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Synopsis
In this thesis work, | studied the cellular roles of calmodulin (CaM) and calcium/calmodulin-
dependent kinases (Ca?*/CaMKs) in stress conditions, circadian clock, and sexual
development. The cmdR'®, Acamk-1, and Acamk-2 mutants showed growth defects and reduced
survival rates under temperature, pH, oxidative, and ER stress conditions. The cmdR'® mutant
was female sterile as it could not form the protoperithecium. In addition, the cmdR'® mutant
strain was unable to support the wild type perithecia graft, showed defects during cell fusion,
and a drastic decline in life span. Furthermore, the Acamk-1, Acamk-2, Acamk-3, and Acamk-4
mutants showed increased circadian period length without affecting the temperature
compensation. Moreover, | found that the cmd, camk-1, and camk-2 genes were upregulated
under heat stress and during nitrogen-starved conditions, suggesting their involvement in

regulating the heat shock response and the pheromone response pathways.

Xiv
TH-3075_156106034



Thesis title: “Molecular investigations of cellular roles of calmodulin and
calcium/calmodulin-dependent kinases in stress responses, asexual and sexual
developments in Neurospora crassa”

Objectives:

1. To investigate the cellular roles and mechanism of CaM and Ca?*/CaMKs in coping
with stress conditions in N. crassa,

2. To determine the functions of the CaM and Ca?*/CaMKs during sexual development
in N. crassa, and

3. Understanding the molecular details of calmodulin and the transcriptional regulation

of the heat shock and the pheromone response pathways in N. crassa.

Chapters:

Chapter 1: Introduction to Neurospora crassa and calcium signaling

Chapter 2: Materials and Methods

Chapter 3: Understanding the cellular roles and mechanism of calmodulin and
calcium/calmodulin-dependent kinases in coping with stress conditions in N. crassa

Chapter 4: Role of calmodulin and calcium/calmodulin-dependent kinases in sexual
development and circadian clock in N. crassa

Chapter 5: Molecular analysis of calmodulin, transcriptional regulation of the heat shock and

the pheromone response pathways in N. crassa
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Chapter 1: Introduction to Neurospora crassa and calcium signaling

Chapter 1 briefly describes the history and biology of Neurospora crassa and the importance
of calcium (Ca?*) signaling in various eukaryotes. N. crassa is a heterothallic fungus belonging
to the family of ascomycetes. N. crassa, found mainly in humid tropical and subtropical
regions, grows commonly on burned vegetation (Turner et al. 2001). N. crassa has been
established as a major model filamentous fungus and contributed immensely to the
development and understanding of genetics, biochemistry, molecular biology, cell biology, and
signaling, including the Ca?* signaling machinery (Galagan et al. 2003; Roche et al. 2014;
Carillo et al. 2020). In eukaryotes, Ca?* plays a versatile role in modulating all aspects of
cellular functions (Cai et al. 2015; Luan and Wang 2021). N. crassa has a complex Ca?*
signaling machinery consisting of 48 Ca®*-signaling proteins, with three Ca?* channel proteins,
two Ca?*/Na’ exchangers, six Ca?*/H* exchangers, nine Ca?'/cation- ATPases, four
phospholipase C-§ subtype (PLC- 8) proteins, one calmodulin (CaM), and 23 Ca?* and/or CaM
binding proteins (Galagan et al. 2003; Borkovich et al. 2004; Zelter et al. 2004). The transient
increase in the cytosolic free Ca?* concentration ([Ca?*]c) from the resting level of ~100 nM to
1 uM or more activates Ca®* sensing proteins, inducing an intracellular signal in response to
various extracellular stimuli (Chin and Means 2000; Bootman et al. 2001).

Ca2* binds and activates the primary Ca?* sensing protein calmodulin (CaM), which
then undergoes a conformational change enabling the further activation of over 300 target
proteins (Means and Dedman 1980; Hoeflich and Ikura 2002; Halling et al. 2016). CaM is a
small ~17 kDa protein that binds to four Ca?* with the help of structural motifs known as EF-
hand, which is comprised of two a-helices flanking a loop characterized by 12 residues rich in
glutamate and aspartate to chelate the Ca?* ion (Gifford et al. 2007). CaM is essential for
viability in N. crassa, therefore, the cellular roles of CaM were studied using CaM antagonists

and repeat-induced point mutation (RIP; Cambareri et al. 1989; Selker 1990). These studies

XVi
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showed that CaM is important for the growth, hyphal development, circadian rhythm,
activation of chitin synthase required for cell wall formation, carotenoid accumulation,
ultraviolet survival, and sexual development (Sadakane and Nakashima 1996; Suzuki et al.
1996; Suresh and Subramanyam 1997; Laxmi and Tamuli 2015, 2017).

Chapter 1 also describes the Ca?*/calmodulin-dependent kinases (Ca?*/CaMKs), which
are Ser/Thr kinases and downstream target proteins of CaM. Their domain organization
comprises an N-terminal catalytic domain and a C-terminal regulatory domain consisting of
the overlapping autoinhibitory and Ca?* /CaM-binding regions (Swulius and Waxham 2008).
In N. crassa, four Ca**/CaMKs (CaMK-1, 2, 3, and 4) have been identified; CaMK-1and
CaMK-2 are essential for full fertility, stress adaptation, and light-induced shifting of the
circadian clock (Tamuli et al. 2011; Kumar and Tamuli 2014).

The cellular roles of CaM and Ca?*/CaMKs in stress tolerance and sexual development
were reported previously. However, the detailed cellular roles and mechanisms in mediating
various stress conditions and sexual development remained unknown in N. crassa. Therefore,
| studied the cellular roles and the possible mechanistic pathways of CaM and Ca?*/CaMKs in
response to different abiotic stress conditions, sexual development, and regulating the circadian
clock. Furthermore, | investigated the probable transcriptional regulator of CaM during sexual

development.

Xvii
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Chapter 2: Materials and Methods

Chapter 2 describes the media, chemicals, and experimental procedures used in this research
work. The chemicals and reagents were purchased from the standard suppliers and used after
being autoclaved or filter sterilized as per requirement. Molecular experiments such as cloning,
polymerase chain reaction (PCR), reverse Transcriptase PCR, and quantitative real-time PCR
were performed using either standard protocols (Russell and Sambrook 2001) or as stated by
the manufacturer’s instructions. All the statistical analyses of the experimental data and the
graphs were plotted using Microsoft Excel and SigmaPIot®.

Routine growth, maintenance, and crosses of N. crassa strains were performed
essentially as described previously (Westergaard and Mitchell, 1947; Davis and de Serres,
1970). The N. crassa wild type and various knockout mutant strains used in this study were
obtained from the Fungal Genetics Stock Center (FGSC, Manhattan, KS). The other N. crassa
strains were either generated in the laboratory of Prof. Katherine A. Borkovich (University of
California Riverside, USA) or in our laboratory. The pp-1 mutant strain was a kind gift from
Prof. Qun He (State Key Laboratory of Agrobiotechnology, College of Biological Sciences,

China Agricultural University, Beijing, China).
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Chapter 3: Understanding the cellular roles and mechanism of calmodulin and calcium/
calmodulin-dependent kinases in coping with stress conditions in N. crassa

Chapter 3 describes the role of CaM and its downstream target protein CaMKs in coping with
different abiotic stress conditions in N. crassa. The cmdR'®, Acamk-1, and Acamk-2 mutants
were sensitive to temperature variations and showed reduced growth rates at lower (20 °C) and
elevated (40 °C) temperatures in comparison to their growth rates at normal ambient (30 °C)
temperature. In alkaline pH and dithiothreitol (DTT) induced endoplasmic reticulum (ER)
stress conditions, the cmdR'", Acamk-1, and Acamk-2 mutants showed reduced aerial hyphae
growth. However, the mutants showed no defect under osmotic stress conditions of high NaCl
and sorbitol concentrations. In addition, the cmdR'®, Acamk-1, and Acamk-2 mutants also
showed reduced growth rate and survival rates under hydrogen peroxide (H202) induced
oxidative stress. Furthermore, the cmdR'®, Acamk-1, and Acamk-2 mutants showed reduced
survival rates on exposure to an induced thermotolerance condition. The Acamk-3 and Acamk-
4 mutants showed no significant defect in their growth and survival rates under all the stress
conditions tested. The parental strain of the cmd®'"®, and the Acamk-1 and Acamk-2 mutant
strains carrying the camk-1 and camk-2 transgenes, respectively, complemented the
temperature sensitivity, pH stress, oxidative stress, ER stress, and thermotolerance phenotypes
of the respective mutants. Therefore, the cmd, camk-1, and camk-2 genes are necessary for

survival under various stress conditions.
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Chapter 4: Role of calmodulin and calcium/calmodulin-dependent kinases in sexual
development and circadian clock in N. crassa
Chapter 4 describes the role and mechanism of CaM during sexual development. The cmdR'®
mutant was unable to form the female sexual structure the protoperithecium and was sterile as
a female parent but fertile as a male parent. In addition, the cmd®'® mutant formed an
incompetent mycelium, which was unable to support the freshly fertilized wild type perithecia
graft. Also, the cmdR'® mutant was unable to form mycelial network when grown in VG liquid,
suggesting a defect in cell fusion. Because aging is accompanied with decline in fertility and
increased mortality (Kirkwood 2000), | examined the conidial aging rate and found that the
cmd®'P mutant showed a drastic decline in the survival rate of conidia when maintained under
starved condition.

| also investigated the role of CaM and CaMKSs in regulating the circadian clock at three
different temperatures in N. crassa. The knockout mutants of camk-1, camk-2, camk-3 and
camk-4 exhibited increased period lengths at 20, 25 and 30 °C compared to the ras-1°? strain.
Since the cmdR'® mutant showed severe growth defects, the period length in this mutant could
not be determined. Temperature compensation is a phenomenon where the period length of the
circadian clock shows insensitivity to a range of temperature differences (Gardner and Feldman
1981). The Q1o values for the mutants were in the range of ~1 like the ras-1 strain, suggesting
that the temperature compensation was not affected in the camk mutants.

Therefore, this study revealed that 1) the cmd gene is important for proper mycelium
development, which is essential for sexual development, and critical for normal aging process,
2) the camk-1, camk-2, camk-3, and camk-4 genes are required for normal period length, but

do not affect the temperature compensation of the circadian clock in N. crassa.
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Chapter 5: Molecular analysis of calmodulin, transcriptional regulation of the heat shock
and the pheromone response pathways in N. crassa

Chapter 5 describes the molecular basics of the CaM protein and the pathways regulated by
CaM and CaMKs in stress conditions and sexual development phase. The cmd®'® mutant
showed severely reduced Ca?* distribution across the hyphae, which indicated a disruption of
the Ca?* homeostasis. In addition, the cmdR'® mutant showed abnormal and increased septation
with decreased hyphal width. Furthermore, the comparison of the wild type CaM and the
CaMRP structure built using homology-modelling revealed that the EF-hand 2 of CaMR'® could
not to bind to Ca?*. Therefore, the loss of one of the four bound Ca?* might affect the Ca?*
gradient in the hyphal tip and the formation of normal septations, which are essential for the
normal growth and development of N. crassa.

To determine the expressions of CaM and CaMKs under different cellular conditions,
| performed real time expression analysis of the cmd and camks genes. The expression levels
of the cmd, camk-1, and camk-2 genes under heat stress and nitrogen starved conditions were
increased, suggesting that these genes were upregulated in response to heat and nitrogen
starvation. In addition, the expression analysis of genes encoding the heat shock proteins hsp70
and hsp80 and the pheromone response pathway genes pre-1, pre-2, ccg-4, mfa-1, and fmf-1
were reduced in the cmdR'?, Acamk-1, and Acamk-2 mutant strains, suggesting that CaM and
CaMKs are involved in the heat shock response and pheromone response pathways.

To understand how Ca?*/CaMKs regulate the circadian clock, | studied relative
expressions of frequency (frg) and white collar-1 (wc-1) genes that encode two distinct clock
regulators. The expression level of frg and wc-1 in the camk mutants were similar to that in the
wild type, indicating that the CaMKs may not play a major role in regulating the circadian

clock regulators.
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| also investigated the probable transcriptional regulators of the cmd gene during sexual
development. Promoter analysis for the cmd gene was performed by analyzing ~2 kb upstream
of'the 5’ flanking region of cmd using Matlnspector (Quandt et al. 1995). The promoter analysis
revealed putative sequences for several transcription factors, including the binding site for
STE12, a transcriptional activator involved in pheromone response in yeast, which is encoded
by protoperithecium-1 (pp-1) gene in N. crassa. The phenotypic analysis of the App-1 mutant
showed defects in growth morphology, with reduced aerial hyphae and female sterility, a
similar phenotype to the cmd®'" mutant strain. | also found decreased expression of cmd gene
in the App-1 mutant under nitrogen starved condition, suggesting that PP-1 is involved in
regulating the cmd gene during sexual development. In N. crassa, pp-1 is activated by MAK-
2 MAP kinase signaling pathway (Li et al. 2005; Herzog et al. 2015). The MAK-2 pathway of
N. crassa shows homology to the pheromone response pathway of S. cerevisiae (Fischer et al.
2018). Taken together, these results suggested a crosstalk between the Ca?*signaling and the

MAPK signaling pathways in N. crassa.

Conclusions and future perspectives

This chapter describes the conclusions and future prospects of my thesis work. In this study |
have shown that CaM, CaMK-1 and CaMK-2 are required for adaptation to various stress
conditions mediated by temperature, pH, oxidative, and ER targeting compounds. During
sexual development, CaM is necessary to form the female sexual structure called
protoperithecium. CaM is also critical for normal vegetative hyphae development, cell fusion,
and normal aging, which determines full fertility during the sexual developmental phase. In
addition, | found that the CaMKs are required for the normal circadian period length but do not

affect temperature compensation.

XXii
TH-3075_156106034



Mutations in the EF-hand result in the inability of CaM to bind to one of the 4 Ca?" ions,
which might cause defects in the intracellular Ca?* gradient. The possible disruption of the Ca?*
gradient might be responsible for the abnormal septation, decreased hyphal width, and defects
in the morphology, growth, and development in the CaMR'® mutant. This study also showed
that the cmd, camk-1, and camk-2 genes are upregulated during heat stress and nitrogen-starved
condition, suggesting their involvement in regulating the heat shock and pheromone response
pathways. Finally, under nitrogen starved condition, which initiates sexual development, the
cmd gene was regulated by PP-1, a transcription factor involved in pheromone response.
Therefore, this work also established a crosstalk between the Ca?* signaling pathway and the

MAPK kinase pathway in N. crassa.

Future perspectives of this research work

Future directions of this thesis work will be (i) to study the interaction of the transcriptional
factor PP-1 in the promoter region of cmd gene by using chromatin immunoprecipitation
(ChlIP), followed by electrophoretic mobility shift assay (EMSA) to determine the specific
binding sequence of PP-1 in the promoter of cmd gene, (ii) to determine how CaM and CaMKs
interact with the MAPK signaling pathway, (iii) to investigate the mechanism of CaM and
CaMKs in the activation of heat shock transcription factor (HSF-1), and (iv) to understand the
role and mechanism of CaM and CaMKSs in the regulation of reactive oxygen species (ROS)

homeostasis.
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1.1 Brief history of the establishment of Neurospora crassa as a model organism

The filamentous fungus Neurospora also called the ‘organism behind the molecular
revolution’, has been at the forefront as a model system due to the ease in correlating its
genetics with its biochemical and molecular traits (Perkins 1992; Weist et al. 2013). Over the
years, Neurospora research has provided valuable insights in the areas of cell biology, genetics,
biochemistry, and molecular biology, which have shown to be applicable to other fungi and
other kingdoms of life as well (Borkovich et al. 2004; Roche et al. 2014).

