+

]c was totally inhibited 

(Figure 4.2A), which strongly suggests that external Ca
2+

 is involved in the [Ca
2+

]c 

response to mechanical perturbation. This was confirmed by subsequent experiments 
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using BAPTA in the medium added at the time of inoculation. Inhibition of the 

[Ca
2+

]c response to mechanical perturbation by BAPTA was shown to be dose 

dependent (Figure 4.2B-D) and 5.0 mM BAPTA completely abolish the [Ca
2+

]c 

response to mechanical perturbation. The [Ca
2+

]c response to mechanical perturbation 

thus seems to be completely dependent upon the  influx of external Ca
2+

.!

!

4.2.3 Effects of the L-type Ca2+ channel 

blockers on the [Ca2+]c response to mechanical 

perturbation 

The N. crassa CCH-1 protein exhibits significant similarity to the mammalian L-type 

Ca
2+

 channels and yeast Cch1p (Zelter et al., 2004; section 1.3.2.2). To test whether 

the L-type Ca
2+

 channel activity is involved in the [Ca
2+

]c response to mechanical 

perturbation, two L-type Ca
2+

 channel inhibitors (verapamil and diltiazem, section 

3.2.2), were tested. In order to avoid that the physical addition of the Ca
2+

 channel 

inhibitors did not contribute their own mechanical perturbation stimulus, aliquots of 

the chemical dissolved in VgS media were carefully added by pipette to wells for 12 

min before the stimulus was applied. This allowed the chemicals to diffuse uniformly 

throughout the cell suspension and to interact with their cell targets. 

 
!

!

!

!

!

!

!

!

Figure 4.3 [Ca2+]c responses of wild type germlings to mechanical 
perturbation in the presence of L-type Ca2+ channel blockers. (A) Effect of 1 
mM verapamil. (B) Effect of 1.5 mM diltiazem. Results are expressed as 
means ± SDs (n = 6). 
 

!

"! #!
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Both verapamil and diltiazem significantly reduced the amplitudes of the [Ca
2+

]c 

responses to mechanical perturbation (Figure 4.3). However, unexpectedly both also 

increased the resting level [Ca
2+

]c which suggests they may have other roles besides 

just acting as L-type Ca
2+

 channel blockers. !

!

4.2.4 Effects of different Ca
2+

 channels on the 

[Ca
2+

]c responses to mechanical perturbation 

Different gene deletion strains (!cch-1, !yvc-1 and !fig-1) were used to analyse the 

possible roles of different Ca
2+

 channels on the [Ca
2+

]c responses to mechanical 

perturbation.  

!

4.2.4.1 !cch-1 exhibited a decreased [Ca
2+

]c 

amplitude in response to mechanical perturbation 

Cch1p in yeast is a component of a high-affinity Ca
2+

 uptake system and possesses 

features of a voltage-gated L-type Ca
2+

 channel pore-forming subunit (Fischer et al., 

1997; section 1.3.1.1). In order to analyse the [Ca
2+

]c response of germlings of the 

!cch-1 mutant I first transformed the !cch-1 mutant with the synthetic aequorin gene 

(see section 2.8.3). When subjected to mechanical perturbation it was found that the 

[Ca
2+

]c increase of the !cch-1 mutant exhibited a reduced amplitude compared with 

the wild type.  However, the cch-1 deletion had no effect on resting [Ca
2+

]c (Figure 

4.4). 

!

!

!

!

!

!

!

!
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Figure 4.4 Effects of the cch-1 deletion on the [Ca2+]c response to 
mechanical perturbation in germlings. Note that the amplitude of the [Ca2+]c 

increase in the !cch-1 mutant was reduced when compared with the wild 
type. Results are expressed as means ± SDs (n = 6). 
 

!

Mid1p is an integral plasma protein specific in yeast and functions as a stretch-

activated Ca
2+

-permeable cation channel when expressed in mammalian cells (Iida et 

al., 1994; Kanzaki et al., 1999). I encountered problems when I attempted to generate 

a !mid-1 mutant expressing the synthetic aequorin gene. Directly transforming the 

!mid-1 strain with the pAB19 plasmid containing the apoaequorin gene was 

unsuccessful due to the mutant producing very few conidia and because it grew very 

slowly. The second strategy I took was to transform a wild type strain expressing 

aequorin with the knock-out cassette for mid-1. Several candidates were selected and 

their analysis is currently in progress to check whether they produce enough aequorin 

to measure [Ca
2+

]c. 

!

4.2.4.2 The [Ca
2+

]c amplitude in !yvc-1 was not 

changed in response to mechanical perturbation 

In S. cerevisiae, the Yvc1p is a vacuolar membrane protein with homology to 

transient receptor potential (TRP) channels (Palmer et al., 2001; Denis and Cyert, 

2002; Zhou et al., 2003; section 1.3.1.1). A strain expressing aequorin in the yvc-1 

gene had been deleted was obtained from Marris (2007). Measurement of [Ca
2+

]c in 
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this strain showed that deletion of the yvc-1 gene did not cause a statistically 

significant change (p > 0.05) in the amplitude of the [Ca
2+

]c increase in response to 

mechanical perturbation (Figure 4.5). !yvc-1 had no effect on the resting [Ca
2+

]c.!

!

!

!

!

! !

!

!

!

 
Figure 4.5 Effects of the yvc-1 deletion on the [Ca2+]c responses to 
mechanical perturbation in germlings. Note that the amplitude of the [Ca2+]c 

increase in the  !yvc-1 mutant is statistically similar to that in the wild type. 
Results are expressed as means ± SDs (n = 6). 

!

4.2.4.3 The [Ca
2+

]c amplitude in !fig-1 was not 

changed in response to mechanical perturbation 

In S. cerevisiae, Fig1p is a polytopic plasma membrane protein and a component of 

the low affinity Ca
2+

 influx system (LACS) (Muller et al., 2003; section 1.3.1.1). 

Figure 4.6 showed that deletion of fig-1 in N. crassa had no effects on the amplitude 

or resting level of [Ca
2+

]c in response to mechanical perturbation. 
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Figure 4.6 Effects of the fig-1 deletion on the [Ca2+]c responses to 
mechanical perturbation in germlings. Note that the amplitude of the [Ca2+]c 

increase in the  !fig-1 mutant is statistically similar to that in the wild type (p > 
0.05). Results are expressed as means ± SDs (n = 6). 

 

 

4.2.5 [Ca2+]c imaging with fluorescent dyes 

In order to investigate localized changes in [Ca
2+

]c during colony initiation in N. 

crassa germlings, I tried to use three different Ca
2+

-sensitive fluorescent dyes. 

Because unconjugated Ca
2+

 dyes had been previously shown to be sequestered within 

organelles of Neurospora hyphae (Read et al., 1991; Knight et al., 1993), membrane 

impermeant, dextran-conjugated Ca
2+

 dyes were used. Using electroporation (section 

2.8.2), Oregon Green 488 BAPTA-1 and Calcium Green-1-dextran were loaded into 

germlings. With Oregon Green 488 it was observed that the dye sequestered 

immediately following electroporation (Figure 4.7A) whilst in the case of Calcium 

Green-1-dextran, it started to sequester after 2.5 h following electroporation (Figure 

4.7D). When visualized at the time 0 h following electroporation, the cytosol was 

clearly visible using Calcium Green-1 dextran and no significant background 

fluorescence was observed. However, after a few hours severe dye 

compartmentalization within organelles was observed with this probe (Figure 4.7E). 
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Figure 4.7 Germlings were incubated for different time after introducing 

different fluorescent Ca2+ indicators by electroporation. (A and B) 20 µM 
Oregon Green 488 was used. Note organelle sequestration at 0 and 5 h. (C 

and D) 10 µM Calcium Green-1 dextran was used. Note organelle 

sequestration only 2.5 h after electroporation. Bars =10 µM. 