The genus name Neurospora, meaning ‘nerve spore’, comes from the longitudinal
striations on the fungal spores, resembling animal axons belonging to the nervous system
(Goncalves and Videira 2014). Neurospora crassa, a member of the phylum Ascomycota, was
first discovered in 1843 as orange bread mold infestations in French bakeries and described
independently as Oidium aurantiacum (Payen 1843) and Penicillium sitophilum (Montagne
1843). In 1927, Dodge and Shear assigned the fungus to the genus Neurospora based on the
grooved ascospores and identified the fungi as a heterothallic organism consisting of two
mating types A and a with eight ordered asci (Shear and Dodge 1927; Perkins 1992). Later in
1939, Dodge and Lindegren developed the organism’s genetics by demonstrating the
Mendelian inheritance in individual asci and quoted “The fungi in their reproduction and
inheritance follow exactly the same laws that govern these activities in higher plants and
animals.” (Dodge 1939; Perkins 1992). In 1941, Beadle and Tatum obtained the first N. crassa
biochemical mutants and found that a typical gene controlled the synthesis of a particular
enzyme and proposed the famous “one gene-one enzyme” hypothesis (Beadle and Tatum
1941), which won the Nobel prize in “Physiology in medicine” in 1958. Thereafter, N. crassa
gained intensive investigations and emerged as an excellent eukaryotic model organism for
understanding various biological processes such as cellular differentiation and development,

photobiology, circadian rhythm, population biology, DNA methylation and repair, genome
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defense mechanisms, mitochondrial transport, and post-transcriptional gene silencing (Davis
2000; Davis and Perkins 2002; Galagan et al. 2003; Borkovich et al. 2004). The founding of
the Fungal Genetic Stock Center (FGSC) in 1960 was a significant milestone, as it ensured the
availability of strains from earlier studies for the following generations of researchers
(McCluskey 2003). In 2003, sequencing of N. crassa was completed, which revealed a genome
size of 43 Mb, consisting of 10,082 protein-coding genes spanning within seven chromosomal
linkage groups (I-VII) (Galagan et al. 2003). The availability of the whole genome sequence
led to a high-throughput knockout project to generate gene replacement mutants for all genes
(Colot et al. 2006; Collopy et al. 2010; Park et al. 2011). This enabled the elucidation of the
functions of many genes and the identification of transcription factors regulating various

biochemical pathways and cellular responses (Roche et al. 2014; Seibert et al. 2016).

1.2 Life cycle of N. crassa

N. crassa, ubiquitous in tropical and subtropical regions, is one of the first colonists on burned
vegetation after forest fires (Turner 2001; Gladieux et al. 2020). N. crassa is a haploid
heterothallic multicellular organism consisting of both asexual and sexual mode of
reproduction depending on the environment and growth conditions (Figure 1.1; Seale 1973;
Springer 1993). In the vegetative phase, which occurs in a nutrient-rich environment, N. crassa
grows as filamentous multinucleated hyphae that intertwine and fuse to form a hyphal network
called mycelium (Springer and Yanofsky 1989; Springer 1993). The internal cross walls or
‘septa’ are incomplete, having a central pore that allows the free movement of cytoplasm,
nuclei, and other cellular organelles from the older region of hyphae towards the growing tip
(Schmit and Brody 1976). In response to nutrient-deprived condition or exposure to an air-

water interface, the fungus gives rise to specialized aerial hyphae to form conidiophores, which
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subsequently produce uninucleate asexual spores called microconidia or multinucleate
macroconidia (Springer 1993).

N. crassa consists of two non-switching mating types, mat A and mat a, that are
determined by alternate DNA sequences called idiomorphs present at Linkage Group 1L (Shear
and Dodge 1927; Perkins et al. 1982; Glass et al. 1990; Staben and Yanofsky 1990). The sexual
phase is activated under nitrogen starvation and low-temperature conditions resulting in the
formation of nascent fruiting bodies called protoperithecia (Raju 1992). The female sexual
structure protoperithecium is composed of coiled multicellular hyphae (ascogonium) enclosed
within the enveloping hyphae (Nelson and Metzenberg 1992; Bistis 2003). Specialized hyphae
called trichogyne extend from the protoperithecium and grow chemotropically towards the
male cell of opposite mating type, which can be a microconidium, macroconidium, or hyphal
fragment (Bistis 1981; Kim et al. 2012). After the fusion (plasmogamy) between the trichogyne
and conidium, the male nucleus travels through the trichogyne into the protoperithecium and
coexists with the female nuclei as a dikaryon in a specialized structure called ascogenous hypha
(Bistis 1981; Springer 1993; Kim et al. 2012). The fertilization transforms the protoperithecium
into a young perithecium (Aramayo and Selker 2013). The dikaryotic tissue undergoes
synchronous nuclear division to form a three-cell hook-shaped structure called crozier (Raju
2009; Aramayo and Selker 2013). The middle cell in the crozier is known as the ‘ascus mother
cell’ that undergoes karyogamy, meiosis, and postmeiotic mitosis to give eight sexual spores
termed as ascopores, packed in a linear order in a narrow ascus (Bistis 2003; Aramayo and
Selker 2013). The mature ascospores are then ejected through the ‘ostiole’, a pore at the tip of
the perithecium (Harris et al. 1975; Springer 1993). The ascospores germinate and produce

multinucleate mycelium upon heat activation (Raju 1992).
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Figure 1.1 The life cycle of N. crassa. During the asexual phase of this cycle, the haploid
asexual spore (conidium) germinates and grows as branched threads (vegetative hyphae) to
form a colony of hyphal network. The colony buds off from the aerial hyphae and produces
millions of multinucleate macroconidia and uninucleate microconidia, which disperse and
repeats the asexual cycle if landed on a suitable substrate. The sexual cycle initiates with
nitrogen starvation and low temperature. Colonies of either mat A or mat a mating types form
the female sexual structure known as protoperithicium, which is fertilized by the conidia of the
opposite mating type and develops into a mature perithecium, where the dikaryon undergoes a
series of mitosis and meiosis forming eight linearly ordered ascospores within an ascus.

Adapted from FGSC (http://www.fgsc.net/Neurospora/sectionB2.htm).
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1.3 Genome defense mechanisms in N. crassa

Mobile DNA or transposable elements (TE) are present in the genomes of nearly all species,
generating intra- and inter-specific variability (Castanera et al. 2016). Any sequence of ~1 kb
or larger, when present in more than a single copy, is likely to be a retrotransposon capable of
damaging the integrity of the genome (Shiu and Metzenberg 2002). In N. crassa, only 9 % of
the genome consists of repetitive DNA, most of which are inactivated transposable elements
(Aramayo and Selker 2013). N. crassa possesses active genome defense mechanisms
functioning at both asexual and sexual phases of its life cycle to protect from the invasion of
viruses, retrotransposons, and insertion sequences which could be lethal to the organism if left
unchecked (Pratt et al. 2004; Tamuli 2013). In N. crassa, three gene silencing mechanisms
have been found operating; (1) quelling, (2) repeat-induced point mutation (RIP), and (3)

meiotic silencing.

1.3.1 Quelling

Quelling is an RNAi-based post-transcriptional gene silencing (PTGS) phenomenon that
detects and inactivates repeated sequences during the haploid, vegetative growth phase in N.
crassa (Figure 1.2 A; Romano and Macino 1992; Cogoni and Macino 1997, 1999). This gene
silencing phenomenon is related to the co-suppression in plants and RNA interference (RNAI)
in animals (Fulci and Macino 2006). Quelling functions by producing small interfering RNAs
(siRNAs), which interferes with the propagation of repeated elements within the nuclei
(Catalanotto et al. 2002). In N. crassa, three classes of quelling defective genes, gde-1 encoding
for an RNA-dependent RNA polymerase (RARP), gde-2 encoding a protein belonging to the
Argonaut family, and qde-3 encoding a RecQ helicase, are found to mediate quelling (Cogoni
and Macino 1997, 1999a, 1999b; Catalanotto et al. 2000, 2002). Large repeated sequences

potentially form cruciform-like secondary structures, which are recognized by QDE-3 and
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attract QDE-1 to the transgenic locus (Cogoni and Macino 1999a, 199b). QDE-1 then converts
the single-stranded RNA into a dSRNA molecule, which is subsequently chopped into SiRNAs
of 21-25 nucleotides by one of the two redundant DICER-like ribonuclease proteins, DCL-1
and DCL-2 (Catalanotto et al. 2004). The siRNAs are then incorporated into QDE-2 containing
RNA-inducing silencing complex (RISC), which degrades the complementary mRNA targets

(Catalanotto et al. 2002, 2006).
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Figure 1.2 Gene Silencing Mechanism in N. crassa. (A) Quelling occurs in the haploid
mycelium during the vegetative phase, which is induced by the introduction of transgenes. (B)
Repeat-induced point (RIP) mutation occurs on duplicated DNA sequences present in the

haploid nuclei, which are confined to the hook-shaped crozier. The red C:G pair represent the
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targets of methylation by a putative DNA methyltransferase, RID (RIP defective, Freitag et al.
2002). Putative deamination of these bases leads to A:T conversion (blue). (C) In the zygote,
the unpaired DNA sequences are detected and silenced by meiotic silencing by the unpaired

DNA pathway (Adapted and modified from Schumann et al. 2010).

1.3.2 Repeat-induced point mutation

Repeat-induced point mutation (RIP) is a homology-based genome defense mechanism that
detects and hypermutates repeated DNA sequences in the sexual phase of the life cycle (Figure
1.2 B; Cambareri et al. 1991; Galagan and Selker 2004; Tamuli 2013). This process occurs
before the fusion (karyogamy) of the parental nuclei in the fertilized premeiotic cells
(Cambareri et al. 1991). RIP identifies duplicate DNA sequences that are greater than 400 base
pairs in length, sharing 80% or above sequence identity, and causes C:G to T:A mutations in
both the original and duplicated sequences (Cambareri et al. 1989; Watters et al. 1999). The
mutations induced by RIP occur preferentially in the CpA dinucleotides and in most cases they
become the targets for DNA methylation leading to epigenetic silencing of repetitive DNA
(Cambereri et al. 1989; Grayburn and Selker 1989; Galagan and Selker 2004). In addition to
the duplicated sequences, RIP mutations can also occur in the single copy sequences adjacent
to the duplicated sequences (Irelan and Selker 1997; Vyas and Kasbekar 2005). Mutation from
RIP occurs by enzymatic deamination of 5-methylcytosines (5mC) or by the deamination of
Cytosine residues followed by DNA replication (Selker 1990). In N. crassa, RIP is proposed
to function by two largely independent pathways (Carlier et al. 2021). The first pathway
involves a putative C5-cytosine methyl transferase (CMT) called RID (RIP-defective) which
is primarily limited to duplicated sequences (Frietag et al. 2002; Carlier et al. 2021). The second
pathway relies on DIM-2 (defective in methylation, a canonical CMT), which along with DIM-

5 (a histone H3 lysine-9 [H3K9] methyltransferase) and HP1 (Heterochromatin Protein 1),
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tends to mutate the adjacent non-repetitive regions (Kouzminova and Selker 2001; Aramayo

and Selker 2013; Gladyshev 2017; Carlier et al. 2021).

1.3.3 Meiotic silencing

During prophase | of meiosis, unpaired DNA sequences are detected and silenced by a post-
transcriptional silencing process known as ‘Meiotic silencing by unpaired DNA’ (MSUD)
(Figure 1.2 C; Shiu et al. 2001; Shiu and Metzenberg 2002). Meiotic silencing is thought of as
a silencing mechanism of a non-two-copy sequence that silences unpaired segments and genes
present in any odd number or homologous genes present as single-copy in each parent
occupying nonhomologous positions (Shiu et al. 2001). Broadly, the MSUD mechanism occurs
in two steps. First, the pairing of the homologous chromosomes in the diploid zygote reveals
the location of the unpaired DNA by a process called trans-sensing, which gives rise to an
aberrant RNA (aRNA). Second, the aRNA is processed by the perinuclear RNA silencing
machinery and converted to dsRNA, which is then cut into fragments of 21-23 base pairs in
length, producing the small interfering RNA (SiIRNA) that acts as guide RNAs for an ATP-
dependent cleavage of homologous mRNA through a process known as RNA interference
(RNAI) (Zamore et al. 2000; Aramayo and Selker 2013). In the perinuclear region, the aRNA
encounters six known MSUD proteins (Figure 1.3), which include Suppressor of ascus
dominance-1 (SAD-1), an RNA-dependent RNA polymerase that turns aRNA to dsRNA (Shiu
et al. 2001); SAD-3, a helicase that aids SAD-1 to form dsRNA (Hammond et al. 2011); Dicer
like -1 (DCL-1), a dicer protein that cleaves the dsRNA into siRNAs (Alexander et al. 2008);
quelling defective-2 interacting protein (QIP), an exonuclease that processes the siRNAs into
single strands (Lee et al. 2010; Xiao et al. 2010); Suppressor of meiotic silencing-2 (SMS-2),
an Argonaute protein that helps siRNAs to target complementary mRNASs (Lee et al. 2003);

and SAD-2 protein, necessary for perinuclear localization of SAD-1 and also serves as a
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scaffold protein for other MSUD proteins (Shiu et al. 2006; Hammond et al. 2013; Decker et

al. 2015).

444

A dsRNA D mRNA targeting

C siRNAs (single-stranded)

=
<

B siRNAs (duplex)

Figure 1.3 Model for the meiotic silencing complex in the perinuclear region. (A) The
aberrant RNA (blue) is converted into double-strand by SAD-1RdRP and SAD-3 helicase. (B)
DCL-1 Dicer processes the dsSRNA into siRNAs. (C) siRNA duplex is further processed by
QIP exonuclease into single-stranded siRNA (green). (D) Finally, single-stranded siRNAs are
used by SMS-2 Argonaute to the target homologous mMRNAs (purple). SAD-2 serves as a

scaffold and holds other silencing factors (Adapted from Decker et al. 2015).

1.4 Calcium: a versatile signaling molecule

Calcium (Ca?") is a universal second messenger involved in the regulation of almost all cellular
processes in prokaryotes and eukaryotes (Domiguez 2004; Petersen et al. 2005; Clapham 2007;
Permyakov and Kretsinger 2009). The first landmark discovery about the biological role of

Ca?" was made in 1883, when Sidney Ringer, a London physiologist, reported the requirement
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of Ca?*to maintain heart contraction, which was later known as the “Ringer solution” (Ringer
1883; Fedrizzi et al. 2008). It was not until 1940 that Ca?* was accepted as a regulator of cellular
processes (Fedrizzi et al. 2008).

The function of a protein is governed by its shape and charge (Clapham 2007). The
binding of Ca* changes the conformation and charge of a protein, which are the two universal
tools for signal transduction (Clapham 2007). The versatility of Ca?* as a second messenger
comes from its chemistry, which includes the molecular structure, valence state, binding
strength, ionization potential, and kinetic parameters in biological reactions (Jaiswal 2001).
Ca?* has a high affinity for carboxylate oxygen and therefore binds to amino acids like aspartic
acid and glutamic acid that contain carboxylate oxygen, which occurs more frequently in
proteins (Ochiai 1991). The Ca?* ion is accommodated by 6 to 7 oxygen atoms at ~2.5 A in a
pentagonal bipyramid geometry (Strynadka and James 1989; Clapham 2007). Most known
proteins that bind to Ca?* consist of a EF-hand domain (named after the E and F regions of
parvalbumin), which are classical motifs for chelating Ca®* ion (Nakayama and Kretsinger
1994; Clapham 2007; Gifford et al. 2007). The EF-hand motif consists of two roughly
orthogonal helices flanking 12 amino acid loop where Ca?* is coordinated to side chains and
carbonyl oxygens of five or six invariant residues (Carafoli 2005; Gifford et al. 2007). The
proteins with the EF-hand (also known as Ca?* sensors) bind to Ca?* and pass the decoded

information to cellular (enzyme) targets (Carafoli 2005).

1.5 Calcium signaling in N. crassa

In N. crassa, 90% of cellular Ca?* is distributed in different concentrations to the Golgi,
endoplasmic reticulum, plasma membrane vesicles, microsomes, and mitochondria (Bowman
et al. 2011). Ca®* homeostasis in the cell is maintained by active Ca?*-pumps, Ca?*-transporter

proteins, and the Ca?*-buffering capacity of the cytoplasm at a resting concentration or
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cytosolic free Ca?* concentration ([Ca?*]c) of ~100 nM (Chin and Means 2000; Bowman et al.
2011; Tamuli et al. 2013). Transient increase in the Ca** concentration level (500-1000 nM)
activates various Ca2* sensing proteins inducing an intracellular signal (Berridge et al. 2000;
Bootman et al. 2001).

Genome sequence analysis of N. crassa has identified 48 Ca2*-signalling proteins
comprised of three Ca2* channel proteins, nine Ca?* cation-ATPases, six recognizable Ca?* /H*
exchangers, two novel putative Ca?* /Na* exchangers, four novel phospholipase C-& subtype
(PLC- §) proteins, 23 Ca®" /calmodulin regulated proteins, and one calmodulin (Figure 1.4;
Table 1.1; Borkovich et al. 2004; Tamuli et al. 2013). The signaling machinery in N. crassa
significantly differs from plants and animal cells as they lack (a) receptors for second
messengers such as inositol-1,4,5-trisphosphate (InsP3), ryanodine and cyclic ADP ribose
(cADPR), which are responsible for Ca?* release from internal stores in other plants and
animals, and (b) extracellular Ca?*-sensing receptor proteins for sensing changes in the
extracellular concentration of Ca* (Brown et al. 1993; Berridge et al. 2000; Sanders et al. 2002;
Bootman et al. 2001; Borkovich et al. 2004). Moreover, both Ca?* /Na* exchangers and Ca?*
/H* exchangers are identified in N. crassa, whereas animals possess only Ca?* /Na* exchangers
and plants possess only Ca®*’H* exchangers (Borkovich et al. 2004). These differences make
the Ca?* signaling system in N. crassa unique, with the possibility of novel intracellular Ca®*

release mechanisms which are yet to be explored completely.
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Figure 1.4 Overview of the calcium signaling system in N. crassa. CPC, Ca?*-permeable
channel; CA, Ca?‘"and cation-ATPases; CT, Ca?*/H" and Ca?‘/Na* exchanger; CaM,
Calmodulin; Ca?*/ CaM-reg, calcium- and calmodulin regulated; PLC, phospholipase C; DAG,
diacylglycerol; InsP3, inositol -1,4,5-trisphosphate (Adapted from Tamuli et al. Calcium
signaling In: Kasbekar DP, Mc Cluskey (eds). Neurospora: Genomics and Molecular Biology.

HP, UK. 2013).
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2 Table 1.1: Ca?* signaling proteins in N. crassa

SI.  NCU Gene Protein Best overall’ (e-value; organism;
Protein type
No. No. name name protein name; accession number)

Ca?* permeable  0; Verticillium dahlia (cchi);
1 02762 cch-1 Cch-1
channel EGY18507.1

Ca?* permeable  2e-97; Paracoccidioides
2 06703 mid-1 MID-1
channel brasiliensis (MID1); EEH23338.1

Ca?* permeable  0; Ajellomyces dermatitidis
3 11680°
channel (Yvcl); EGE78766.1

0; Trichophyton tonsurans (SCA-
4 03305 nca-1 NCA-1 Ca?*-ATPase
1); EGD96734.1

0; Magnaporthe oryzae (Plasma
5 04736 nca-2 NCA-2 Ca*-ATPase membrane calcium transporting

ATPase 3); EHA56671.1

0; Glomerella graminicola
6 05154 nca-3 NCA-3 Ca*-ATPase (Calcium translocating P-type

ATPase); EFQ29373.1

0; Uncinocarpus reesii (PMR1);
7 03292 pmr-1 PMR-1 Ca?*-ATPase
XP_002541437.1

0; G. graminicola
8 08147  ph-7 PH-7 Ca?*-ATPase (Potassium/sodium efflux Ptype

ATPase); EFQ36596.1
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0; Cordyceps militaris (Cation

9 04898 trm-9 TRM-9 Ca?*-ATPase transporting ATPase 4);
EGX91104.1
10 03818 trm-10 TRM-10 Ca®*-ATPase 0; V. dahlia (Neolp); EGY18069.1
0; T. tonsurans (Cta3p);
11 0796 trm-1 TRM-1 Cation-ATPase
EGD97988.1
0; C. militaris (ATPase type
12 10143Y atp-11 ATP-11 Cation-ATPase
13A2); EGX92563.1
Ca?*/H* 0; G. graminicola (Calcium/proton
13 07075 cax CAX
exchanger exchanger); EFQ30300.1
2e-176; Aspergillus fumigatus
Ca*/H*
14 00916 trm-15 TRM-15 (membrane-bound cation
exchanger
transporter, XP_001481534.1)
1e-149; A. niger (membrane-bound
CaZ*/H*
15 00795 trm-14 TRM-14 cation transporter,
exchanger
XP_001400827.2)
0; Sclerotinia sclerotiorum
Ca?*/H*
16 06366 trm-18 TRM-18 (Ca?*/H" antiporter,
exchanger
XP_001589752.1)
4e-160; T. tonsurans (vacuolar
Ca?*/H*
17 07711 trm-19 TRM-19 calcium ion transporter/H*
exchanger
exchanger, EGD98067.1)
Ca?*/H* 0; Metarhizium anisopliase
18 05360 trm-17 TRM-17
exchanger (calcium permease, EFY95914.1)
15
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0; Verticillium albo-atrum

Ca?*/Na*
19 02826 trm-16 TRM-16 (sodium/calcium exchanger
exchanger
protein, XP_003004985.1)
Ca?*/Na* 1e-83; A. niger (sodium/calcium
20 08490 trm-20 TRM-20
exchanger transporter, XP_001397155.1)
0; Sordaria macrospora
(phosphoinositide-specific
21 01266 plc-2 PLC-2 Phospholipase C
phospholipase C,
XP_003348116.1)
0; G. graminicola
22 06245 plc-1 PLC-1  Phospholipase C (phosphatidylinositol-specific
phospholipase C, EFQ28596.1)
0; G. graminicola
23 11415° inl-7 INL-7 Phospholipase C  (Phosphatidylinositol-specific
phospholipase C); EFQ31595.1
3e-125; Botryotinia fuckeliana
24 02175 inl-15 INL-15 Phospholipase C
(BcPLC2); CCD34776.1
1e-103; Gibberella zeae (CaM);
25 04120 cmd CaM Calmodulin
XP_382067.1
0; Sordaria macrospora
Ca2" and/or CaM  (Serine/threonine-protein
26 03804 cna-1 CNA-1

binding protein

phosphatase 2B catalytic subunit

protein, XP_003352213.1)
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Ca®* and/or CaM

2e-119; Trichoderma reesei

27 03833 cnb-1 CNB-1 (calcineurin, beta subunit,
binding protein
EGR44907.1)
Ca?* and/or CaM 0; S. macrospora (cnx1,
28 09265 cnx-1 CNX-1
binding protein ~ XP_003347545.1)
0; M. oryzae (mitochondrial
Ca?* and/or CaM
29 05225" ndel NDE-1 NADH dehydrogenase,
binding protein
EHA47323.1)
0; M. oryzae (EF hand
Ca?* and/or CaM
30 02115 domain-containing protein,
binding protein
EHA48778.1)
0; M. oryzae (calcium dependent
Ca?* and/or CaM
31 01564 mic-4 MIC-4 mitochondrial carrier protein,
binding protein
EHA48778.1)
2e-54; Mycosphaerella
Ca?* and/or CaM
32 06948 graminicola (calcium ion binding,
binding protein
calmodulin, EGP88834.1)
4e-126; Grosmannia clavigera
Ca?* and/or CaM
33 04379 ncs-1 NCS-1 (neuronal calcium sensor 1,
binding protein
EFX03580.1)
Ca?" and/or CaM  2e-130; V. dahliae (Peflin,
34 02738 pef-1 PEF-1
binding protein  EGY?21808.1)
nup- Ca?" and/or CaM 4e-33; V. dahliae (Centrin-
35 09871 NUP-34
34 binding protein  3,EGY16271.1)
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Ca®* and/or CaM

0; T. reesei (mitochondrial carrier

36 01241 mic-2 MIC-2
binding protein  protein, EGR44893.1)
0; S. macrospora (actin
Ca?* and/or CaM
37 06347 ask-2 ASK-2 cytoskeleton—regulatory complex
binding protein
protein, XP_003350109.1)
7e-93; V. albo-atrum (myosin
Ca?* and/or CaM
38 06617 cdc4-2 CDCA4-2 regulatory light chain cdc4,
binding protein
XP_003009631.1)
Ca?* and/or CaM 8e-74; B. fuckeliana (calmodulin,
39 03750 cmd-2 CMD-2
binding protein  XP_001560827.1)
0; G. clavigera (alternative
Ca?* and/or CaM
40 08980 nde-2 NDE-2 NADH-dehydrogenase,
binding protein
EFX03867.1)
0; S. macrospora
camk- Ca* and/or CaM (calcium/calmodulin-dependent
41 02283 CaMK-2
2 binding protein  protein kinase type I,
XP_003344498.1)
0; Sporothrix schenckii
camk- Ca?* and/or CaM
42 09123 CaMK-1 (calcium/calmodulin-dependent
1 binding protein
kinase, AAV80434.1
camk- Ca?" and/or CaM 0; G. clavigera (serine/threonine-
43 09212 CaMK-4
4 binding protein  protein kinase chk2, EFX01629.1)
Ca2" and/or CaM 0; V. dahliae (serine/threonine-
44 02814 prd-4 PRD-4

binding protein

protein kinase srk1, EGY15110.1)
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Ca®* and/or CaM

3e-61; Nectria haematococca

45 06650 spp-3 SPP-3 (phospholipase A2,
binding protein
XP_003042542.1)
Ca?* and/or CaM 0; G. graminicola (microtubule-
46 02411
binding protein  associated protein, EFQ31793.1)
camk- Ca?* and/or CaM 0; M. grisea (CMKK2,
47 06177 CaMK-3
3 binding protein  ACM41720.1)
7e-85; Bacillus megaterium
Ca?* and/or CaM
48 04265 inv INV (betafructosidase FruA,

binding protein

AEN90524.1)

@Adapted from Tamuli et al, 2013.
PBLASTp search was performed at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi ; Altschul et

al. 1990, 1997, 2005) with default parameters for each of the 48 Ca?* signaling proteins against

the non-redundant protein sequence databases and the respective best overall match in other

organisms with e-value has been indicated.

°Split from NCU07605.1
dSplit from NCU01437.1

*Split from NCU0955.1

'NCU05225.5 (was indicated as NCU08980.1 in Borkovich et al. 2004)
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1.6 Calmodulin

Calmodulin (CaM) is a ubiquitous and the primary Ca?" binding protein expressed in all
eukaryotes and regulates various cell processes (Stevens 1983, Walsh 1983; Stigler and Rief
2012). It was discovered as an activator of cyclic nucleotide phosphodiesterase in brain and
heart (Cheung 1970; Kakiuchi and Yamazaki 1970). CaM is a small ~17 kDa acidic protein
consisting of two homologous EF-hand domains which can bind to four Ca?* ions with binding
affinities K (Inhibition constant) ranging from 10 to 10° M (Babu et al. 1988; Meador et al.
1993; Lewit-Bentley and Réty 2000; Liu et al. 2019). CaM domain structure consists of an N-
terminal and a C-terminal lobes arranged in a trans configuration, each lobe is composed of a
pair of EF-hands, helix-loop-helix motifs connected by a highly flexible central o helix
(Hoeflick et al. 2002). The loop in each EF-hand motif is characterized by a sequence of 12
residues, where the 1(+X), 3(+Y), 5(+2), 7(-Y), 9(—X), 12(-Z) residues provide the oxygen
ligands for Ca?* co-ordination (Figure 1.5 A; Lewit-Bentley and Rety 2000; Gifford et al.
2007). In the absence of Ca?*, CaM is referred to as apocalmodulin (ApoCaM), with the two
domains adopting ‘closed’ (N-terminal) and ‘semiopen’ (C-terminal) conformations (Jurado et
al. 1999; Chin and Means 2000). The binding of Ca?* to CaM (Holo CaM) causes changes in
the conformations of both the EF-hand domain from the closed to open configuration (Figure
1.5 B) and results in the exposure of hydrophobic groups for Ca?*-dependent interactions with

a myriad of target proteins (Chin and means 2000; Zhang et al. 2012).
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(A)

(B)

Apo CaM Holo CaM

Figure 1.5 Ca?' co-ordination and schematic structure of calmodulin. (A) Ca?" co-
ordination by the canonical EF-hand (EF1 of CaM). The continuous lines illustrate the
pentagonal bipyramidal co-ordination of the Ca?* ion (yellow) and the broken lines depict the
extensive hydrogen bonding pattern found in the loop (Adapted from Gifford et al. 2007). (B)

Calmodulin in the Ca?*-free or apo state and the Ca2*-bound or holo state. Two lobes are
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connected by a linker, and each lobe has two Ca?* (yellow) binding sites (Adapted from Basit

et al. 2022).

The mechanisms by which CaM interacts and regulates its target proteins are diverse
(Tidow and Nissen 2013). Based on the mode of regulation, CaM-binding proteins can be
categorized into at least six classes; (A) proteins that binds irreversibly to CaM irrespective of
Ca?* (e. g. phosphorylase kinase) , (B) proteins that bind to CaM in the absence of Ca?* (i. e.
to the apo-CaM form), but dissociate reversibly in the presence of Ca?*(e. g. neuromodulin and
neurogranin), (C) effectors that form low-affinity, inactive complexes with CaM at low
concentrations of Ca?*, when CaM is unoccupied or partially occupied by Ca?* (e. g. smooth-
muscle myosin-light-chain kinase (MLCK) and calcineurin), (D) effectors that binds to CaM
in the presence of Ca?*, but, in this case, CaM inhibits their function (e. g. G-protein-receptor
kinases and inositol (1,4,5)-trisphosphate receptor type 1), (E) effectors that exhibit more
conventional behaviour and are activated by Ca?*-CaM (e. g. CaM-dependent protein kinases
I, 11, and V), (F) one CaM-dependent protein (class E) is directly regulated by another CaM-
dependent protein demonstrating the convergence of different CaM-regulated pathways (Chin
and Means 2000). The Ca?*-CaM binding domain sequences in different target proteins show
less similarity (Jurado et al. 1999). The CaM binding sites known as CaM recruitment signaling
(CRS) motifs are typically hydrophobic and basic in nature consisting of 15-30 amino acid
residues that form an a-helix (Yap et al. 2000). Based on the CRS motif found in 180 protein
sequences, CaM binding proteins are divided into four different subclasses: 3 predominantly
Ca?*-dependent motifs (1-10, 1-14, 1-16) and 1Q motif, which is typically independent of
calcium concentration; each subclass representing a distinct structural mode of molecular
recognition of CaM (Yap et al. 2000; Minhas and Ben-Hur 2012). Thus, by activating over 300

proteins, CaM plays a fundamental role in regulating various cellular functions from fungi to
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mammals (Jurado et al. 1999; Tidow and Nissen 2013; Halling et al. 2016). The roles of

calmodulin in different fungi (Table 1.2) and higher eukaryotes (Table 1.3) are enlisted below.

Table 1.2 Cellular roles of CaM in different fungi

Sl
Organism Functions Reference

No.
Davis et al. 1986; Anraku et al.

Essential for growth,

mitotic spindle formation, 1991; Sun et al. 1992; Geiser et

Saccharomyces induced thermotolerance, al. 1993; Stirling et al. 1994;

1
cerevisiae cell cycle progression,

lida et al. 1995; Cyert 2001;

stress responses, and Edlind et al. 2002; Kahl and

antifungal drug resistance ~ Means 2003; Kim et al. 2016

Takeda and Yamamoto 1987;

Essential for cell growth,
Takeda et al. 1989; Moser et

Schizosaccharomyces
2 nuclear division, and
pombe al. 1997; Flory et al. 2002;

sporulation
Itadani et al. 2010

Essential for growth,

germination, apical Rasmussen et al. 1990,1992;

3 Aspergillus nidulans  organization, conidiation, Lu et al. 1992,1995; Wang et

nuclear division, and cell al. 2006; Chen et al. 2010

cycle progression
Roy and Datta 1987; Sabie and

Morphogenesis,

4 Candida albicans phospholipid biosynthesis,  Gadd 1989; Krajewska-Kutak
yeast to mycelial and Niczyporuk 1993; Sharma
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transition, cell cycle
progression, stress
response, virulence, and

drug resistance

et al. 2001; Dhillon et al. 2003;
Kraus and Heitman 2003; Sato
et al. 2004; Davis et al. 2013;

Park et al. 2019

Essential for growth,
virulence, morphogenesis,

and stress response

Kraus et al. 2005; Brown et al.
2007; Kuzubowski et al. 2009;

Park et al. 2019

Cryptococcus
5

neoformans
6 Ceratocystis ulmi

Mycelial growth and yeast

to mycelium dimorphism

Muthukumar and Nickerson
1984, 1985; Muthukumar et al.