!

Another Ca
2+

-selective fluorescent dye, Fluo-4-AM, was also used. This commonly 

used Ca
2+ 

dye was developed more recently than the Ca
2+ 

dyes used previously with 

N. crassa (Knight et al., 1993). In contrast to previous results reported for other Ca
2+

 

dyes, Fluo-4-AM was readily taken up and exhibited what seemed to be more-or-less 

uniform localization in the cytoplasm. In addition, a strip-like zone of fluorescence 

was observed along one side of each macroconidium (Figure 4.8). Conidia were 

passively loaded with Fluo-4-AM for 45 min before microscopic imaging. No dye 

compartmentalization was observed after 45 min of incubation. High extracellular 

Ca
2+

 (1.5 mM, final concentration was 50 µM) was added to cells to see whether the 

intracellular dye was responsive to changes in [Ca
2+

]c because it has been previously 

shown that this treatment significantly increases [Ca
2+

]c  in fungal hyphae (Nelson et 

al., 2004). Small increases in the fluorescence intensity of individual cells were 

observed (Figure 4.8B), but these changes were not sufficient to make Fluo-4 useful 

for Ca
2+

 imaging in N. crassa. 
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Figure 4.8 (A) Germlings stained for 45 min with 2 µM Fluo- 4-AM.  (B) 
Fluorecence intensity traces with time for five individual cells loaded with 
Fluo-4 for 45 min. 1.5 mM Ca2+ was added at the time indicated by the arrow 

(1.33 sec) and this resulted in a small increase in fluorescence. Bars = 10 µm. 
 
 
 

4.3 Discussion 

Three external stimuli, namely mechanical perturbation, hypo-osmotic shock and 

high external Ca
2+

, have been previously found to increase [Ca
2+

]c transiently. 

However, hypo-osmotic shock and high external Ca
2+

 contained an element of 

mechanical perturbation because of the way they were delivered to fungus by 

microinjection into the microwells of the 96-well plate (Nelson et al., 2004; Bencina 

et al., 2005). For this reason just mechanical perturbation was selected as the 

stimulus used in this study. As expected, my results showed that mechanical 

perturbation can induce a transient increase on [Ca
2+

]c with a highly reproducible 

Ca
2+

 signature. Removing Ca
2+

 from the external medium, either by omitting Ca
2+

 

from the liquid Vogel’s growth medium or by adding the Ca
2+

 chelator BAPTA, was 

found to inhibit the [Ca
2+

]c response to mechanical perturbation. These findings 

provide strong evidence that external Ca
2+

 was the original source of the [Ca
2+

]c in 

response to mechanical perturbation and also suggest that Ca
2+

 signaling proteins, 

especially Ca
2+

 channel proteins, may be involved in the [Ca
2+

]c response to 

mechanical perturbation. 

 

L-type Ca
2+

 channel blockers were used in experiments to determine whether the 

voltage Ca
2+

 channel (CCH-1) is involved in the [Ca
2+

]c responses to mechanical 

perturbation. Both the L-type Ca
2+

 channel blockers verapamil and diltiazem 

"#$$%%!!!!!!!!!!!!!!!!!!!!!!"#&&%%!!!!!!!!!!!!!!!!!!!!"#''%%!!!!!!!!!!!!!!!!!!!"#()%%!!!!!!!!!!!!!!!!!"#)*%%!!!!!!!!!!!!!!!!!!!!!!!"#*+%% 
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significantly reduced the amplitudes of the [Ca
2+

]c responses to mechanical 

perturbation suggesting that L-type Ca
2+

 channels are required for these [Ca
2+

]c 

responses. The increased resting [Ca
2+

]c caused by the L-type Ca
2+

 channel inhibitors 

verapamil and diltiazem was an unexpected result that cannot be easily explained by 

inhibition of L-type Ca
2+

 channel activity. One possibility is that verapamil and 

diltiazem, being amphipathic compounds, interact with the plasma membrane bilayer 

and increase membrane fluidity, similar to that reported in E. coli for dibucaine, 

which is a local anaesthetic with similar properties to these channel blockers 

(Andersen et al., 2006). Thus my results show that these two L-type Ca
2+

 blockers 

have secondary effects on cells of filamentous fungi which were not previously 

appreciated. 

 

Deletion of the cch-1 gene caused a reduced amplitude of the [Ca
2+

]c increase in 

response to mechanical perturbation and had no effect on the resting [Ca
2+

]c. This is 

partially consistent to the results of the L-type Ca
2+

 blockers applied experiments. It 

suggests that CCH-1 play some role in the [Ca
2+

]c response to mechanical 

perturbation but it also indicates that other Ca
2+

 channel proteins probably also play a 

role in this response. Deletion of two other Ca
2+

 channel proteins (YVC-1 and FIG-1) 

had not significant effects on the amplitudes of the [Ca
2+

]c responses to mechanical 

perturbation and no effects on the resting [Ca
2+

]c.  

 

Despite there being many advantages of the aequorin method such as its ease of use, 

simplicity and reproducibility and easy manipulation, it is primarily a method for 

measuring [Ca
2+

]c at the cell population level. Investigation of Ca
2+

 signaling in 

filamentous fungi has until very recently (Kim et al., 2012) been limited by the 

inability to reliably image [Ca
2+

]c in single, living fungal cells. Although there are 

few reports of successfully using dyes to image Ca
2+

 in filamentous fungi, none of 

the dyes used in this study proved useful for imaging [Ca
2+

]c in N. crassa. Oregon 

Green 488 and Calcium Green-1 underwent compartmentalization in organelles 

when loaded into germlings using electroporation. Fluo-4-AM proved to be a bit 

better and allowed the measurement of [Ca
2+

]c but the changes in dye fluorescence in 
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response to changes in [Ca
2+

]c were too small to be useful for imaging [Ca
2+

]c 

dynamics at the subcellular level. 

 

 

4.4 Summary 

! The measurement of [Ca
2+

]c in response to mechanical perturbation using the 

aequorin method produced a highly reproducible Ca
2+

 signature 

! External Ca
2+

 is required for the [Ca
2+

]c response to mechanical perturbation 

! L-type Ca
2+

 channel blockers (verapamil and diltiazem) reduced the amplitude 

of the [Ca
2+

]c response to mechanical perturbation providing evidence that the 

L-type Ca
2+

 channel CCH-1 contributes to the increase in [Ca
2+

]c but these 

drugs also had secondary effects in causing and increase in the resting [Ca
2+

]c 

! Analysis of deletion mutants provided further evidence that CCH-1 (but not 

YVC-1 or FIG-1) contribute to the [Ca
2+

]c increase in response to mechanical 

perturbation 
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Chapter 5 

Effects of antifungal proteins on 

colony initiation and calcium 

signaling in Neurospora crassa 
!

5.1 Introduction 

The production of small, antimicrobial peptides by animals, plants and fungi is a 

widespread mechanism for defence against microorganisms (Broekaert et al., 1995). 