1986

7 Magnaporthe grisea

Essential for growth and

appressorium formation

Lee and Lee 1998; Liu and
Kolattukudy 1999; Ma et al.

2009

Colletotrichum

trifolii

Spore germination and

appressorium formation

Warwar and Dickman 1996

9 Fusarium sp.

Hyphal extension and
branching, germ-tube

formation, and cell fusion

Robson et al. 1991; Kurian et

al. 2022

10 Beauveria bassiana

Stress response and
secondary metabolite

production

Kim et al. 2016, 2017; Kim et

al. 2019
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Table 1.3 Cellular roles of CaM in higher eukaryotes

Sl. Organisms Functions References
No.
1 Arabidopsis thaliana Gravitropic sensing and Sinclair et al. 1996;
transduction, pollen Golovkin and Reddy
germination, ROS 2003; Magnan et al.
homeostasis, stress response,  2008; Takahashi et al.
and senescence 2011; Dai et al. 2018
2 Caenorhabditis elegans Essential for embryonic Karabinos et al. 2003
growth and development and
fertility
3 Homo sapiens Cell proliferation, cell Kikuchi et al. 1984;

motility, synaptic strength,
maintaining cardiac

functions, and apoptosis

Pan et al. 1999; Wu et
al. 2005; Pang et al.
2010; Sorensen et al.
2013; Berchtold et al.

2014; Jensen et al.

2018
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1.7 CaM in N. crassa

In N. crassa, only a single CaM protein was isolated using affinity chromatography, and it was
identified based on the characteristics of Ca?* dependent shift in electrophoretic migration,
activation of bovine heart CAMP phosphodiesterase (PDE), and distinct peaks (located at 276,
268, 264, 258 and 252 nm) in an absorption spectrum (Perez et al. 1981). The N. crassa CaM
shows 59% homology to yeast, 85% homology to the human CaM protein, and differs from
Aspergillus nidulans CaM by a single amino acid (Rasmussen et al. 1990, Melnick et al. 1993).
The N. crassa CaM is encoded by a single copy gene NCU04120, which contains five introns
and six exons that translate to form a 149 amino acid residues protein of 16.95 kDa (Figure
1.6; Capelli et al. 1993; Melnick et al. 1993; Galagan et al. 2003; Tamuli et al. 2013). N. crassa
CaM resembles plant CaM consisting of typical amino acid composition as that of plant CaMs,
with the exception that trimethyllysine is absent and the serine content is unusually high (Cox
et al. 1982). Compared to vertebrate calmodulin, N. crassa CaM is less acidic but shows similar
Ca?*-binding properties and can fully activate heart phosphodiesterase and smooth myosin light
chain kinase of vertebrates (Perez et al. 1981; Cox et al. 1982). In N. crassa, CaM is essential
for viability (Tamuli et al. 2013). Earlier reports showed that CaM is important for the
activation of soluble adenylate cyclase, protein kinase, cyclic CAMP phosphodiesterase, and
protein phosphatase (Reig et al. 1984; Van Tuinen et al. 1984; Tellez-Inon et al. 1985; Higuchi
et al. 1991). In addition, the inhibition of CaM using trifluoperazine (TFP), chlorpromazine
(CPZ), and W7 affected light-induced phase shifting, activation of chitin synthase enzyme,
vegetative growth, hyphal development, and sexual development in N. crassa (Suzuki et al.
1996; Sadakane and Nakashima 1996; Suresh and Subramanyan 1997; Laxmi and Tamuli
2015). Moreover, the repeat-induced point mutation (RIP) strain of cmd, Apan-2::bar::Pic.-

1::cmdRIP::V5::gfp (#26) showed that cmd is important for normal vegetative growth, carotenoid
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accumulation, ultraviolet (UV) survival, and sexual development in N. crassa (Laxmi and

Tamuli 2017).

N-terminus

b FET L EF-2 L EFS L EF4 | C-terminus

1 149

Figure 1.6 Domain organization of N. crassa CaM. The domain organization of CaM (149
amino acids) consists of four EF-hands that bind to four Ca?*. The domain organization of

CaM (Accession No. P61859) is represented using the IBS 1.0 illustrator (Liu et al. 2015).

1.8 Calcium/calmodulin-dependent kinases

In response to Ca?* stimulus, CaM interacts with numerous proteins and enzymes involved in
all aspects of cellular functions (James et al. 1995). The kinases belonging to the
multifunctional enzyme family called Ca?*/CaM-dependent kinases (Ca?*/CaMKs) are one of
the main effector proteins of CaM, which are ubiquitous to all eukaryotic cells (Braun and
Schulman 1995; Bredow and Monaghan 2022). Ca?*/CaMKs are serine /threonine protein
kinases that catalyze the transfer of phosphate from the gamma position of ATP to the hydroxyl
group of Ser/Thr within protein substrates (Swulius and Waxham 2008). Based on their
substrate specificity, Ca?*/CaMKs are classified into two groups; the broad substrate specificity
group are multifunctional Ca?*/CaMKs that can phosphorylate several substrates and include
kinases such as CaMKK, CaMKI, CaMKII, and CaMKIV. The narrow substrate specificity
group consists of dedicated Ca?*/CaMKs with a single substrate, such as CaMKIIl and MLCK
(Hook and Means 2001). Both groups have a similar domain organization (Swulius and
Waxham 2008). The general domain architecture of Ca?*/CaMKs includes a highly conserved

N-terminal kinase domain followed by a C-terminal regulatory region that consists of an
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autoinhibitory domain overlapped by the Ca?*-CaM binding domain (Figure 1.7; Braun and

Schulman 1995; Hook and Means 2001; Swulius and Waxham 2008; Tamuli et al. 2011).

Autoinhibitory

domain
N c
I

CaM- binding domain

Figure 1.7 Domain organization of calcium/calmodulin-dependent kinases
(Ca?*/CaMKs). Ca?*/CaMKs contain an N-terminal kinase domain (blue), followed by an
autoinhibitory (purple) and overlapping CaM-binding domain (green), (Adapted from Tamuli

et al. 2011).

Ca?*/CaMKs are activated upon binding of the Ca?*-CaM complex to the CaM binding
domain, which disrupts the interaction of specific residues releasing the autoinhibition (Griffith
2004). In addition to activation by binding of Ca?*-CaM, Ca?*/CaMKs can be further regulated
by phosphorylation and autophosphorylation by some other kinases (Hook and Means 2001).
CaMKK activates CaMKI and CaMKIV by phosphorylating their “activation loop” consisting
of serine/threonine residues, resulting in increased activity of the kinases (Tokomitsu et al.
1995). The role of Ca?*/CaMKs in different fungi (Table 1.4) and higher eukaryotes are listed

below (Table 1.5).
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Table 1.4 Cellular roles of Ca?*/CaMKs in different fungi

Sl. Organisms Functions Reference
No.
1 S.cerevisiae Spore germination, induced Pausch et al. 1991; lida et
thermotolerance, survival of al. 1995; Moser et al.
pheromone induced growth 1996; Holyoak et al. 2000;
arrest, calcium homeostasis, Dudgeon et al. 2008;
stress response, drug resistance, Coleman et al. 2022
and antideath activity
2 S. pombe Cell cycle progression Rasmussen and Rasmussen
1994; Rasmussen 2000
3 A. nidulans Hyphal growth and nuclear Dayton and Means 1996;
division Joseph and Means 2000
4 Colletotrichum Conidial germination and Kim et al. 1998
gloeosporioides appressorium formation
5 Sporothrix Thermotolerance and Valle-Aviles et al. 2007;
schenckii dimorphism Rodriguez-Caban et al.
2011
6 Arthrobotrys Growth, conidiation, Zhen et al. 2019
oligospora environmental stress tolerance,
trap formation, and virulence
7 Penicillium Vegetative growth, conidiation, Liet al. 2022
italicum virulence, and environmental

stress tolerance
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Table 1.5 Cellular roles of Ca?*/CaMKs in higher eukaryotes

Sl. Organism Functions Reference
No.
1 Zea mays Light-regulated gravitropism, Lu et al.1996; Wang et al.
growth and development, 2001; Zhu et al. 2016; Liu et
antioxidant defense, and drought al. 2021
tolerance

2 Caenorhabditis Locomotion, behavioural clock, Reiner et al. 1999; Robatzek
elegans neurotransmitter release and and Thomans 2000; Liu et al.

synaptic strength, learning, and 2007; Ardiel et al. 2018

habituation
3 Homo sapiens Learning and memory, sperm Kirchhefer et al. 1999;
motility, modulate skeletal Hudmon and Schulman
muscle during exercise, 2002; Marin-Briggiler et al.
maintaining normal cardiac 2005; Rose et al. 2006;
functions, immune response, Maier and Bers 2007;

cell growth and proliferation,  Timmins et al. 2009; Fischer
and apoptosis et al. 2013; Koga and
Kawakami 2018; Naz et al.

2019
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1.9 Ca**/CaMKs in N. crassa

In N. crassa, there are four Ca?*/CaMKs, namely camk-1, camk-2, camk-3, and camk-4 (Tamuli
et al. 2011). All four Ca?*/CaMKs belong to the broad substrate specificity group, having a
CaM binding domain and 11 conserved kinase domains (Kumar and Tamuli 2014). Earlier
studies revealed that camk-1 plays a role in growth, circadian clock, and fertility (Yang et al.
2001; Deka et al. 2011; Tamuli et al. 2011). Another Ca?*/CaMK, camk- 2, was found to be
involved in fertility (Deka et al. 2011; Tamuli et al. 2011, 2013). In addition, Ca?*/CaMKs also
play a role in stress responses in N. crassa (Kumar and Tamuli 2014). Furthermore, CaMK-1
was shown to phosphorylate the circadian clock protein FREQUENCY (FRQ) and the deletion
of camk-1 affected the light-induced phase shifting of the circadian conidiation rhythm in N.

crassa (Yang et al. 2001).

1.10 Objective of this study

In higher eukaryotes, CaM and Ca?*/CaMKs are important for regulating various cellular
processes such as growth, cell proliferation, circadian rhythm, fertility, immune responses,
apoptosis, and many other functions. In fungi, CaM and Ca?*/CaMKs are necessary for various
cell functions, including nuclear division, germination, growth development, and stress
responses. Notably, common and divergent functions of homologous proteins in different
species suggest that in many cases, the physiological role of a protein in one species is not
conserved in other species (Lange and Peiter 2020). Preliminary studies of CaM and
Ca?*/CaMKs in N. crassa demonstrated their involvement in stress response, sexual
development, and in regulating the circadian system (Yang et al. 2001; Kumar and Tamuli
2014; Laxmi and Tamuli 2015, 2017). However, the role and mechanism or the pathway by
which CaM and Ca?*/CaMKs regulate the cell during the different phases of life cycle and

under different conditions are not clearly understood in N. crassa. Therefore, investigating the
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detailed cellular roles and mechanism of CaM and Ca?*/CaMKs during different stress
conditions, sexual development, circadian clock, and identifying their downstream targets
under specific conditions will help to understand how they regulate stress responses, asexual
and sexual developments in N. crassa.

To understand the role and molecular mechanism of CaM and Ca?*/CaMKs in N. crassa,

the thesis work was divided into following three broad objectives.

The broad objectives of this thesis are:

1. To investigate the cellular roles and mechanism of CaM and Ca?*/CaMKs in coping
with stress conditions in N. crassa,

2. To determine the functions of the CaM and Ca?*/CaMKs during sexual development
in N. crassa, and

3. Understanding the molecular details of calmodulin, the transcriptional regulation of the

heat shock and the pheromone response pathways in N. crassa.
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2.1 Materials

2.1.1 Chemicals and other materials

All laboratory chemicals and reagents such as ammonium iron (Il) sulfate hexahydrate
[Fe(NH4)2(S04)2.6H20], ammonium  nitrate  (NHsNOgz), L-arginine  (CeH140>),
bathocuproinedisulfonic acid disodium salt (C2sH1sN2Na206S2), D-biotin (C10H16N203S),
boric acid (H3BOgs), calcofluor white stain, calcium chloride (CaCl2.H20), calcium D-
pantothenate (CigH32CaN2010), cetyltrimethyl ammonium bromide (CTAB, ClgHsNBr),
chloroform (CHCIz), chlortetracycline hydrochloride (C22H24ClN2Og.HCI), citric acid
monohydrate (CsHsO7.H20), copper sulphate pentahydrate (CuSO4.5H20), diethyl
pyrocarbonate (DEPC, C¢H100s), dimethyl sulphoxide (DMSO, C2HgOS), dithiothreitol (DTT,
C4H100,S,), absolute ethanol (CoHsOH)), ethidium bromide (EtBr, C21H20BrNz),
ethylenediaminetetra acetic acid disodium salt dihydrate (EDTA, CioH14N2Na20g.2H,0),
ferrous sulphate heptahydrate (FeSOs.7H20), formaldehyde (CH.0), fructose (CsH120e),
glacial acetic acid (CH3COOH), D-glucose (CsH120s), glufosinate ammonium (Basta,
CsH1sN204P), glycerol (CsHgOs), hydrochloric acid (HCI), isopropanol (CsH7;OH), lithium
chloride (LiCl), magnesium chloride (MgCl,) magnesium sulphate heptahydrate
(MgS04.7H20), manganous chloride tetrahydrate (MnCl2.4H20), manganous sulphate
(MnS04.H20), B-mercaptoethanol (C2HsOS), 3-(N-Morpholino) propanesulfonic acid (MOPS,
C7H1sNO4S), NP-40, 1,4-Piperazinediethanesulfonic acid (PIPES, CsHisN20sS2), Phenol:
Chloroform: Isoamyl mixture (25:24:1), N-Phenyl-1-napthylamine (CioH7NHCsHs),
potassium acetate (CH3COOK), potassium hydroxide (KOH), potassium nitrate (KNO3),
potassium phosphate dibasic (K2HPOjs), potassium phosphate monobasic (KH2PO4), silica gel
(6-12 mesh), sodium bicarbonate (NaHCO3), sodium chloride (NaCl), sodium citrate dihydrate
(Na3CeHs07.2H,0), sodium dodecyl sulphate (SDS, NaCi2H25SO4), sodium hydroxide

(NaOH), sodium molybdate (Na2M00O4.2H20), sodium nitrate (NaNO3z), D-sorbitol (CsH14O¢),
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sorbose (CeH1206), sucrose (Ci2H22011), Tris base (CsH1:NOs), Triton X-100, and zinc
sulphate heptahydrate (ZnSO4.7H20) were procured from various manufacturers such as
Fischer scientific (USA), Himedia (Mumbai, India), Loba Chemie (Mumbai, India), Merck
(Mumbai, India), Sigma Aldrich (USA), SRL (Mumbai, India) and RANKEM (Haryana,
India).

Media for bacterial growth such as Luria-Bertani (LB) agar and broth and Super
Optimal broth with Catabolite repression (SOC); skimmed milk powder; antibiotics like
ampicillin and hygromycin B solution; bacto-agar were obtained from Himedia (Mumbai,
India). Agarose, TRIzol™ reagent, SYBR Green Real-Time PCR Master Mix and nuclease-
free water were purchased from Life Technologies (USA). All restriction enzymes, DNA size
markers, Blue Gel Loading Dye (6X), Quick Ligation™ Kit, routine Taq DNA polymerase,
Phusion® High-Fidelity DNA Polymerase and Dynazyme || DNA polymerase for PCRs were
purchased from New England Biolabs (USA) and Themo scientific (USA). Kits for Plasmid
DNA isolation, Gel purification and PCR Clean-up were obtained from Qiagen (USA) and
from GCC Biotech (Kolkata, India). Verso cDNA synthesis kit was purchased from Thermo
Fisher Scientific (USA). Glasswares were purchased from Borosil (Mumbai, India), and Jain
scientific glassworks (Ambala, India). Plasticwares were procured from Tarsons (Kolkata,

India) and Genaxy (New Delhi, India).