Defensins are an important class of these antimicrobial peptides and are produced by 

mammals, insects and plants (Broekaert et al., 1995). Defensins are cysteine-rich 

antimicrobial proteins that are present in all plants and animals. They are 45 to 54 

amino acids in length and contain four highly conserved intramolecular disulphide 

bonds (Thomma et al., 2002; Lay and Anderson, 2005; Aerts et al., 2008). They 

share an identical backbone structure in which an !-helix is stabilized through 

disulphide bridging to three antiparallel "-strands (De Samblanx et al., 1997; 

Thomma et al., 2002). Despite their structural similarity, a comparison of the primary 

amino acid sequences of a large number of plant defensins has revealed a rich 

diversity of variants (Thomma et al., 2002). Some of these defensins are potent 

inhibitors of fungal growth that display specificity in the fungal species they inhibit. 

Based upon the nature of their antifungal effects, plant defensins have been classified 

as either morphogenic defensins, that inhibit hyphal elongation with a concomitant 

increase in hyphal branching, or non-morphogenic defensins, that only inhibit hyphal 

elongation (Osborn et al., 1995; Thevissen et al., 1996). 

 

The diversity in their amino acid sequences, and in their effects on fungal growth and 

morphogenesis, suggest that different plant defensins have different mechanisms of 

antifungal action (Thomma et al., 2003; Thevissen et al., 2005; Thevissen et al., 2007; 
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Aerts et al., 2008). A role for Ca
2+

 in the antifungal action of plant defensins was 

first suggested from the observation that the addition of exogenous Ca
2+

 to the fungal 

growth medium abrogated the antifungal activity of several defensins. The degree of 

abrogation varied between fungi tested and the defensin used, providing further 

support for differing modes of action (Osborn et al., 1995, Spelbrink et al., 2004). 

Increased Ca
2+

 uptake has been proposed to inhibit hyphal growth by disruption of a 

tip-focused [Ca
2+

]c gradient in the growing hyphae of N. crassa (Levina et al., 1995; 

Thevissen et al., 1996; Thevissen et al., 1999; Spelbrink et al., 2004). However, no 

direct measurements of [Ca
2+

]c in living fungal cells exposed to plant defensins have 

been previously made.   

 

It has recently been shown that two defensins, MsDef1 and MtDef4, from Medicago 

spp., which share only 41% amino acid sequence identity inhibit the growth of 

several filamentous fungi including F. graminearum at micromolar concentrations. 

Morphogenic MsDef1 inhibits the growth of this fungus while inducing marked 

hyperbranching of fungal hyphae, whereas nonmorphogenic MtDef4 does so by 

restricting polar growth of fungal hyphae without inducing hyperbranching  

(Ramamoorthy et al., 2007). It has also previously been shown that MsDef1 blocks 

the L-type Ca
2+

 channel in mammalian cells (Spelbrink et al., 2004). However, it 

remains to be determined if a fungal Ca
2+

 channel is blocked by MsDef1 and if it 

plays a functional role in the antifungal action of MsDef1. It has also been shown 

recently that the plasma membrane associated sphingolipid glucosylceramide 

(GlcCer) is a putative receptor of MsDef1. The !Fggcs1 knock-out mutant of F. 

graminearum lacking GlcCer exhibits resistantance to MsDef1, but retains wild-type 

sensitivity to MtDef4, demonstrating that GlcCer is required for fungal sensitivity to 

MsDef1, but not to MtDef4 (Ramamoorthy et al., 2007).   
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The three-dimensional structures of MsDef1 and MtDef4 each contain a highly 

conserved !-core structural motif (GXCX3–9C), a hallmark signature of 

disulphide-stabilized antimicrobial peptides (Yount & Yeaman, 2004), which is 

present primarily in the interposed loop connecting "2 and "3 strands. The !-core 

motifs of these two defensins differ significantly in their primary amino acid 

sequences and in their net charge. It was found that the major determinants of the 

antifungal activity and morphogenicity of these defensins reside in their !-core 

motifs. MsDef1-!4 variant in which the !-core motif of MsDef1 was replaced by that 

of MtDef4 was almost as potent as MtDef4 and also failed to induce hyperbranching 

of fungal hyphae. Importantly, the chemically synthesized !-core motif of MtDef4 

alone was capable of inhibiting fungal growth, but that of MsDef1 was not. 

Mutational analysis of the !-core motif of MtDef4 indicated that the cationic and 

hydrophobic amino acids were important for antifungal activity. Furthermore, 

MsDef1, MsDef1-c4 and MtDef4 markedly differed in their ability to permeabilize 

fungal plasma membranes, but membrane permeabilization was not the sole 

determinant of antifungal activity (Sagaram et al., 2011). 

 

The secreted antifungal protein PAF from Penicillium chrysogenum is a small 

molecular mass (6.2 kDa), cationic, and cysteine-rich peptide that inhibits the growth 

of numerous filamentous fungi (Galgoczy et al., 2005; Galgoczy et al., 2007; 

Galgoczy et al., 2008; Kaiserer et al., 2003). It has been shown that PAF causes rapid 

hyperpolarization of the plasma membrane at hyphal tips, increased K
+
 efflux, 

induction of oxidative stress, and apoptotic cell death (Kaiserer et al., 2003; Leiter et 

al., 2005), and that PAF is internalized by hyphae of PAF-sensitive fungi 

(Oberparleiter et al., 2003). Furthermore, it has been shown that PAF interferes with 

at least two signaling cascades, the protein kinase C/mitogen-activated protein (MAP) 

kinase and the cyclic AMP (cAMP)/protein kinase A pathways, which play a role in 

mediating PAF toxicity (Binder et al., 2010). However, it still has to be elucidated in 
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more detail how these PAF-dependent effects are linked. Recent evidence indicated 

that the ionic strength of the growth medium interferes with the antifungal activity of 

PAF (Kaiserer et al., 2003). Supplementation of the test medium with low 

concentrations of CaCl2 (1 to 5 mM) reversed the antifungal activity of plant 

defensins (Terras et al., 1992; Terras et al., 1993; Osborn et al., 1995). It is possible 

that Ca
2+

 ions may play a major role in influencing protein toxicity in an analogous 

way to the Ca
2+

-dependent mode of action of antifungal plant defensins.  

The aims of the research described in this chapter were: 

(1) To analyse the influence of the defensins MsDef1, MtDef4 and the antifungal 

peptide PAF on [Ca
2+

]c in response to mechanical perturbation 

(2) To determine the influence of MsDef1, MtDef4 and PAF on conidial 

germination and CAT fusion 

!

5.2 Results 

5.2.1 Antifungal proteins disrupt the [Ca2+]c 

response to mechanical perturbation and 

increase the [Ca2+]c resting level 

To investigate the effects of antifungal proteins on fungal Ca
2+

 signalling and 

homeostasis, conidial germlings expressing Ca
2+

-sensitive aequorin were used. 

Changes in [Ca
2+

]c and the Ca
2+

 signatures induced in response to mechanical 

perturbation (section 4.2.1) in the presence of the defensins MsDef1 or MtDef4, 

were analysed. Both defensins caused a significant inhibition of the amplitude of the 

rapid increases in [Ca
2+

]c response to mechanical perturbation (p < 0.001) and also 

caused an increase in the [Ca
2+

]c resting level (p < 0.001) (Figure 5.1). When used at 

a concentration of 4.0 !M, both defensins similarly reduced the amplitude of the 

[Ca
2+

]c response to mechanical perturbation and increased the [Ca
2+

]c resting level. 
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The latter was much greater after treatment with MtDef4. 

 

 

 

 

 

 

Figure 5.1 Antifungal defensins inhibit the [Ca2+]c increase in response to 

mechanical perturbation but MtDef4 increases the [Ca2+]c resting level more 

than MsDef1 in the wild type. (A) Effects of MsDef1. (B) Effects of MtDef4. 

Results are expressed as means ± SDs (n = 6). 

!

5.2.2 Glucosylceramide mediates the [Ca2+]c 

changes to MsDef1 but not MtDef4 treatment  

It has been found that a Fusarium graminearum mutant (!Fggcs) which lacks the 

enzyme ceramide glycosyltransferase that synthesizes the plasma membrane 

sphingolipid glucosylceramide, was highly resistant to MsDef1, but not to MtDef4 

(Ramamoorthy et al., 2007). I tested the effects of the two defensins on Ca
2+

 

signalling and homeostasis in the homologous N. crassa !gcs strain which I had 

transformed with the pAB19 plasmid containing the codon-optimized aequorin 

expressing gene. The [Ca
2+

]c response to mechanical perturbation of the !gcs mutant 

was very similar to that of the wild type (compare Figures 5.1 and 5.2). Furthermore, 

MsDef1 pretreatment did not seem to significantly affect the Ca
2+

 signature of the 

!gcs mutant (p > 0.1) (Figure 5.2) which was in marked contrast to the effects of 

MsDef1 pretreatment on the wild type (p < 0.001) (Figure 5.1). Although the 

amplitude of !gcs mutant pretreated with MsDef1 appeared slightly lower than the 

control without the defensin (Figure 5.2A) this was found not to be statistically 

A B 
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significant (p > 0.5). On the other hand, the !gcs mutant was very sensitive to 

MtDef4 pretreatment (Figure 5.2) although the Ca
2+

 signature following mechanical 

perturbation was different from that of the wild type pretreated with this defensin 

(compare Figures 5.2B and 5.1B). These results provide strong evidence that the 

glucosylceramide mediates the [Ca
2+

]c changes in response to MsDef1 but not 

MtDef4. !

!

!

!

!

!

!

Figure 5.2 The Ca2+ signature of the !gcs mutant subjected to mechanical 

perturbation was resistant to MsDef1 but not MtDef4 pretreatment (A) Effects 

of MsDef1. (B) Effects of MtDef4. Results are expressed as means ± SDs (n = 

6). 

 

For comparative purposes, experiments were performed with the well-known 

antifungal drug Amphotericin B (AmpB) which is known to permeabilize the plasma 

membrane by forming pores as a result of binding to ergosterol (Matsumori et al., 

2009). The effects of AmpB pretreatment on the Ca
2+

 signature following 

mechanical perturbation was very similar in the wild type and the !gcs mutant. The 

[Ca
2+

]c increase during stimulation was almost completely abolished. There was also 

a gradual but steady increase in the [Ca
2+

]c resting level which is consistent with 

passive uptake due to plasma membrane permeabilization by AmpB (Figure 5.3). 

 

 

A B 
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Figure 5.3 AmpB almost completely inhibits the large increase in [Ca2+]c in 

response to mechanical perturbation and causes a gradual increase in the 

[Ca2+]c resting level in both the wild type and !gcs mutant. Results are 

expressed as means ± SDs (n = 6). 

 

5.2.3 MsDef1 and MtDef4 exhibit different 

antifungal potencies  

To investigate the antifungal action of these two defensins during the early stages of 

fungal colony establishment, conidial germination and conidial anastomosis tube 

(CAT) fusion were quantified after treatment with MsDef1 and MtDef4. The 

dose-dependent curves of inhibition of germination and CAT fusion caused by these 

two defensins were markedly different (Figure 5.4).  
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Figure 5.4 Dose-dependent inhibitions of MsDef1 and MtDef4 on conidial 

germination and CAT fusion after treatment of the wild type with defensins for 

6 h. (A) Effects of MsDef1. (B) Effects of MtDef4. Results are expressed as 

means ± SDs (n = 3). (Munoz, Chu et al., in prep.). 

!

Although both defensins selectively inhibited CAT fusion more severely, MtDef4 

was more potent than MsDef1 as indicated by their estimated IC50 (the 

concentrations of the AFPs that inhibited 50% of either germination or CAT fusion 

estimated from Figure 5.4) (see Table 5.1). 

 

Table 5.1 IC50 (!M) values of the MsDef1 and MtDef4  

Peptide Germination CAT fusion 

 MsDef1 ! 24.50 7.62 ± 4.5 

 MtDef4 0.65 ± 0.1 0.52 ± 0.1 

 

The inhibitory effects of high concentrations of the defensins on germination and 

CAT fusion were compared in the wild type and the !gcs mutant. These results 

showed clear resistance of the !gcs strain to MsDef1 but not MtDef4 (Figure 5.5), 

which further supports that conclusion that the effects of MsDef1 are mediated by 

the plasma membrane sphingolipid, glucosylceramide. 
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Figure 5.5 The !gcs mutant showed increased resistance to the inhibitory 

effects of MsDef1 on germination and CAT fusion, but not to MtDef4. (A) 

Effects on conidial germination. (B) Effects on CAT fusion. Note 20% of 

conidia remained viable in the presence of 3.3 µM MtDef4. Results are 

expressed as means ± SDs (n = 3). (Munoz, Chu et al., in prep.). 

!

5.2.4 PAF disrupts calcium homeostasis and 

inhibits mycelial growth 

Another defensin that was also studied here was PAF which is naturally produced by 

the fungus Penicillum chrysogenum. To investigate the possible influence of PAF on 

the Ca
2+

 signatures, the characteristic Ca
2+

 signatures caused by mechanical 

perturbation in germlings pre-incubated with PAF for 60 min were compared with 

controls that were not exposed to PAF. The amplitude of the [Ca
2+

]c response to 

mechanical perturbation was reduced and the [Ca
2+

]c resting level was elevated in 

both cases when 10 µg/ml PAF and 100 µg/ml PAF were applied (Figure 5.6). The 

source of this increased [Ca
2+

]c resting level was shown by my co-authors to be 

extracellular (Binder et al., 2010). Neither 10 µg/ml PAF nor 100 µg/ml PAF 

inhibited conidial germination (Figure 5.6) but both were found to inhibit mycelial 

growth (Binder et al., 2010). 

!
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! ""#!

!

!

!

!

!

!

!

!

 

Figure 5.6 PAF inhibits the [Ca2+]c increase in response to mechanical 

perturbation in the wild type (A) but has no effect on conidial germination (B). 

Results are expressed as means(n = 6) for 5.6A and means ± SDs (n = 3) for 

5.6B. 

!

5.2.5 Cell permeabilization was not involved in 

the PAF-induced increase in the [Ca2+]c resting 

level 

To test whether the PAF-induced increase in [Ca
2+

]c involves permeabilization of the 

plasma membrane, I examined the effects of PAF on germlings in the presence of the 

membrane-impermeant propidium iodide in combination with the 

membrane-permeant fluorescein diacetate (Figure 5.6). The germlings were found 

not to take up propidium iodide and to retain their viability after treatment with 100 

µg/ml PAF (Figure 5.7A). However, in a control in which the conidial germlings 

were permeabilized by killing them with ethanol, the cells then stained with 

propidium iodide but not fluorescein diacetate (Figure 5.7B). 
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Figure 5.7 Viability staining of networks of 6 h old, fused germlings after 

staining with fluorescein diacetate (reports living cells) and propidium iodide 

(reports dead cells). (A) Treated with 100 µg/ml PAF. (B) Treated with 70% 

ethanol. 