2.1.2 Organisms and strains used in this study

2.1.2.1 N. crassa strains

N. crassa strains used in this study were either obtained from the Fungal Genetics Stock Centre
or generated in our laboratory (Table 2.1). The pp-1X© heterokaryotic strain (FGSC 21335) was
a gift from Prof. Qun He of State Key Laboratory of Agrobiotechnology, College of Biological

Sciences, China Agricultural University, Beijing, China.
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Table 2.1 List of strains used in the study

Sl Strains Strain type or Genotype Reference
No. NCU no.
1 74-OR23-IVA Wild type Wild type; mat A FGSC 2489
2 ORS-SL6a Wild type Wild type; mat a FGSC 4200
3 Acamk-1 09123 Acamk-1::hph; mat A FGSC 12547
4 Acamk-1 09123 Acamk-1::hph; mat a FGSC12548
5 Acamk-2 02283 Acamk-2::hph; mat a FGSC 12448
6 Acamk-2 02283 Acamk-2::hph; mat A FGSC 12449
7 Acamk-3 06177 Acamk-3::hph; mat A FGSC 11536
8 Acamk-3 06177 Acamk-3::hph; mat a FGSC 11537
9 Acamk-4 09212 Acamk-4::hph; mat a FGSC 11545
10 Acamk-4 Homokaryotic Acamk-4::hph; mat A Our
Laboratory
11 850 a Homokaryotic Arid-1::nat; Apan-2::Ptcu- Our
1::cmd::V5::gfp; mat a laboratory
(Laxmi et al.
2017)
12 26 Homokaryotic Apan-2::bar::Picy- Our
1::emdR®::V5::gfp; mat A laboratory
(Laxmi et al.
2017)
13 P-4 Homokaryotic Acamk-1::hph; Amus-53::hph; Our
mat A Laboratory
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14 P-13 Homokaryotic Amus-53::hph; Acamk-2::hph; Our
mat A Laboratory
15 19 Homokaryotic Acamk-1; Apan-2::Phit- Our
e.:camk-1::V5::gfp; mat A Laboratory
16 8 Homokaryotic Acamk-2; Apan-2::Phits:: Our
camk-2::V5::gfp; mat A Laboratory
17 1858 Homokaryotic ras-1°%: mat a FGSC 1858
18 1859 Homokaryotic ras-1°%; mat A FGSC 1859
19  Acamk-1; ras- Homokaryotic Acamk-1; ras-1°9 : mat A Our
1% (11) Laboratory
20 ras-1°9 ; Homokaryotic ras-1° ; Acamk-2; mat A Our
Acamk-2 (15) Laboratory
21  Acamk-3; ras- Homokaryotic Acamk-3; ras-1° ; mat A Our
1% (22) Laboratory
22  Acamk-4; ras- Homokaryotic Acamk-4; ras-1° ; mat A Our
1% (31) Laboratory
23 ras-1°%; cmdR'P Homokaryotic ras-1°%; cmd®'? (19) ; mat A Our
(19) Laboratory
25 21335 Heterokaryotic App-1::hph; mat a Prof. Qun He
Lab
26 App-1(3) Homokaryotic App-1::hph; mat A Our
Laboratory
27 App-1(11) Homokaryotic App-1::hph; mat a Our
Laboratory
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2.1.2.2 Bacterial strains
For routine bacterial cloning, transformations, plasmid growth and isolation, the Escherichia
coli DHSa strain with genotype SupE44 AlacU169 (¢80lacZ AM15) hsdR17 recAl end Al

gyrA96 thi-1 relAl was used (Sambrook and Russel 2001).

2.1.2.3 Plasmid Vector
1. pRS426PVG/pnit-6_1.5 kb: This vector consists of the backbone from the yeast/E.
coli shuttle vector pRS426PVG (Ouyang et al. 2015). The pRS426PVG/pnit-6_1.5 kb
vector (Figure 2.1) confer uracil prototrophy to ura-3 yeast mutant (URA3) and
ampicillin resistance (Ap®) in E. coli. The pRS426PVG/pnit-6_1.5 kb vector contains
the N. crassa nitrogen-controlled nit-6 (NCUO04720) promoter (Phits), 5' and 3' flanking
regions of the N. crassa pan-2 (NCU10048) ORF surrounding Pnit.6, @ multiple cloning
site (MCS), a 5xGly linker, a V5 peptide tag and the gfp gene. It also contains bar gene
as the selection marker, which confer resistance to glufosinate ammonium commonly
known as Basta® or Ignite®. Phits IS repressed by glutamine and induced by the
addition of NaNOs in the medium as a nitrogen source (Exley et al. 1993; Ouyang et al.

2015).
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Figure 2.1 Schematic of the pRS426PVG/pnit-6_1.5 kb. The vector size is 11,116 bp and

described previously by Ouyang et al. (2015).

2.1.3 Media for bacterial growth
LB broth and agar, Terrific broth, and SOC media were purchased from Himedia (Mumbai,
India) and were prepared in distilled water as per the manufacturer’s protocol. All the bacterial

media were sterilized by autoclaving.

2.1.4 Antibiotics and other commonly used solutions

The solutions described below were prepared as described by Sambrook and Russell 2001.

1. Ampicillin: A stock solution of 100 mg/ml was prepared by dissolving 100 mg of
ampicillin powder in 1 ml sterile double-distilled water and stored at -20 °C.

2. Hygromycin B: A ready-to-use solution of 50 mg/ml Hygromycin B from Himedia

(Mumbal, India) was used.
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3. Glufosinate ammonium (Basta): A stock solution of 100 mg/ml was prepared by
dissolving 100 mg of glufosinate ammonium in 1 ml sterile distilled water and stored at -
20 °C.

4. Calium-D-Pantothenate solution: A stock solution of 1 mg/ml, was prepared by
dissolving 100 mg of calcium D-pantothenate was dissolved in 100 ml of distilled water,
sterilized by autoclaving and stored at 4 °C.

5. Bathocuproinedisulfonic acid disodium salt (BCS) solution: A stock solution of 0.2 M
was prepared by dissolving 113 mg BCS in 1 ml sterile distilled water.

6. 1 M sorbitol: 1 M sorbitol was prepared by dissolving 18.21 g of sorbitol in 70 ml distilled
water and the final volume adjusted to 100 ml by adding distilled water and was sterilized
by autoclaving.

7. 1 M glucose: 1 M glucose was prepared by dissolving 16.02 g of D-glucose in 70 ml
distilled water and volume was adjusted to 100 ml. The stock was sterilized by filtering
through a 0.45-um syringe filter and stored at room temperature.

8. Diethylpyrocarbonate (DEPC): 0.1% DEPC solution was prepared in sterile distilled
water and sterilized by autoclaving.

9. 8 M LiCl: 8 M LiCl was prepared by dissolving 33.9 g of LiCl in a final volume of 100 ml
of DEPC-treated sterile distilled water and sterilized by autoclaving.

10.5 M NaCl: 5 M NaCl was prepared by dissolving 29.22 g of NaCl in 80 ml of distilled
water, and adjusted the volume to 100 ml. The stock was then sterilized by autoclaving and
stored at room temperature.

11. 3 M Na-acetate (pH 5.2): 24.61 g Na-acetate was dissolved in 70 ml DEPC-treated water
and pH was adjusted to 5.2 with glacial acetic acid. Volume was adjusted to 100 ml by

adding DEPC-treated water and sterilized by autoclaving.
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12.2 N NaOH: 8 g of NaOH pellet was dissolved in 80 ml of DEPC-treated water, the volume
was adjusted to 100 ml and sterilized by autoclaving.

13.10 N NaOH: 40 g of NaOH pellet were slowly in 80 ml of distilled water, stirring
continuously in a plastic beaker placed on ice, adjusted the volume to 100 ml and stored at
room temperature.

14. 10% SDS: 1 g of SDS was dissolved in 5 ml sterile double-distilled water and heated at 65
°C. The volume was adjusted to 10 ml and stored at room temperature.

15.1 M Tris-HCI (pH 7.5): 12.11 g of Tris base was dissolved in 70 ml distilled water. The
pH was adjusted to 7.5 by adding concentrated HCI, and the volume was adjusted to 100
ml with distilled water and sterilized by autoclaving.

16.1 M Tris-HCI (pH 8.0): 12.11 g of Tris base was dissolved in 70 ml of DEPC-treated
water. The pH was adjusted to 8.0 by adding concentrated HCI, the volume was adjusted
to 100 ml with DEPC-treated water and sterilized by autoclaving.

17.0.5M EDTA (pH 8.0): 18.61 g of EDTA was dissolved in 70 ml DEPC-treated water. The
pH was adjusted to 8.0 by adding NaOH pellets, and volume was adjusted to 100 ml and
sterilized by autoclaving.

18. Ethidium bromide (EtBr): A stock solution of EtBr (10 mg/ml) was prepared by
dissolving 10 mg EtBr in 1 ml distilled water and stored at 4 °C.

19. 6X Gel-loading Buffer (Type I11): A solution of 0.25% (w/v) bromophenol blue, 0.25%
(w/v) xylene cyanol FF, and 30% glycerol (v/v) was made in sterile water and stored at 4°C.

20. 50X TAE: 1 L of the 50X TAE stock solution was prepared by adding 242 g Tris base,
57.1 ml of glacial acetic acid and 100 ml of 0.5 M EDTA (pH 8.0) and the volume was
adjusted to 1 L by adding distilled water. The solution was stored at 4 °C.

21. 1X TE: The solution was prepared by adding 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA

(pH 8.0) from their respective stocks and stored at 4 °C.
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22. 10X MOPS electrophoresis buffer: The 10X MOPS stock solution of 1000 ml was
prepared by dissolving 41.8 g of MOPS (0.2 M) in 400 ml of DEPC-treated water. After
dissolving the pH was adjusted to 7.0 with 2 N NaOH, and 16 ml of 1 M sodium acetate
solution (20 mM), and 20 ml of 0.5 M EDTA pH 8.0 (10 mM) was added. The volume was
adjusted to 1000 ml with DEPC-treated water. The solution was filter sterilized using 0.45-
um Millipore filter and stored at room temperature protected from light.

23. 0.5 M PIPES buffer (pH 6.7): 1.5 g PIPES was dissolved in 6 ml distilled water and pH
was adjusted to 6.7 by adding 10 N NaOH solution and adjusted the volume to 10 ml. The
solution was sterilized by filtering through a 0.45 um syringe filter and stored at minus 20
°C.

24. Alkaline lysis Solution 1: Alkaline lysis Solution I is composed of 50 mM glucose, 25 mM
Tris-Cl (pH 8.0), and 10 mM EDTA (pH 8.0).

25. Alkaline lysis Solution 11: Alkaline lysis Solution Il is prepared freshly prior to use and is
composed of 0.2 N NaOH and 1% SDS.

26. Alkaline lysis Solution I11: Alkaline lysis Solution I11 is prepared by mixing 60 ml of 5 M
potassium acetate, 11.5 ml of glacial acetic acid, and making up the volume to 100 ml by
adding distilled water. The solution was sterilized by autoclaving and stored at 4 °C.

27. Inoue transformation buffer: The Inoue transformation buffer (Inoue et al. 1990) is
composed of 55 mM MnCl, 15 mM CaCl,, 250 mM KCI and 10 mM PIPES buffer (pH
6.7).

28. Lysis buffer for N. crassa genomic DNA isolation: The lysis buffer is composed of 10
mM Tris HCI (pH 7.5), 0.5 M NaCl, 10 mM EDTA, 1% SDS, and 1% CTAB.

29. Lysis buffer for N. crassa RNA isolation: The lysis buffer is composed of 100 mM Tris
HCI (pH 8.0), 0.6 M NaCl, 10 mM EDTA (pH 8.0), 45 % SDS, and 2 % p-

mercaptoethanol.
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2.1.5 Solutions for growth, maintenance and crossing of N. crassa strains
(1) Biotin solution: 5 mg biotin was dissolved in 100 ml 50% (v/v) ethanol, stored at 4 °C.
(i1) Trace element solution: Trace element solution was prepared by dissolving the following

chemicals sequentially in 90 ml of distilled water with constant stirring.

CsHgO7.H20 5.00¢9
ZnS04.7H20 5.00 g
Fe(NH4)2(S0O4)2.6H20 1.00 g
CuS04.5H20 0.25¢
MnS0O;.1H,0 0.05¢
H3BO3 0.05¢g
Na2Mo00O4.2H,0 0.05¢

The final volume was adjusted to 100 ml; 1 ml of chloroform was added as a preservative and
stored at room temperature.

(iii) Vogel’s Medium N (VGN): A 50X stock of Vogel’s Medium N (Vogel, 1956; Vogel,
1964) was prepared by adding following chemicals sequentially in 75 ml distilled water with

constant stirring.

NasCsHs07.2H,0 1259
KH2PO4 25 g
NH4NOs 10 g
MgS04.7H.0 19
CaCl,.2H>0 05¢g

(Pre-dissolved in 2 ml H,0)

Biotin solution 500 pl
Trace element solution 500 pl
Chloroform 300 pl
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The volume of the solution was adjusted to 100 ml and the chloroform was added as a
preservative.

(iv) Vogel’s glucose minimal media (VGM):

Vogel’s Medium N 1X

Glucose 2% (wiv)

(v) Vogel’s glucose minimal media (VGM) agar:

Vogel’s Medium N 1X
Glucose 2% (wWiv)
Agar 2% (wiv)

(vi) 4X Synthetic crossing medium (SCM): 4X strength synthetic crossing medium (SCM)
was prepared by dissolving the following chemicals sequentially in 80 ml distilled water with

constant stirring.

KNO3 0.4g
K:HPO, 0.28 g
KH2PO4 0.2g
MgS0O,4.7H20 0.2¢g
CaCl>.2H20 40 mg
NaCl 40 mg
Biotin solution 20 pl

Trace element solution 20 pl
The volume of the solution was adjusted to 100 ml and sterilized by autoclaving.

(vii) SCM agar:

SCM 1X
Glucose 1.5% (w/v)
Agar 2% (W/v)
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(viii) 10X FGS (Fructose, glucose, and sorbose) stock: 10X FGS stock was prepared by

dissolving the following chemicals in 80 ml distilled water.

Fructose 5% (w/v)
Glucose 5% (w/v)
Sorbose 20% (w/v)

The volume of the solution was adjusted to 100 ml and sterilized by autoclaving.
(ix) FGS agar:

FGS 1X

Vogel’s Medium N 1X

Agar 2% (Wiv)

(X) Top agar:

FGS 1X

Vogel’s Medium N 1X

Agar 2.8% (W/v)

(xi) Media for circadian clock study:

Vogel’s Medium N 1X

Glucose 0.1% (w/v)
Arginine 0.17% (w/v)
Biotin 50 ng/ml
Agar 1.5% (w/v)

2.1.6 Primers used in the study
Custom oligonucleotide primers were purchased from Bioserve (Hyderabad, India) and from
Integrated DNA Technologies (USA). List of primers used in this studies are enlisted in Table

3.7,4.4,55and 5.7.
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2.2 Methods

2.2.1 Growth conditions

The N. crassa strains were grown and maintained as described previously (Davis and De Serres
1970). For routine culture, 1X Vogel’s glucose minimal medium N (VGM) was used for
vegetative growth (Vogel 1956; Vogel 1964). For sexual development, strains of opposite
mating type were crossed on 1X synthetic crossing medium (SCM; Westergaard and Mitchell
1947). Ascospores were germinated on FGS agar medium (Davis and De Serres 1970). For
cmdR® strain, Calcium-D pantothenic acid (0.01 mg/ml) and bathocuproinedisulfonic acid
(BCS) (250 pM) were supplemented in the mediums. N. crassa knockout mutants were
selected by screening for growth on FGS agar medium supplemented with hygromycin at a
concentration of 220 pug/ml (Colot et al. 2006). The N. crassa transformants were screened on

FGS agar media supplemented with Basta® (Pall 1993) at a concentration of 400 pg/ml.