 

5.3 Discussion 

My results provide evidence that the two plant defensins, MsDef1 and MtDef4, have 

different modes of antifungal action during the early stages of colony establishment 

in N. crassa. Both defensins reduced the amplitude of the [Ca
2+

]c increase in 

response to mechanical perturbation and also increased the [Ca
2+

]c resting level. The 

increase in the [Ca
2+

]c resting level in response to MsDef1 may relate to the 

previously report of this defensin causing the rapid influx of Ca
2+

 as measured using 

the 
45

Ca
2+

 uptake technique (Spelbrink et al. 2004).  The increase in [Ca
2+

]c resting 

level was not due to passive uptake across the plasma membrane because 

permeabilization of the plasma membrane with the antifungal drug amphotericin 

produced a different Ca
2+ 

signature to that produced by the defensins, and 

particularly resulted in a gradual and continuous increase in the [Ca
2+

]c resting level. 

Two alternative explanations how the defensins may increase the [Ca
2+

]c resting 

level resulting are: (1) they inhibit the active efflux of Ca
2+

 from the fungal 

cytoplasm (e.g. by inhibiting a Ca
2+

-pump or Ca
2+

-antiporter, Zelter et al., 2004), 

and/or (2) they continuously activate Ca
2+

-channel activity at a low level. Because 

MsDef1 has been shown to be a potent inhibitor of L-type Ca
2+

 channels (Gu et al., 
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1995; Gage et al., 2002) and thus probably the L-type Ca
2+

 channel CCH-1 of N. 

crassa (section 4.2.4.1), it is seems unlikely that CCH-1 could play a role in the 

increase in the [Ca
2+

]c resting level. However, my finding that L-type Ca
2+

-channel 

inhibitors cause the [Ca
2+

]c resting level to increase (section 4.2.3) indicates that are 

significant differences between the fungal and mammalian Ca
2+

 

signaling/homeostatic machinery.  

 

MtDef4 was much more potent than MsDef1 in terms of its inhibition of conidial 

germination and CAT fusion although the CAT fusion was more sensitive to both 

defensins than was germination. MtDef4 has also been shown to be more inhibitory 

than MsDef1 against mycelial growth of N. crassa (Spelbrink et al 2004; Thevissen 

et al., 1996). My study here is the first to show that plant defensins can selectively 

inhibit CAT fusion.  

It has been recently reported that the presence of a !-core motif, encompassing the 

"2-"3 loop of the homology-based 3-D structure of each of these defensins, is 

responsible for their antifungal activity. The physicochemical properties and the 

sequences of their !-core motifs differ markedly in these defensins, although they 

share 41% amino acid sequence identity (Sagaram et al., 2011). Small peptides 

derived from the !-core motif of MtDef4 have been tested and one of these, a 

cationic hexapeptide (RGFRRR) has been found to be highly selective at inhibiting 

CAT fusion (Muñoz et al., in preparation). 

 

My findings provide strong evidence of correlation between the perturbation of Ca
2+

 

signaling/homeostasis and the antifungal activity of plant defensins. The common 

increase in resting [Ca
2+

]c observed after defensin treatment suggests a shared basic 

mechanism of interaction with the plasma membrane, although this interaction may 

occur at different sites. My results with the !gcs-1 mutant that lacks 

glucoslyceramide transferase, provides evidence that MsDef1 (but not MtDef4) 
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interacts with the sphingolipid glucosylceramide in the fungal plasma membrane as 

has been previously reported for F. graminearum (Ramamoorthy et al., 2007a). 

RsAFP2 has also been previously shown to interact with the sphingolipid 

glucosylceramide (Thevissen et al., 2004). My results showed the effects of MsDef1 

of both changing [Ca
2+

]c, and in inhibiting conidial germination and CAT fusion, are 

mediated by glucosylceramide whilst the effects of MtDef4 on [Ca
2+

]c were not. The 

mode of action of MtDef4 is thus different from that of MsDef1 and does not involve 

binding to a glucosylceramide receptor (Ramamoorthy et al., 2007a,b). This raises 

the possibility that these defensins activate different Ca
2+

 signalling pathways that 

ultimately lead to cell death or alternatively, the reception of the defensin signals in 

the plasma membrane converge on the same Ca
2+

 signalling pathway. 

 

The third antifungal peptide I studied was the secreted antifungal protein PAF from 

the filamentous fungus Penicillium chrysogenum. This is a small-molecular-mass 

(6.2 kDa), cationic, and cysteine-rich peptide that inhibits the growth of numerous 

filamentous fungi (Kaiserer et al., 2003; Galgoczy et al., 2009). It belongs to a family 

of antifungal peptides that show no similarity in their primary structures to plant 

defensins (Marx et al., 2008). PAF is one of the best-studied peptides of this protein 

family. My analyses showed that PAF inhibited the amplitude of the [Ca
2+

]c increase 

in response to mechanical perturbation (similar to what was observed with the plant 

defensins) but the PAF concentrations used to achieve this did not inhibit conidial 

germination or CAT fusion (in contrast to the results obtained with the defensins). I 

was also able to show that at the concentration of PAF that caused the significant 

changes in [Ca
2+

]c, there was not permeabilization of the plasma membrane. My 

co-authors (Binder et al., 2010) had shown that the source of the Ca
2+

 that resulted in 

the [Ca
2+

]c, changes were external because the effects of PAF on [Ca
2+

]c, were 

inhibited with the Ca
2+

-chelator, BAPTA. Thus it would appear that PAF was 

directly interacting with ‘receptors’ or on the plasma membrane surface that were 
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activating plasma membrane Ca
2+

-channels.   

 

5.4 Summary 

! Antifungal peptides/proteins analysed (MsDef1, MtDef4 and PAF) reduced the 

amplitude of the [Ca
2+

]c, increase in response to mechanical perturbation and increased 

the [Ca
2+

]c resting level 

! The sensitivity of Neurospora crassa to MsDef1 is mediated by the sphingolipid 

glucosylceramide 

! MtDef4 is more potent than MsDef1 as an antifungal defensin 

! CAT fusion is more sensitive to inhibition by MsDef1 and MtDef4 than is conidial 

germination 

! PAF does not inhibit conidial germination and CAT fusion at concentrations that cause 

significant changes in [Ca
2+

]c 

 

!

!

!
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Chapter 6 

General discussion and future work 
 

Calcium plays a central role as an intracellular signal in eukaryotic cells, yet little is 

known about Ca
2+

 signaling in filamentous fungi compared to animals and plants. 

Much evidence has indicated that Ca
2+

 signalling is involved in regulating numerous 

processes in filamentous fungi, and this conclusion is based primarily on 

pharmacological studies (Borkovich et al., 2004), genomic analyses (e.g. Zelter et al., 

2004), and on the imaging and measurement of intracellular Ca
2+

 (e.g. Binder et al., 

2010; Kim et al. 2012). The primary goal of this project was to analyse the role of 

Ca
2+

 signalling and homeostasis in N. crassa during colony initiation. Two 

developmental pathways that occur during colony initiation involve the formation 

conidial germ tubes and conidial anastomosis tubes (CATs) (Figure 6.1). Conidial 

germ tubes are involved in colony establishment (Araujo-Palomares et al., 2007) and 

CATs fuse to produce networks of conidial germlings (Read et al., 2012). The main 

experimental approaches used successfully in my study were: the analysis of mutants 

lacking proteins involved in Ca
2+

 signaling and homeostasis (Zelter et al., 2004); the 

use of Ca
2+

 modulating pharmacological drugs; and [Ca
2+

]c measurement using 

genetically encoded aequorin (Nelson et al., 2004; Zelter et al., 2004).   

 

In Chapter 3 I showed that $%&!'&()*+,!)-!.+#/!-')(!$%&!0')1$%!(&234(!5&3$%&'!

67!)(3$$380!.+#/!-')(!$%&!(&234(!'&93:&!)'!67!+22380!$%&!.+#/!9%&,+$)';!<=>?=@!

38%363$&2!.=?!-4A3)8!64$!%+2!8)!)6*3)4A!&--&9$A!)8!$%&!-)'(+$3)8!)-! ,)80!0&'(!

$46&AB! ?%3A! 38239+$&A that external Ca
2+

 is required for CAT fusion. However, 

besides producing obvious germ tubes in the absence of .+#/;! $%&! 9)8323+! +,A)!

produced A%)'$! :')$'4A3)8A! '&A&(6,380! .=?AB! C4'$%&'! &*32&89&! -)'! $%&A&!

:')$'4A3)8A! 6&380! .=?A! 9+(&! -')(! &D:&'3(&8$A! 38! 1%39%! $%&! (39')$464,&!

:),7(&'3E+$3)8! 38%363$)'! 6&8)(7,! 1+A! A%)18! $)! 38%363$! $%&! -)'(+$3)8! )-! $%&!
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Figure 6.1 Summary of the influence of external Ca2+, L-type, Ca2+-channel 

blockers, Ca2+ channel mutants and microtubule depolymerization by 

benomyl on CAT fusion and germ tube formation. 
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%&'()*+,-+&!-!,(.&!/(,!Ca
2+

 signaling in CAT chemotropism, 0+!10..!2&!0'3(,+-)+!

+(! 0'-4&! 5Ca
2+ 

]c dynamics in CATs at the subcellular level (e.g. by using a 

genetically encoded Ca
2+

 reporter such as cameleon which has recently employed 

with filamentous fungi, Kim et al., 2012). The spatio-temporal dynamics of [Ca
2+

]c in 

CATs undergoing chemotropism can then be imaged simultaneously with either 

fluorescently labeled MAK-2 or SO. If positive results are obtained then these 

experiments can be followed up with pharmacological and genetic analyses to 

manipulate Ca
2+

 signaling and MAK-2/SO signaling. 6&*0%&*! 2&0)4! 0)7(.7&%! 0)!

89:!;<&'(+,(30*'=!8-#>!*04)-.0)4!'-?!-.*(!3.-?!-!,(.&!0)!()&!(,!'(,&!*+-4&*!(/!

+<&! -;+@-.! /@*0()! 3,(;&**! 0+*&./! A&B4B! ;&..! -%<&*0()=! ;&..! 1-..! %&4,-%-+0()! (,!

3.-*'-!'&'2,-)&!/@*0()C=!1<0;<!10..!-.*(!)&&%!+(!2&!-)-.?*&%!0)!+<&!/@+@,&B 

 

In chapter 3, two L-type Ca
2+

 channel blockers (verapamil and diltiazem), with 

different modes of action, were found to inhibit both conidial germination and CAT 

fusion in wild type strains, and CAT fusion was shown to be more sensitive to these 

two drugs (Figure 6.1). These channel blockers were additionally found to inhibit 

Ca
2+

 uptake by conidial germlings of the wild type expressing the aequorin Ca
2+

 

reporter. Interestingly, the channel blockers also, unexpectedly, raised the [Ca
2+

]c 

resting level in these germlings suggesting that they might not just inhibit L-type 

Ca
2+

 activity in N. crassa. In chapter 5 the plant defensins (MsDef1 and MtDef4) and 

the antifungal peptide PAF were also found to raise the [Ca
2+

]c resting level. Future 

work will need to determine whether these antifungal peptides/proteins exhibit a 

similar mechanism of increasing the [Ca
2+

]c resting level to that of the Ca
2+

-channel 

blockers. Three possible mechanisms were also suggested as to how the [Ca
2+

]c 

resting level might be raised in response to L-type Ca
2+

-channel blocker and/or 

defensin treatment: (1) by the continuous activation of Ca
2+

- channel activity at a low 

level or (2) the inhibition of Ca
2+

-pumps and/or antiporters or (3) permeabilization of 

the plasma membrane. The distinction between these three mechanisms may be 
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determined by [Ca
2+

]c measurements in different Ca
2+

- channel/-pump/-antiporter 

mutants expressing aequorin and by using various live-cell imaging techniques (e.g. 

using genetically encoded Ca
2+

 probes to image [Ca
2+

]c, use of fluorescence probes 

such as propidium iodide which report plasma membrane permeabilization). It is also 

important to appreciate that although my results indicate that Ca
2+

-channel activity in 

N. crassa is inhibited by both L-type Ca
2+

-channel blockers and antifungal peptides, 

the complete absence of specific Ca
2+

-channels (as in mutants) may be a different 

scenario because the inhibitors may not be influencing all of the processes mediated 

by the channels. 

 

In Chapter 3, the morphological phenotypes (conidial germination, hyphal extension 

rate, conidiation and hyphal branching) of 22 mutants defective in different 

components of their Ca
2+

-signalling and homeostasis machinery were characterized 

in order to identify the possible roles of Ca
2+

 during colony initiation and 

development.  From these studies I only obtained evidence for the high affinity Ca
2+

 

influx system (HACS), and not the low affinity Ca
2+

 influx system (LACS) being 

involved in conidial germination and CAT fusion. The !cch-1 mutant lacking the 

CCH-1 L-type Ca
2+

 channel gene (but not the !mid-1 mutant) exhibited a significant 

reduction in CAT fusion. CAT fusion was decreased even further in a double mutant 

(!cch-1!mid-1) suggesting that that the CCH-1 and MID-1 proteins operate 

cooperatively in combination during this process as well as individually. Thus 

overall my results suggest that extracellular an Ca
2+

-dependent [Ca
2+

]c increase is 

responsible for CAT fusion and a CCH-1/MID-1-mediated Ca
2+

 influx is principally 

required for CAT chemotropism (Figure 6.1). Future work could determine the role 

of intracellular Ca
2+

 on these processes by artificially implementing a Ca
2+

 influx 

(e.g. by using the Ca
2+

-selective ionophore bromo-A23187).  

 

Future work should attempt to localize each of these Ca
2+

 channel proteins with GFP. 
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If this is possible then one should try to co-localize the two proteins using different 

fluorescent protein tags (e.g. GFP and mCherry). If co-localization is successful then 

more direct methods of showing protein-protein interaction could be used, for 

example by using the bifluorescence complementation procedure (e.g. Blumenstein 

et al., 2005) or Förster Resonance Energy Transfer (FRET) imaging (Zhao et al., 

2011), with living cells. Evidence of protein-protein interaction could also be 

obtained using co-immunoprecipitation techniques. Expression analyses of the cch-1 

and mid-1 genes at different stages of colony initiation in the wild type would also be 

useful information to obtain. Although CCH-1 and MID-1 have been suggested as 

the protein complex responsible for mediating Ca
2+

 influx as a high affinity Ca
2+

 

channel, a direct demonstration of the gating mechanism of this channel in N. crassa 

is lacking. Other aspects of CCH-1 regulation should also be examined. For example 

evidence has been obtained that the CCH-1 channel in Cryptococcus neoformans can 

be activated directly by the depletion of intracellular Ca
2+

 stores (Hong et al., 2010). 

This is the so-called capacitive Ca
2+

 entry (CCE) mechanism which is a process 

whereby depletion of intracellular Ca
2+

 stores causes the activation of plasma 

membrane Ca
2+

 channels (Berna-Erro et al., 2009). To further distinguish between 

the roles of Ca
2+

 signalling and Ca
2+

 homeostasis during colony initiation and 

development, more mutants that are defective in Ca
2+

 signalling and homeostasis 

machinery (e.g. calmodulin and calcineurin) need to be tested. It will also be 

important to image [Ca
2+

]c by using genetically encoded Ca
2+

 probes in order to 

discriminate between the generation of: (1) local subcellular increases in [Ca
2+

]c, 

which are more likely to be associated with localized Ca
2+

 signalling; and (2) general 

increases in [Ca
2+

]c throughout cells which may be more indicative of Ca
2+

 

homeostasis. 