2.2.2 Setting up crosses and harvesting ascospores

Crosses between the opposite mating type of N. crassa strains were performed as described
previously (Westergaard and Mitchell 1947; Davis and De Serres 1970). The agar plugs of
opposite mating type were inoculated on SCM agar in 55 mm diameter Petri dishes allowing
the confrontation of the mycelium of two mating types. The crosses were incubated at 22 °C
in a BOD incubator for 21 to 30 days. The plates are flipped after 14 days and the ascospores
begin to shoot within 16-18 days. The ascospores are then harvested by washing the lid with 1
ml of sterile water. Ascospores thus harvested are germinated by heat activation at 55-65 °C

for 30-60 min and plating on FGS agar plates which are incubated at 30 °C for growth.
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2.2.3 Maintenance of Stock

For long term preservation of N. crassa strains, silica and glycerol stocks were prepared for all
the strains used in this study. The strains were grown in VGM agar slants for 3 days under
constant darkness at 30 °C, and then transferred to room-temperature under constant light for
4 days. For silica stock, cryo tubes (4.5 ml) were filled with silica (6-12 Mesh, Grade 40;
sterilized by autoclaving and dried at 60 °C) and chilled on ice for 30 minutes. Approximately
1 ml of 5% autoclaved skimmed milk was added to the culture tube and vortexed vigorously.
The conidial suspension was drawn using a Pasteur pipette, dispensed on the pre-chilled silica,
and vigorously vortexed for 5 minutes to break up any clumps. The cryo tubes were regularly
vortexed for 8-10 days and then stored at -20 °C until further use. For glycerol stock, the conidia
are suspended in 1 ml of sterile water and transferred to 2 ml cryo tube; then an equal amount
of 40% sterile glycerol was added and mixed properly, and then stored at -80 °C till further

use.

2.2.4 Conidial cell count

For quantification of conidia for various assays, conidia were harvested from freshly grown
5-6 days old strains in 1 ml sterile distilled water. Appropriate cell dilutions were done from
the conidial suspension, and conidia counting was performed using a haemocytometer under a

Trinocular Microscope (Nikon ECLIPSE E200, Japan).

2.2.5 Temperature sensitivity assay
For temperature sensitivity assay, freshly harvested conidial cell suspension of ~2x10’
conidia/ml (~7 pl) was inoculated in the center of 90-mm-Petri dishes containing Vogel’s

glucose agar medium and incubated at three different temperatures of 20, 30, and 40 °C. The

TH-3075_156106034 a7



CHAPTER 2

colony diameter was measured at every 3 h interval starting at 12 h till 24 h. The radial growth

rate was calculated as cm/h. The plates were photographed at 24 h.

2.2.6 pH stress assay

For pH stress assay, freshly harvested conidia from 5-day-old cultures were suspended in sterile
distilled water. Approximately 1x10° conidia/ml were inoculated in tubes containing Vogel’s
glucose liquid medium and adjusted to three different pH conditions, acidic (pH 3.8), normal
(pH 5.8), and alkaline (pH 7.8). The tubes were then incubated at 30 °C for 3 days and the

aerial hyphae height was measured and photographed.

2.2.7 Osmotic stress assay

For osmotic stress assay, ~7 pl of ~2x107 freshly harvested conidial suspension of N. crassa
strains were inoculated in 90-mm-Petri dishes containing Vogel’s glucose agar medium
supplemented with hyperosmotic agents, NaCl and sorbitol at different concentrations of 0
(control), 0.5, 1, and 1.5 M and incubated at 30 °C. The colony diameter was measured at every
3 hinterval starting from 12 to 24 h and the growth rate was calculated. The relative colony
growth rate percentage was calculated by dividing the growth rate at different concentrations

of NaCl and sorbitol by the growth rate in the control plate and multiplied by 100.

2.2.8 Oxidative stress plate assay

To study H20.-induced oxidative stress assay, colony growth rate and survival rate of conidia
were estimated. For colony growth rate, ~7 pl of ~2x10’ conidia/ml cell suspension was
inoculated at the center of 90-mm-Petri dishes containing Vogel’s glucose agar medium
supplemented with (test) or without (control) 10 mM H2O, and incubated at 30 °C. Colony

diameter was measured at every 3 h interval from 12 to 24 h and the growth rate was calculated.
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The average colony growth rate percentage was calculated by dividing the growth rate in the
test plate by the growth rate in the control plate and multiplied by 100.

For conidial survival assay under H.O, induced oxidative stress assay, ~1x10°
conidia/ml were inoculated in Vogel’s glucose liquid medium and incubated in the dark at 30
°C, shaking at 200 rpm for 2 h. The cultures were supplemented with (test) or without (control)
10 mM H20- and further germinated for 1 h at 30 °C. Germlings were then plated on the FGS
agar medium and incubated at 30 °C for 16 to 24 h depending on the germling growth rate.
Percent survival was scored by dividing the number of viable colonies in the test plates
(exposed to H202) by the number of colonies in the control plates (not exposed to H>O>) and

multiplied by 100 (Yang and Borkovich 1999).

2.2.9 Reactive oxygen species (ROS) estimation Assay

For qualitative ROS estimation, 5-day old freshly harvested conidial suspension of ~1x10°
conidia were inoculated in Vogel’s glucose liquid medium containing 10 uM of 2°, 7°-
dichlorofluorescein-diacetate (DCFH-DA) for 30 min and further treated with 10 mM H20, for
90 min. An aliquot of conidia was observed under Trinocular inverted microscope (AxioVert
Al FL, Carl Zeiss) with a 450-490 nm excitation filter and a 515 nm emission filter and the

images were captured.

2.2.10 Endoplasmic Reticulum (ER) stress assay

For dithiothreitol (DTT) induced ER stress assay, ~1x10° conidia/ml were inoculated in tubes
containing Vogel’s glucose liquid medium supplemented with different concentrations of DTT,
including 0 mM (control), 0.1 mM, 0.5 mM, 1 mM, and 2 mM, and incubated in dark at 30 °C

for 3 days and then photographed. The height of the aerial hyphae was measured, and the
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percent growth rate was calculated by dividing the growth rate in the tubes with different

concentrations of DTT to that of growth in control tube and multiplied by 100.

2.2.11 Thermotolerance assay

For thermotolerance assay, fresh conidial suspension of ~1x108 conidia/ml were inoculated in
Vogel’s glucose liquid medium and incubated for 2 h in the dark at 30 °C with shaking at 180
rpm. The germlings were then divided equally into 3 tubes, which were held at 30 °C (control),
30 °C (uninduced), and 44 °C (induced). Both the 30 °C (uninduced) and 44 °C (induced)
cultures were then given a lethal heat shock at 52 °C for 20 minutes. An aliquot of ~1000 cells
or the germlings was plated on FGS agar medium followed by incubation at 30 °C for 24 h
(YYang and Borkovich 1999). The germlings were then observed under a stereomicroscope, and
viable colonies were counted for each condition. Percent survival rate was determined by
dividing the number of viable colonies in the uninduced and induced treated plates by the

number of viable colonies in the control plate and then multiplied with 100.

2.2.12 Fertility assay

For fertility assay, strains of two opposite mating type were crossed on a 55-mm-Petri dishes
containing SCM media supplemented with calcium D-pantothenic acid and BCS. The Agar
plug of one strain (female) is first cultured and incubated at 22 °C for one week. After 7 days,
fresh conidia of the opposite mating type (male parent) were harvested, and the conidial
suspension were inoculated and further incubated at 22 °C. Perithecia formation were observed
after seven days post-fertilization. Further, after fourteen days post-fertilization, the ascospores
shot onto the lid were observed under a microscope (Leica S9i Stereomiroscope, Leica
Microsystems, Wetzlar, Germany) and images were captured. The ascospores were harvested

by washing the lids with ~1 ml of sterile H20.
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2.2.13 Perithecia Grafting Assay

Perithecia grafting assay was performed as previously described (Chinnici et al. 2014). The
wild type strains of mat A and mat a were cultured on 90-mm-Petri dishes containing SCM
with 0.5% sucrose, overlaid with a cellophane filter for 10 days. Fresh conidial suspension of
the opposite mating type of wild type was inoculated and incubated for 24 h for fertilization.
In addition, the wild type mat A and mat a, #850, and #26 host strains were cultured in SCM
plates containing 0.5% sucrose for 10 days. From the fertilized plate, small pieces (0.5 cm
approx.) of cellophane (grafts) were cut and transferred to the host plates, and incubated for
another 7 to 14 days. After eight days, the perithecia was dissected to observe the maturation
of the ascospores and after 14 days post-fertilization, the number of ascospores released on the
lid were observed under a dissection microscope (Leica S9i Stereomiroscope, Leica

Microsystems, Wetzlar, Germany).

2.2.14 Cell Fusion Assay

For cell fusion assay, the strains were first grown in VGM agar for 3 days in the dark at 30 °C
and then under light for 2 days. Fresh conidia were harvested in sterile distilled water. Then,
conidia were inoculated at a concentration of ~1x10° conidia/ml in 50 ml of liquid VGM and
incubated in shaking condition at 180 rpm at 30 °C. The cells were observed under an inverted
microscope (AxioVert Al FL, Carl Zeiss, Gottingen, Germany) at 40X magnification at 3 h, 5

h, 7 h, and 48 h.

2.2.15 Chronological aging assay
For chronological aging assay, the strains were grown on Vogel’s glucose agar medium at 30
°C for 3 days under dark condition and then kept at room temperature for 2 days under constant

light for proper conidiation. On day 5, conidia were harvested using 1 ml sterile water and
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counted. A concentration of ~1 x 107 cell/ml were maintained for 30 days at 25 °C (room
temperature) to starve them (Case et al. 2014). Approximately 1000 cells (10 ul from 10
dilution) were plated on the FGS agar medium at an interval of 5 days starting from the days 5
to 30. The plates were incubated at 30 °C for 24 h and the number of colonies formed were
counted. The total number of colonies formed on days 5 was taken as 100%. The rate of aging
was determined by dividing the total number of colonies formed on the successive days (days

10 to 30) by the number of colonies formed on days 5 and multiplying with 100.

2.2.16 Circadian regulated conidiation assay

The inverted race tube assay was performed to study the circadian regulated conidiation.
Freshly grown (24 h old) strains were inoculated at one end of a race tube containing ~13 ml
circadian agar media and incubated at 25 °C under constant light for 24 h. At 24 h, the growth
front was marked and the tubes were then inverted and incubated under constant darkness at
25 °C for a period of 6-7 days. The growth fronts were marked every 24 h interval under a safe
red light. The period lengths were calculated by multiplying the distance between conidial

bands by the inverse of the slope (http://www.fgsc.net/teaching/circad.htm). The experiments

were also carried out at 20 °C and 30 °C to see the effect at different temperature conditions.

2.2.17 Assay for the visualization of intracellular Ca?* distribution

For visualization of the intracellular Ca2* distribution, strains were grown on a thin layer of
Vogel’s glucose agar medium overlaid on glass slides and incubated for 12-14 h at 30 °C. The
growing hyphal tips were then supplemented with 200 M chlortetracycline hydrochloride
(CTC) or 20 uM 1-N-Phenylnaphthylamine (NPN) dissolved in 0.1 % dimethyl sulphoxide

(DMSOQO). Fluorescence emissions from CTC and NPN were observed using a Trinocular
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inverted fluorescence microscope (Axio Vert Al FL, Carl Zeiss) using DAPI filters with an

exposure of 300-400 ms.

2.2.18 Assay for the visualization of internal hyphal septation

For visualization of internal septation in the growing hyphae, the strains were grown on a thin
layer of Vogel’s glucose agar medium overlaid on glass slides and incubated for 12-14 h at 30
°C. The growing hyphae were stained with calcofluor white (CFW; 0.1% in 0.05 M PBS) for
20 minutes in the dark. The samples were then observed under a Trinocular inverted
fluorescence microscope (Axio Vert.Al FL-LED, Carl Zeiss) using DAPI filters with exposure

time of 300-400 ms.

2.2.19 Preparation of ultracompetent cells

Ultracompetent cells were prepared essentially as described previously (Inoue et al. 1990). A
single colony of E. coli DH5a was picked from a fresh streaked LB agar plate and inoculated
into 5 ml of LB broth, and incubated at 37 °C at 200 rpm for 16 h. Then,1 ml of the overnight
culture was inoculated in 100 ml of LB broth and incubated at 37 °C at 200 rpm till the ODegoo
reached 0.450-0.55. The culture was chilled on ice and centrifuged at 3,900 rpm for 10 min at
4 °C to pellet the cells. The cells were then resuspended in 32 ml of ice cold transformation
buffer (TB:10 mM PIPES pH 6.7, 15 mM CaClz, 250 mM KCI, 55 mM MnCl) and incubated
on ice for 10 min. The centrifugation process was repeated and the cells were resuspended in
8 ml of TB containing 7% DMSO. Cell suspension was distributed into 100 pl aliquots, frozen
in liquid nitrogen and stored at -80 °C. Ultracompetent cells were used for cloning experiments

involving ligation of DNA fragments.
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2.2.20 Small-scale isolation of plasmid DNA from bacterial culture (Mini preparation)

Small-scale or mini preparation of plasmid isolation was performed by alkaline lysis method
(Sambrook and Russell 2001). Briefly, 5 ml of overnight bacterial culture was centrifuged in
microfuge tube for 1 min at 12,000 rpm at 4 °C. The supernatant was discarded and pellets
were suspended in 100 pl alkaline lysis solution I with vigorous vortexing. To this homogenous
mixture, 200 pl of freshly prepared alkaline lysis solution 11 was added and mixed by rapidly
inverting the tube 4-5 times. Then, 150 ml alkaline lysis solution I11 was added and mixed by
inverting the tube 5-8 times and incubated on ice for 3-5 min. The bacterial lysate was
centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant was transferred to fresh
microfuge tubes and an equal volume of phenol: chloroform: isoamyl alcohol mixture (25:24:1)
was added, and centrifuged at 12,000 rpm for 10 min at 4 °C. The aqueous phase was carefully
transferred to a fresh 1.5 ml microfuge tube and 1 ml of absolute ethanol was added to
precipitate plasmid DNA. The tube was gently inverted for few times and kept at room
temperature for 10 min. The plasmid DNA was pelleted by centrifugation at 12,000 rpm for 10
min at 4 °C. The supernatant was discarded and the pellet was washed with 70% ethanol by
centrifuging at 12,000 rpm for 10 min at 4 °C. The pellet was air dried for 20—-30 min at room
temperature. Finally, the pellet was dissolved in 30 ul of 1X TE buffer (pH 8.0) and stored at

4 °C.

2.2.21 Restriction digestion of plasmids

Restriction digestion of plasmid DNA for analytical and preparative was performed according
to the manufacturer’s instructions for the specific restriction endonucleases used (New England
Biolabs, USA). An aliquot of ~1 pg plasmid DNA was digested with 1 ul (10 units) of

restriction endonuclease in a final volume of 50 ul and the reaction was carried out in the
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conditions as per the manufacturer’s instruction. The digested DNA fragments were analysed

by agarose gel electrophoresis.

2.2.22 Ligation of digested vectors and inserts

Ligation reactions were performed by using Quick Ligation™ Kit (Cat. no. M2200S, New
England Biolabs, USA). A 20 ul ligation reaction mixture was made by adding ~50 ng of
linearized DNA vector, a 3-fold molar excess of insert DNA, 10 ul of 2X ligation buffer, 1 pl
quick T4 DNA ligase enzyme, and nuclease-free water to make up the remaining volume. The
ligation reaction was performed for 15-20 min at 25 °C in a circulating water bath (MRC

Scientific Instruments, Israel).

2.2.23 Transformation of ultracompetent E. coli DH5a. cells by heat shock

The competent cells from the -80 °C freezer were taken out and thawed on ice. An aliquot of
~100 ng of ligated DNA sample was added to the competent, mixed gently and incubated on
ice for 30 min. The cells were subjected to heat shock for 90 s at 42 °C in a water bath and kept
on ice for 10-15 min, then recovered by the addition of pre-warmed 600 ul of SOC media, and
incubated for 1 h at 37 °C and 200 rpm. Then, 200 ul each of cell cultures was plated on four
LB agar plate (90-mm) supplemented with 100 pg/ml of ampicillin and incubated overnight at

37 °C.

2.2.24 Transformation of N. crassa by electroporation

The transformation procedure was performed as described previously (Margolin et al. 1997;
Bhat et al. 2004). The recipient strain was inoculated on 50 ml of Vogel’s glucose agar medium
in a 250 ml flask and incubated in constant darkness for 3 days at 30 °C and then under constant

light for 4 days at room temperature for proper conidiation. The conidia were harvested in 30
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ml sterile water and separated from the mycelium by passing the suspension through sterile
cheesecloth attached to a 50 ml falcon. The cheesecloth was removed and the falcon tube was
capped, and centrifuged at 3,000 rpm for 10 min at 4 °C. The conidial pellet was washed twice
in 30 ml sterile water and resuspended in 1M sorbitol at a concentration of 3 x 10° per ml.
About 40 pl of the conidial suspension was mixed with the DNA construct to be transformed
and placed in pre-chilled 2 mm electroporation cuvettes (Biorad Laboratories, Hercules, CA).
Electroporation was done in BioRad gene pulsar apparatus (Biorad Laboratories, Hercules,
CA). The parameters for electroporation were 1.5 kV (voltage gradient), 25 pF (capacitance)
and 600 Q (resistance). The time constant varied from 13 to 15 ms. Immediately after the pulse,
1 ml of chilled 1 M sorbitol was added to the cuvette and incubated on ice for 5 min. The
transformant conidial suspension was mixed with warm top agar and plated on FGS agar plate
supplemented with the Basta (400ug/ml) and calcium pantothenate (0.01 mg/ml), and

incubated at 30 °C for 48 h.

2.2.25 Genomic DNA isolation from N. crassa

N. crassa strains of interest were grown in liquid VGM at 30 °C with shaking at 200 rpm for 3
days. The mycelia mass was harvested by filtration through sterile cheese cloth, cut into pieces
and was lyophilized. The dried mycelia were ground into fine powder using a glass rod in a 2
ml microfuge tube. To this, 800 ul of DNA lysis buffer (10 mM Tris-HCI at pH 7.5, 0.5 M
NaCl, 10 mM EDTA, 1% SDS, and 1% CTAB) was added and mixed thoroughly using a
pipette tip or a toothpick. The microfuge tubes were incubated at 65 °C for 45 min, followed
by centrifugation at 12,000 rpm for 10 min. The supernatant was transferred to a fresh 2 ml
microfuge tube and 600 pl of phenol: chloroform: isoamyl alcohol mixture (25:24:1) was
added. The tubes were kept in a cell mixer for 20 minutes and centrifuge at 12,000 rpm for 10

min. The aqueous phase was carefully pipetted to a fresh tube and washed with 600 pl of
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chloroform to remove the last traces of phenol and then centrifuged at 12,000 rpm for 10 min.
The aqueous phase was carefully pipetted to fresh 1.5-ml microfuge tube and the genomic
DNA was precipitated by adding 1 ml of pre-chilled absolute alcohol. The tubes were gently
inverted for few times and allowed to stand for 30 minutes for proper precipitation, which was
then centrifuged at 12,000 rpm for 10 min to pellet down the DNA. The supernatant was
discarded and pellet was washed with 70% ethanol by centrifuging at 12,000 rpm for 10 min.
The tubes were air dried to at room temperature for 20—30 min to remove the traces of ethanol.
In the final step, the pellet was dissolved in 30 pl of 1 X TE buffer (pH 8.0) and stored at 4 °C.

All the centrifugation was carried out at 25 °C.

2.2.26 RNA isolation from N. crassa strains
RNA isolation from N. crassa strains was essentially performed as described previously

(Sokolovsky et al. 1990; http://www.fgsc.net/fgn37/sokol.html). To isolate RNA from strains

exposed to heat stress conditions, ~1 x 107 conidia/ml were inoculated in liquid VGM medium
and incubated for 14 h at 28 °C 180 rpm under constant darkness, and then treated with heat
shock for 1 h at 48 °C as describes previously (Kapoor and Lewis 1987; Roy and Tamuli 2021).
For isolating RNA from nitrogen starved condition, ~1 x 107 conidia/ml were inoculated in
liguid SCM medium and incubated for 18 h at 22 °C with shaking at 180 rpm under constant
light (Barman and Tamuli 2017). For RNA isolation from circadian regulated condition, ~1 X
107 conidia/ml were inoculated in liquid circadian medium and incubated under light for 2 h at
20 or 25 °C and shaking at 125 rpm, and then transferred to dark condition for 16 h (Aronson
et al.1994). The mycelia mass obtained from these cultures were harvested by filtration and
frozen using liquid nitrogen. Immediately after freezing, the mycelia mass was crushed into
fine powder in a 2 ml microfuge tube with a glass rod and mixed with 400 ul of TRIzoI™

reagent (Cat. no. 15596026, Life Technologies, USA). Further, 750 ul of RNA lysis buffer and
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750 pl of phenol: chloroform: isoamyl alcohol (PCI; 25:24:1) were added to the tubes, kept on
rotary mixer for 20 min, and centrifuged for 10 min at 10,000 rpm. The upper aqueous phase
was taken in a 2 ml microfuge tube and 750 pl of PCI was added, vortexed briefly and
centrifuged for 10 min at 10,000 rpm. The aqueous phase was transferred to a new 2 mi
microfuge tube and 750 ul of 8 M LiCl was added. The mixture was stored at 4 °C for 24 h.
Then, on the next day, the tube was vortexed briefly and centrifuged for 10 min at 10,000 rpm.
The supernatant was discarded and the isolated pellet was suspended in 300 ul double distilled
DEPC treated water, to which 30 pl of 3 M Na-acetate (pH 5.2) and 750 ul of absolute ethanol
was added and mixed by gently inverting the tubes. The mixture was stored at -80 °C for 2 h
or -80 °C for 1 h and centrifuged for 10 min at 10,000 rpm. The RNA pellet was washed with
70% ethanol by centrifuging for 10 min at 10,000 rpm. The pellets were dried for 20—30 min
at room temperature and finally dissolved in 30 pl DEPC treated water. The RNA was stored

at -80 °C. All centrifugation steps were carried out at room temperature.

2.2.27 Quantification of nucleic acids

The concentration of nucleic acids (DNA or RNA) was estimated by measuring the OD at 260
nm using a NanoPhotometer® (IMPLEN, Germany). The following empirical relationships
were used to calculate the concentrations. An OD2eo of 1 corresponds to ~50 pg/ml of double
stranded DNA, 40 pg/ml of single-stranded DNA and RNA, ~20 pg/ml of single-stranded
oligonucleotides. The purity of nucleic acids was estimated by calculating the OD260/OD2s0
ratio. Pure preparations of DNA and RNA have OD260/OD2go values of 1.8 and 2.0,

respectively.
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2.2.28 Polymerase chain reaction (PCR)

The routine polymerase chain reaction (PCR) reaction was performed by using Tag DNA
polymerase (Cat no. M0273S, New England Biolabs, USA), which is isolated from Thermus
aquaticus or Dynazyme Il DNA polymerase (Cat no. F-501 250U, Thermo Scientific). which
was isolated from Thermus brockianus. For cloning, Phusion® High-Fidelity DNA polymerase
(Cat. no. M0530S, New England Biolabs, USA) was used because it possesses 5°-3’
polymerase activity and 3’-5’ exonuclease proofreading activity. The Novel Pyrococcus-like
enzyme is fused with a processivity-enhancing domain, which increases fidelity and speed with
an error rate of > 50-fold lower than Tag DNA polymerase. The PCR conditions varied
according to the size of the product and the annealing temperature of the primers. All PCRs
were performed as per the manufacturer’s protocol with a thermal cycler (Arktik Thermal

Cycler, Thermo Fisher Scientific, USA).

2.2.29 Reverse transcription PCR for cDNA synthesis

For reverse transcription PCR (RT-PCR), RNA isolated from the mycelial mass (described in
the section 2.2.26 above) was used for cDNA synthesis. The cDNA synthesis was performed
by using Verso cDNA synthesis Kit (Cat. no. AB-1453/A, Thermo Fisher Scientific, USA).
For 20 pl reaction, 2 ug of total RNA was used as a template. The cycling condition for cONA
synthesis was as follows; 42 °C for 30 min and then 95 °C for 2 min for one cycle. The
synthesized cDNA templates were subjected to quantitative real time PCR cycling with gene-

specific primers to analyze the expression of the target gene.

2.2.30 Quantitative real time PCR
Quantitative Real-Time PCR (qRT PCR) analysis was performed using the cDNA synthesized

from the total RNA (described in the section 2.2.29 above), specific primer pairs for the gene
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of interest, the SYBR Select Master Mix (Life, City, State, USA), and the 7500 Real-Time
PCR System (Applied Biosystems, City, State, USA). In general, 10 pl reaction mixture
contained 4.5 pl of cDNA (100 ng), 0.25 ul of forward, 0.25 pl reverse primer, and 5 ul SYBR
green. For the negative control, instead of the cDNA template, sterile DEPC-treated distilled
water was used. The PCR parameter used was as follows: 95°C for 10 min followed by 40
cycles of 95°C for 15 s and 60°C for 1 min. The fold change in the relative expression of the
target genes was calculated by 2-24%r method (Livak and Schmittgen 2001) with g-tubulin gene
expression level as the reference control (Cusick et al. 2014) and the expression in the wild

type as the calibrator.

2.2.31 Agarose gel electrophoresis

The gel was prepared by dissolving agarose in 1X TAE buffer by microwaving and adding 0.5
ug/ml ethidium bromide and poured into the cast with combs. The gels were prepared based
on the size of the samples to be resolved ranging from 0.8% to 1.5%. The DNA sample was
mixed with 1 pl of 6X DNA loading dye (0.25% bromophenol blue, 0.25% xylene cyanol, and
30% glycerol) and loaded into the wells. Electrophoresis was performed in 1X TAE at 80—100
V. To estimate the size of the DNA fragments, standard 1Kb DNA ladder (cat No. NEB
#B7025, NEB; Ipswich, MA, USA) were run alongside the sample. The ethidium bromide-
stained DNA samples were visualized using a gel doc (Image 4.1, Bio-Rad, USA; or Mega Bio
print, Vilbert Lormat, France). RNA samples were resolved in 1.5% agarose gel containing 2.2

M formaldehyde and 1X MOPS buffer and 0.5 pg/ml ethidium bromide.

2.2.32 DNA fragments purification from agarose gels
PCR amplified DNA samples for cloning and transformation were purified from agarose gels

by using Gel Extraction Kit (Qiagen, USA or GCC Biotech, India). The specific DNA bands
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resolved in the gels was excised by visualizing in a UV trans illuminator and transferred to a

1.5 ml microfuge tube and weighed. The DNA samples were then purified from the agarose

gel according to the manufacturer’s protocol.

2.2.33 Statistical analysis

Statistical analysis was performed using one-way ANOVA from the data obtained from three

independent experiments in Microsoft Excel. The data are represented as mean + Standard

Deviations. One-way ANOVA was used to test the significance where the P values of <0.05

(*), <0.01 (**), and <0.001 (***) were considered significant.

2.3 Databases and software programs used

1.

Basic Local Alignment Search Tool (BLAST): BLAST (Altschul et al. 1990, 1997, 2005)
was used to compare nucleotide or protein sequences to the reference sequence databases.

This is available at http://blast.nchi.nlm.nih.gov/Blast.cqi.

Clustal X: Clustal X (Thompson et al. 1997) software was used for multiple sequence
alignment of DNA and protein sequences. Clustal X is available online at

http://www.clustal.org/clustal2/#\Webservers .

ExPasy Translate tool: The ExPasy Translate tool was used for translating DNA

sequences to protein sequences. It is available at http://web.expasy.org/tools/DNA.

Conserved Domain Database (CDD): CDD (Marchler-Bauer et al. 2008) was used to
identify  conserved domains in the proteins. This is available at

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cqi .

GeneDoc: GeneDoc software (Nicholas 1997) was used for finding conserved domains
among aligned sequences of DNA or protein. It is available at

http://www.nrbsc.org/gfx/genedoc/.
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6. Restriction Mapper: This was used for restriction mapping of DNA sequences. It is

available at http://www.restrictionmapper.org/.

7. Neurospora crassa genome databases: Genome resource for Neurospora is available at

http://fungidb.org . The web site for Fungal Genetics Stock Center is http://www.fgsc.net.

8. NCBI: NCBI at http://www.ncbi.nlm.nih.gov/ was used to retrieve the proteins or nucleic

acid sequences.

9. EMBL: EMBL at http://embl.org/ was used to retrieve the primary sequence of proteins or

nucleic acid.

10. UniProt: UniProt at https://www.uniprot.org was used to retrieve the primary sequence of

proteins.
11. Site for reverse-complement: The sequence manipulation suite (SMS) software package
was used to convert a DNA sequence into reverse-complement sequence. It is available at

http://www.bioinformatics.org/sms/index.html.

12. Matlnspector: It is a software tool that utilizes a large library of matrix description for
transcription factor binding site in a DNA sequence. It is available at

https://www.genomatix.de/matinspector/.

13. SWISS-MODEL.: SWISS-MODEL (Schwede et al. 2003) is a fully automated protein

structure homology-modelling web server. It is available at https://swissmodel.expasy.org/.

14. Structural Analysis and Verification Server (SAVES): SAVES is an interactive web
server used for protein structure analysis and validation. The PROCHECK, ERRAT, and
VERIFY 3D programs from this server were used for protein structure validation. It is

available at https://www.doe-mbi.ucla.edu/saves/.

15. UCSF CHIMERA: UCSF Chimera (Meng et al. 2006) was used for visualization of the

protein structures. It is available at https://www.cgl.ucsf.edu/chimera/.
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16. ImageJ/Fiji: ImageJ/Fiji is a software (Schindelin et al. 2012) for image processing. It is

available at https://imagej.net/software/fiji/.
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3.1 Introduction

Fungi grow in a wide range of niches with constantly changing environmental conditions,
which can affect their survival, growth, and reproduction (Belozerskaya and Gessler 2006;
Ahmad et al. 2020). In response to the environmental changes, fungi activate certain signaling
pathways for adaptation (Fuchs and Mylonakis 2009; Freitas et al. 2016). Ca2* signaling is one
of the main intracellular signaling pathways in N. crassa that responds to various external
stimuli and regulates a vast range of cellular processes (Borkovich et al. 2004; Galagan et al.
2003; Zelter et al. 2004).

Calmodulin (CaM) is the principal intracellular Ca?* receptor highly conserved in all
eukaryotic cells that mediate diverse biological processes from cell proliferation to apoptosis
(Means and Dedman 1980; Hoeflick and Ikura 2002; Berchtold and Villalobo 2015). The
structure analysis showed that CaM is a dumbbell-shaped molecule consisting of two similar
domains arranged in a trans-configuration. Each domain consists of 2 helix-loop-helix Ca?*
binding motifs known as EF-hand, enabling CaM to bind to 4 Ca?" ions (Babu et al. 1988;
Meador et al. 1992,1993; James et al. 1995). When the cytosolic Ca?* concentration rises from
the resting state (100 nM), reaching 1 uM or more due to various external stimuli, Ca®*
signaling is initiated by binding to CaM (Chin and Means 2000, Bootman et al. 2001). The
binding of Ca?* brings about a conformational change in CaM, enabling it to bind and activate
over 300 target proteins (Means and Dedman 1980; Hoeflich and Ikura 2002; Halling et al.
2016).