 

In Chapter 3, the classical N. crassa mutant semicolonial-1 (smco-1) was shown to 

be a mutant of the cch-1 gene. This mutant, which was reported to have resulted 
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from an eight nucleotide insertion, showed a slower hyphal extension rate, reduced 

conidiation and reduced CAT fusion compared with the wild type but the extent of 

these defects was different to that of the !cch-1 mutant. These results indicate that 

different regions of the CCH-1 protein, not surprisingly, play different functional 

roles in N. crassa. It will be important to analyse the roles of different 

regions/domains of the CCH-1 protein in its functioning as a Ca
2+

-channel and its 

cooperative interaction with MID-1 by deleting parts of the genes or by introducing 

specific point mutations. Cloning and sequencing of the cch-1 gene in the smco-1 

mutant will also be important to determine the precise location of the eight 

nucleotide insertion.  

 

Increasing the extracellular Ca
2+

 by 25 mM partially restored the phenotypes of the 

!cch-1, !mid-1 smco-1 and !cch-1!mid-1 mutants, which is consistent with CCH-1 

and MID-1 being involved in Ca
2+

 uptake from the external medium. It will be 

important to determine whether the addition of an even higher concentration of 

extracellular Ca
2+

 more fully restores the phenotypes of these mutants to that of the 

wild type. Treatment with the Ca
2+

 chelator BAPTA significantly inhibited colony 

growth in the wild type thus further indicating a role for extracellular Ca
2+

 uptake in 

this process. Extracellular Ca
2+

 may be the sole source of Ca
2+

 for growth or 

alternatively Ca
2+

 may be released from internal stores by Ca
2+

 induced Ca
2+

 release 

(CICR), a process that could be initiated by Ca
2+

 uptake from an extracellular source 

(Berridge et al., 2000). An inhibitor of CICR (e.g. dantrolene) should be used to test 

whether CICR is important for hyphal growth. 

 

Previously it has been reported that the addition of the Ca
2+

-ionophore A23187 

(which would be predicted to elevate [Ca
2+

]c) induces increased branching in N. 

crassa (Reissig & Kinney, 1983). This has led to the hypothesis that a transient 

increase in [Ca
2+

]c may be involved in inducing hyphal branching (Reissig & Kinney, 
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1983). However, it has also been reported that the addition of the L-type 

Ca
2+

-channel blocker verapamil (which might conversely be predicted to inhibit 

[Ca
2+

]c increases) also heightened hyphal branching in this fungus (Dicker and 

Turian, 1990). I found that the Ca
2+

-channel mutants !cch-1, !mid-1 and 

!cch-1!mid-1 all exhibited increased branching which is consistent with the 

previously reported effects of verapamil treatment. In order to resolve the 

significance of [Ca
2+

]c increases in branch formation and the possible role of the 

CCH-1 and MID-1 Ca
2+

-channel proteins in these processes, it will be necessary to 

image [Ca
2+

]c in the wild type and these Ca
2+

-channel mutants expressing a 

genetically encoded Ca
2+

-probe. Interestingly, it was recently reported that branch 

formation in Fusarium oxysporum expressing the cameleon Ca
2+

-probe was followed 

by an transient increase in [Ca
2+

]c (Kim et al., 2012) which is evidence for increased 

[Ca
2+

]c not being involved in signaling branch induction. 

 

In Chapter 4, Ca
2+

 signatures following mechanical perturbation, which is a external 

stimulus that has been found transiently to increase [Ca
2+

]c (Nelson et al., 2004; 

Binder et al., 2010) were successfully measured in populations of conidial germlings 

using aequorin expressed in the wild type and in deletion mutants (!cch-1, !yvc-1, 

!fig-1) lacking different Ca
2+

 channels. The removal of external Ca
2+

 completely 

abolished the [Ca
2+

]c increase in response to mechanical perturbation and CCH-1 was 

found to partly contribute to this increase in [Ca
2+

]c. Again the possible role of CICR 

in this process needs to be assessed. Future research should also determine what role 

the MID-1 Ca
2+

 channel protein plays in the response to mechanical perturbation by 

expressing aequorin in the !mid-1 mutant. This is particularly significant because 

MID-1 has been implicated in mechanosensing (Kanzaki et al., 1999). It will also be 

important to determine whether different Ca
2+

 storage organelles (e.g. vacuoles, ER, 

mitochondria and Golgi) play any role in generating the specific Ca
2+

 signature 

associated with mechanical perturbation. This can be achieved by measuring 
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organellar Ca
2+

 changes following stimulation by targeting aequorin to these 

organelles. These studies should provide important new insights into the role(s) Ca
2+

 

signaling plays in mechanosensing following mechanical perturbation.  

 

In Chapter 4, various Ca
2+

-sensitive dyes (Oregon green 488, Fluo-4 and Calcium 

Green-1) were also tested to determine if they can be used to image [Ca
2+

]c at the 

single cell and subcellular levels. Only Fluo-4 allowed the measurement of [Ca
2+

]c in 

individual cells but the changes in dye fluorescence in response to changes in [Ca
2+

]c 

were too small to be useful for imaging [Ca
2+

]c dynamics at the subcellular level. The 

other two dyes underwent rapid compartmentalization in organelles when loaded into 

germlings. An alternative approach in the future to imaging the subcellular dynamics 

of [Ca
2+

]c will be to express genetically encoded Ca
2+

 sensitive reporters, as has 

recently been reported for filamentous fungi (Kim et al., 2012). In addition, very 

promising preliminary results of [Ca
2+

]c imaging in the human pathogen A. fumigatus 

has recently been obtained in our laboratory by using the improved Ca
2+

 biosensor 

G-CaMP5 (Munoz, A., Bertuzzi, M., Bignell, E. and Read, N.D., unpublished 

results).  

 

In Chapter 5, the plant antifungal proteins (defensins), MsDef1, MtDef4 and PAF 

were all found to disrupt Ca
2+

 signaling/homeostasis in conidial germlings of N. 

crassa. They all inhibited the [Ca
2+

]c increase and raised the resting level of [Ca
2+

]c 

in response to mechanical perturbation (see discussion above). Analysis of an 

aequorin expressing mutant that was defective in glucosylceramide synthase (!gcs) 

showed that the effects of MsDef1 (but not MtDef4) on [Ca
2+

]c were mediated by the 

sphingolipid glucosyceramide. All of the defensins tested were found to exhibit 

different potencies with regard to their inhibitory effects on conidial germination and 

CAT fusion. The mechanisms of action of PAF, MsDef1 and MtDef4 and its 

influence on [Ca
2+

]c homeostasis have all been studied in detail through my 



! "#$!

collaboration with others in the Read lab (Binder et al., 2010; Munoz, Chu et al., in 

preparation). Future studies will particularly focus on understanding the role of Ca
2+

 

signaling in the modes of action of these and related peptides by using Ca
2+

 

combined with mutant analyses and treatments with Ca
2+ 

modulators. 
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Appendix A 

Plasmid Maps 

          

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 The pAZ6 plasmid (from Zelter, 2004). Polylinker 
1:T7.KpnI.ApaI.XhoI.SalI.ClaI.HindIII. Polylinker 2:XbaI.NotI.SacI.T3.  
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Figure A.2 The pAB19 plasmid (from Zelter, 2004). Polylinker 
1:T7.KpnI.ApaI.XhoI.SalI.ClaI.HindIII. Polylinker 2:XbaI.NotI.SacI.T3. 
Polylinker 3: KpnI.ApaI.XhoI.ClaI.HindIII. 
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Appendix B 

Table B.1 Oligonucleotide primers used in this study.  

NO Primer name Sequence 

1 hph_800_fw GATTGCTGATCCCCATGTGTATC 

2 hph_300_rv GATCAGAAACTTCTCGACAGACG 

3 fig1_5’200_fw TCTTTAGCCGCCTTAGTTGC 

4 fig1_1000_rv CGTCTCGGGTCGTTTTATGT  

5 fig1_3p300_rv GGATTGGACTTTTGGTGGTG 

6 fig1_500_fw TGCGCAGTTCAAGGATATGA 

7 yvc1_5p_flank_fw GCAAATGGACCGACGAATAC 

8 yvc1_5p_flank_rv GAAGTACCCGGGGAGATGAG 

9 yvc1_3p_flank_rv GTCTTTTCCTGCCGTCCTC 

10 yvc1_3p_flank_fw ACGGGACAGTGCTAACTTGC 

11 yvc1_5’200_fw  GGTTGGTAAAGATGCGGAGA 

12 yvc1_1000_rv  GGGTCACAGCGCTTAAGGTA 

13 cch1_5’200_fw GGCGAGAGGAGGAGTGAATTAG  

14 cch1_1000_rv GACCAACAAATCGCAAAGCCA  

15 cch1_3p300_rv 

cch1_500_fw 

CTTGCTGCTGAAAATGACTGGC 

16 GTTCCAGTACAGTCAATCCCGG 

17 cch1_5f TTCACCGTAGGAAACGGAAC 

18 cch1_3r TGCATGGCTGCACTACTACC 

19 mid1_5f CATCTCCACGGACGGTTATT 

20 mid1_3r TGTGTCGGTCACATTGGTCT 

21 mid1_5’200_fw AAGTAAGTGGTTTCCCGCCT 

22 mid1_1000_rv ATCTGGGCATTTTGTTCGAG 

23 mid1_3p300_rv GAGATGTCGAAGGGCTGAAG 

24 mid1_500_fw TCCATCAACGGTGTCAGGTA 

25 cch1_5f_p GGAATTGAGTCCCAGACAGC 
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26 cch1_3r_p CTGGATGTGGTGATCGGAAT 

27 mus51_2kb_fw GTCATAGTGCTCCCAGGTCACA 

28 mus51_2kb_rv TGAATGCTCTGGTGTTCTGAAGA 

29 mus52_2kb_fw GGAAGCCACAGTCTATGTCATC 

30 mus52_2kb_rv CGCGTTTGCCTTGTACTTTTG 

 

 

 

 

 

 

 

Figure B.1 PCR-based genotyping of deletion strains !fig-1 and !yvc-1. 
Refer to Figure 2.1 for details of primer binding locations. Primers sets (3+4, 
5+6 and 11+12) were chosen to confirm the presence of the wild-type gene 
in wild type (3+4 = PCR1, 5+6 = PCR2, and 11+12 = PCR5) and in the 
deletion strains (3+4 = PCR6, 5+6 = PCR7, and 11+12 = PCR12). Primers 
sets (1+3, 2+5, 1+7 and 2+9) were chosen to confirm the presence of the 
deletion cassette in the deletion strains (1+3 = PCR8, 2+5 = PCR9, 1+7 = 
PCR13 and 2+9 =PCR14). The lower band in the gels is an action internal 
control to confirm the presence of genomic DNA. The positions of DNA size 
(M, 1 kb DNA ladder) are also shown. 

 

 

 

 

 

 

Figure B.2 PCR-based genotyping of deletion strains !cch-1 (10’ and 
15’). Refer to Figure 2.1 for details of primer binding locations. Primers set  
was chosen to confirm the presence of the wild-type gene in wild type (17+18 
= PCR1), in the deletion strain 10’ (13+14 = PCR5 and 15+16 = PCR6) and 
in the deletion strain 15’ (13+14 = PCR10 and 15+16 = PCR11). Primers sets 

"!!!!!!!!!!!!#!!!!!$!!!!%!!!!!&!!!!!!'!!!!(!!!!!)!!!!!*!!!!!+!!!#,!!!##!!#$!!!!#%!!#&!!!!

"!!!!!!!!#!!!!!$!!!!%!!!!&!!!!!!!!!!!!!!'!!!!(!!!!!)!!!*!!!!+!!!#,!##!!#$!#%!!#&!!!!



! !"#$

(1+13 and 2+15) were chosen to confirm the presence of the deletion 
cassette in the deletion strain 10’ (1+13 = PCR7 and 2+15 = PCR8) and in 
the deletion strain 15’ (1+13 = PCR12 and 2+15 = PCR13). Primers sets 
29+30 was chosen to confirm the presence of mus-52 gene in wild type 
(PCR4), in the deletion strain 10’ (29+30 = PCR9) and in the deletion strain 
15’ (PCR14). The positions of DNA size (M, 1 kb DNA ladder) are also shown. 

 

 

       A 

 

 

        

       B 

 

Figure B.3 PCR-based genotyping of possible !cch-1!mid-1 candidates 
(1, 5, 10, 11, 14, 16, 17, 18, 19 and 20). Primer set 17+18 was chosen to 
confirm the presence of cch-1 gene (A) and the primer set 19+20 was 
chosen to confirm the presence of mid-1 gene (B). 
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Figure B.4 PCR-based genotyping of deletion strains !cch-1!mid-1 

candidates (10, 16, and 18). Refer to Figure 2.1 for details of primer binding 
locations. Primers sets (13+14 and 15+16) were chosen to confirm the 
presence of the cch-1 gene in the deletion strain 10 (13+14 = PCR5 and 
15+16 = PCR6), in the deletion strain 16 (13+14 = PCR9 and 15+16 = 
PCR11) and in the deletion strain 18 (13+14 = PCR17 and 15+16 = PCR19). 
Primers sets (21+22 and 23+24) were chosen to confirm the presence of the 
mid-1 gene in the deletion strain 10 (21+22 = PCR5 and 23+24 = PCR7), in 
the deletion strain 16 (21+22 = PCR13 and 23+24 = PCR15) and in the 
deletion strain 18 (21+22 = PCR21 and 23+24 = PCR23). Primers sets (1+13 
and 2+15) were chosen to confirm the presence of the cch-1 deletion 
cassette in the deletion strain 10 (1+13 = PCR2 and 2+15 = PCR4), in the 
deletion strain 16 (1+13 = PCR10 and 2+15 = PCR12) and in the deletion 
strain 18 (1+13 = PCR18 and 2+15 = PCR20). Primers sets (1+21 and 2+23) 
were chosen to confirm the presence of the mid-1 deletion cassette in the 
deletion strain 10 (1+21 = PCR6 and 2+23 = PCR8), in the deletion strain 16 
(1+21 = PCR14 and 2+23 = PCR16) and in the deletion strain 18 (1+21 = 
PCR22 and 2+23 = PCR24). The positions of DNA size (M, 1kb DNA ladder) 
are also shown. 
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Figure B.5 Southern blotting analysis of cch-1 deletion strains. The 

positions of DNA size markers (M, in kbp) are shown at the left panel. 

Genomic DNA from wild type and cch-1 deletion strains was probed with cch-

1_5’UTR_based probe (primer set 25+26). DNA fragments detected in 

deletion strains matches the predicted fragment sizes. 
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