The Ca?*/CaM dependent kinases (Ca?*/CaMKs) are Ser/Thr kinases that are activated
by the Ca?*-CaM complex (Hook and Means 2001). Their domain organization consists of an
N-terminal catalytic domain and a C-terminal regulatory domain, which is autoinhibited in the
absence of Ca?*/CaM complex and regulated by either autophosphorylation or phosphorylation

by other kinases (Sorderling and Stull 2001; Swulius and Waxham 2008).
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In N. crassa, one CaM gene has been identified, showing 85% and 59% homology to
human and yeast calmodulin, respectively, and only one amino acid difference to A. nidulans
CaM (Ortega Perez 1981; Melnick et al. 1993; Tamuli et al. 2013). The amino acid composition
of N. crassa CaM is similar to that of plant CaM except for an unusually high amount of serine
and the absence of trimethyllysine, and slightly less acidic in comparison to the vertebrate CaM
(Cox et al. 1982).

The cmd gene is essential in N. crassa; therefore, the generation of cmd knockout or
site-directed mutagenesis of key residues is not possible due to its lethal effect (Tamuli et al.
2013). Previously, CaM functions were studied by using (i) CaM antagonists and (ii) generating
cmd mutants through Repeat-induced point mutation (RIP; Cambareri et al. 1989; Selker 1990)
(Sadakane and Nakashima 1996; Laxmi and Tamuli 2015, 2017). CaM is necessary for the
growth, hyphal development, circadian rhythm, activation of chitin synthase required for cell
wall formation, carotenoid accumulation, ultraviolet survival, and sexual development
(Sadakane and Nakashima 1996; Suzuki et al. 1996; Suresh and Subramanyam 1997; Laxmi
and Tamuli 2015, 2017). N. crassa also possesses four Ca?*/CaMKs, of which CaMK-1and
CaMK-2 are required for full fertility (Tamuli et al. 2011; Kumar et al. 2014). The functions
of CaM and CaMKSs during stress were not understood in N. crassa. In this chapter, | describe
detailed cellular roles and the mechanistic pathway of CaM and its downstream target protein

CaMKs under different abiotic stress conditions.
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3.2 Results

3.2.1 Temperature sensitivity analysis for cmdR'? (#26), Acamk-1, Acamk-2, Acamk-3, and
Acamk-4 mutant strains

Temperature is one of the significant environmental factors that directly affect fungal growth,
development, and protein dynamics (Xu 1996; Bakar et al. 2020). Temperature affects the
circadian clock, perithecia development, and carotenoid production in N. crassa (McNelly-
Ingle and Frost 1964; Harding 1974; Brunner and Diernfellner 2006). The N. crassa vegetative
or asexual developmental phase requires normal ambient temperature (~30 °C) and produces
conidia; the sexual phase requires lower temperatures and produces ascospores that can resist
heat stress (McNelly-Ingle and Frost 1964; Kronholm et al. 2016; Kronholm and Ketola 2018).
To understand the role of CaM and CaMKs in response to different temperatures necessary for
both asexual and sexual developmental phases, | analyzed the temperature sensitivity of the
wild type, #26, Acamk-1, Acamk-2, Acamk-3, and Acamk-4 mutant strains by growing the
strains at normal ambient (30 °C), lower (20 °C), and elevated (40 °C) temperatures. The
temperature sensitivity assay was performed by inoculating ~ 2x107 conidia/ml at the center of
90-mm-Petri dishes containing Vogel’s glucose agar medium and incubating at 20 °C, 30 °C,
and 40 °C for 24 h. The hyphal growth front was marked regularly from 12 to 24 h at 3 h
intervals, and the growth rate per hour was calculated. The #26 strain showed severely reduced
growth rate at all three temperatures (Figure 3.1). The growth rate of Acamk-1 and Acamk-2
mutants were significantly reduced at 20 °C and 40 °C compared to the growth rate of the wild
type, while Acamk-3 and Acamk-4 mutants did not show much difference in the growth rate

from the wild type (Figure 3.1).
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(cm h). Standard deviations are indicated by error bars calculated from three independent
experiments (n = 3), and the significance given by P values <0.05 (*), <0.01 (**), and <0.001

(***) compared to the wild type strain as measured by one-way ANOVA test.

3.2.2 The cmdR'® (#26), Acamk-1 and Acamk-2 knockout mutants showed increased
sensitivity to alkaline pH

The ability to sense changes in the environmental conditions, such as temperature, pH, and
nutrient level, lead to the activation of intracellular pathways mediated by transcription factors
that enable the organism to adapt to the changing environmental conditions (Martins et al.
2020). To determine the role of CaM and CaMKSs under pH stress, | studied the growth of the
wild type, #26, Acamk-1, Acamk-2, Acamk-3, and Acamk-4 mutant strains at three different pH
conditions, acidic (pH 3.8), normal (pH 5.8) and alkaline (pH 7.8). The aerial hyphae height of
all the strains was like the wild type at acidic pH (Figure 3.2). However, in alkaline pH, the
#26, Acamk-1, and Acamk-2 mutants showed reduced aerial hyphae height (Figure 3.2). The
aerial height of Acamk-3 and Acamk-4 was similar to the wild type (Figure 3.2). These results
suggested that CaM, CaMK-1, and CaMK-2 are required for tolerance to alkaline pH in N.

crassa.
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Figure 3.2 pH stress assay. Sensitivity to pH of the wild type, #26, Acamk-1, Acamk-2,
Acamk-3, and Acamk-4 mutant strains was evaluated by growing the strains in VGM liquid
medium adjusted to three pH conditions, acidic (pH 3.8), normal (pH 5.8) and alkaline (pH
7.8) for 3 days at 30 °C. (A) Aerial hyphae at three different pH conditions (B) Average aerial
hyphae height (cm). Error bars indicate the standard deviations calculated from three
independent experiments (n = 3), and the significance given by P values <0.05 (*), <0.01 (**),

and <0.001 (***) compared to the wild type strain as measured by one-way ANOVA test.

3.2.3 The cmdR'® (#26) and camk knockout mutants were not sensitive to osmotic stress

Osmotic stress due to high salinity causes dehydration in the cell and affects physical
development and metabolism (Seifikalhor et al. 2019). Transient increase in the [Ca?*]c occurs
as a result of hypo-osmotic and hyper-osmotic stresses (Kader and Lindberg 2010).

Intracellular Ca2* signaling is one of the earliest responses when exposed to osmotic stress
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(Zhou et al. 2016). |, therefore, tested the sensitivity to osmotic stress for the wild type, #26,
Acamk-1, Acamk-2, Acamk-3, and Acamk-4 mutant strains. The strains were grown in Vogel’s
glucose agar medium supplemented with 0.5 M and 1 M of NaCl (Figure 3.3 A) and 1 M and
1.5 M of sorbitol (Figure 3.3 B). The growth front was measured starting from 12 h and at
every 3 h interval till 24 h, and the average growth rate was measured by dividing the growth
rate under stress to that of the growth rate under normal (0 M) condition. The #26, Acamk-1,
Acamk-2, Acamk-3, and Acamk-4 mutant strains showed growth rates similar to that of the wild
type under NaCl and sorbitol stress conditions, suggesting that the #26, Acamk-1, Acamk-2,

Acamk-3, and Acamk-4 mutant strains were not sensitive to osmotic stress.
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Figure 3.3 Osmotic stress assay. Sensitivity to osmotic stress was evaluated by growing the
strains on Vogel’s glucose agar medium with and without 0.5 M and 1 M NaCl, and 1M and
1.5 M Sorbitol. Average growth rate (%) in the presence of (A) NaCl and (B) Sorbitol at the
indicated concentrations. Error bars indicate the standard deviations calculated from the data

for three independent experiments (n = 3).
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3.2.4 The cmdR'® (#26), Acamk-1, and Acamk-2 knockout mutants showed an increased
sensitivity to hydrogen peroxide (H20.) induced oxidative stress

In living organisms, reactive oxygen species (ROS) are continuously generated as side-
products of certain metabolic pathways under aerobic living conditions. Simultaneously, ROS
is scavenged from the cell to maintain a balance via specific and non-specific mechanisms. The
cells come under oxidative stress when the balance between the production and degradation of
ROS (redox state) is disturbed, resulting in high concentrations of ROS in the cell (Lushchak
2011). Severe cell damage might occur when ROS reacts with essential biological molecules
causing deleterious damages such as peroxidation of lipids, oxidation of proteins, and
mutations in DNA which leads to aging and apoptotic cell death (Beckman and Ammes 1998;
Curtin et al. 2002; Hamann 2008; Montibus et al. 2015). Changing environmental factors could
generate a high amount of intracellular ROS and oxidative stress in fungi; therefore, regulation
of cellular ROS concentration is essential for survival and normal physiological development
(Belozerskaya and Gessler 2006; Gessler et al. 2006). A cross-talk between Ca?* signaling and
ROS production is reported in higher organisms, where the increase in the [Ca?*]in level
activates ROS generating enzymes, while on the other hand, ROS also stimulates the increase
in [Ca**]in level (Gordeeva et al. 2003; Gorlach et al. 2015). In Botrytis cinerea, exposure to
calcium chloride (CaCl,), hydrogen peroxide (H20z), and calcofluor white (CFW) directly
affected the cellular redox state as a high amount of oxidized glutathione was formed inside
the cell (Marshall et al. 2016). Therefore, to determine whether CaM and CaMKs are involved
during oxidative stress, | tested the effect of H.O. on the growth and viability of the strains.
The conidia of the wild type and the mutant strains were first grown in VGM agar supplemented
with or without (control) 10 mM H20- (Yang and Borkovich 1999; Park et al. 2008), and the
percent growth rate was measured as described in chapter 2. H,O2 generates the highly reactive

-OH radicals via the Fenton’s reaction between H2O» and Fe?* ions, which causes deleterious
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modifications to biological molecules (Winterbourn 1999). The percent growth rate for #26,
Acamk-1, and Acamk-2 mutants were reduced as compared to the wild type at 10 mM H20>
(Figure 3.4 B; Table 3.4 A). To test the survival rate of the strains, | cultured 2 h germlings
further for 1 h in VGM liquid with or without 10 mM H20, and calculated the percent survival
as described earlier in chapter 2. The #26, Acamk-1, and Acamk-2 mutants showed reduced
survival percentage compared to wild type (Figure 3.4 C). However, the Acamk-3 and Acamk-
4 mutants did not show a significant difference in the growth and survival rates at 10 mM H,O>
in comparison to the wild type. Therefore, these results indicated that cmd, camk-1, and camk-

2 genes are required for response to oxidative stress.
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Figure 3.4 Oxidative stress assay. Sensitivity to oxidative stress was evaluated by growing
the strains on Vogel’s glucose agar medium with and without 10 mM H20- and incubating in
the dark at 30 °C for 24 h. (A) Colony growth on Petri-dish, (B) Relative colony growth rate
(%), (C) Survival (%) of 2 h germlings determined after the treatment to 10 mM H,O; for 1 h.
Standard deviations are indicated by error bars calculated from three independent experiments
(n = 3), and the significance given by P values <0.05 (*), <0.01 (**), and <0.001 (**¥*)

compared to the wild type strain as measured by one-way ANOVA test.
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3.2.5 The cmdR'P (#26), Acamk-1, and Acamk-2 mutants contributed to ROS production
upon exposure to H>0:

Under normal physiological conditions, low amounts of ROS are produced due to active
aerobic metabolism (Cipak et al. 2008). The #26, Acamk-1, and Acamk-2 mutants showed
increased sensitivity to H20.-induced oxidative stress suggesting an increased ROS level in
these mutants. Therefore, the amount of endogenous ROS produced in the #26, Acamk-1, and
Acamk-2 mutants was measured using 2°,7’- dichlorofluorescein-diacetate (DCFH-DA) dye
(Figure 3.5 A). DCFH-DA is a cell-permeable dye, which remains nonfluorescent inside the
cell until the acetate group is hydrolyzed by intracellular esterases to 2’ 7’
dichlorodihydrofluorescein (DCFH), and oxidized by intracellular ROS to the highly
fluorescent compound 2’7’ dichlorofluorescein (DCF) that can be detected as a measure of
intracellular ROS (Figure 3.5 B; Radman et al. 2004; Chen et al. 2010). The ROS levels in the
conidia treated with or without H20, were detected using DCFH-DA. The #26, Acamk-1, and
Acamk-2 mutants showed an increased number of fluorescent conidia compared to wild type
indicating that the #26, Acamk-1, and Acamk-2 mutants probably produces more ROS than
wild type when treated with 10 mM H.O; (Figure 3.5 C). A more detailed analysis and

quantification will be done in the future.
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Figure 3.5 Estimation of ROS production of N. crassa strains. (A) The chemical structure
of 2’,7’-dichlorofluorescein-diacetate (DCFH-DA) IS available at

https://www.sigmaaldrich.com/IN/en/product/sigma/d6883 (DCF; excitation at 488 nm,

emission at 515 nm). (B) Schematic for the mechanism of action of DCFH-DA as given at

https://www.cellbiolabs.com/reactive-oxygen-species-ros-assay#details. (C) DCFH-DA

assay. To estimate the amount of ROS produced upon exposure to H,O2, approximately 1x108
conidia of the wild type, #26, Acamk-1, Acamk-2, Acamk-3, and Acamk-4 mutant strains were
incubated in VG liquid with 10 pM DCFH-DA for 30 min and further treated with 10 mM
H20, for 90 min. An aliquot of conidia was observed under a trinocular inverted microscope
(AxioVert Al FL, Carl Zeiss) with a 450-490 nm excitation filter and a 515 nm emission filter.

The cells were analyzed in at least three different aliquots at different times. Scale bar 50 um.

3.2.6 The cmdR'® (#26), Acamk-1, and Acamk-2 mutants showed increased sensitivity to
dithiothreitol (DTT) induced ER stress

The endoplasmic reticulum (ER) is a multifunctional organelle important for many cellular
processes such as (a) synthesis, folding, post-translational modifications, and orderly transport
of proteins, (b) biosynthesis of lipids and sterols, and (c) storage of Ca?* within its lumen and
their regulated release into the cytoplasm (Berridge 2002; Schréder 2008; Bravo et al. 2013).
Perturbations in ER function due to altered redox status and reduction in Ca®* concentration
results in the accumulation of misfolded and oxidized proteins, which triggers ER stress
(Gorlach et al. 2006, 2015; Darling and cook 2014). Therefore, to determine the role of CaM
and Ca?*/CaMKs under ER stress, | studied the growth rate of the #26, Acamk-1, Acamk-2,
Acamk-3, and Acamk-4 mutants in VG liquid media containing different concentrations (0 to 2
mM) of dithiothreitol (DTT). DTT is a potent reducing agent that inhibits disulfide bond

formation resulting in the accumulation of unfolded proteins (Zhang et al. 2017; Fiege et al.
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2018). The aerial hyphae height was measured after 3 days of incubation in the dark at 30 °C,
and the percent growth rate was determined. The #26, Acamk-1, and Acamk-2 mutants showed
decreased growth at 2 mM DTT, whereas Acamk-3 and Acamk-4 showed growth similar to the
wild type (Figure 3.6). These results suggested that camk-1, camk-2, and cmd genes play a role
in tolerance to the ER stress condition.
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Figure 3.6 Assay for endoplasmic reticulum stress using dithiothreitol. (A) Effect of DTT
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on aerial hyphae. (B) Average aerial hyphae height (%) in response to various amounts of DTT.
To evaluate the DTT sensitivity, strains were inoculated in VG liquid medium containing 0.1
mM, 0.5 mM, 1 mM, and 2 mM of DTT, and incubated at 30 °C for 3 days at constant darkness;
then the percent growth rate relative to the wild type was determined. Standard deviations are
indicated by error bars calculated from three independent experiments (n = 3), and the
significance given by P values <0.05 (*), <0.01 (**), and <0.001 (***) compared to the wild

type strain as measured by one-way ANOVA test.
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3.2.7 The cmdR'P (#26), Acamk-1, and Acamk-2 knockout mutants showed a decrease in
thermotolerance

The heat shock response pathway is one of the fundamental features in living organisms that
enable adaptation to a sudden rise in temperature. Exposure to a sublethal stress environment
enhances the expression of heat shock proteins that imparts stress tolerance and protection to a
heat shock temperature (Mager and De Kruijff 1995; Rangel 2011; Liu et al. 2012). In N.
crassa, cells pre-exposed to a sublethal temperature, which is lower than the lethal temperature
value, showed higher survival rates when exposed to lethal temperature than the cell without
pre-exposure to sublethal temperature, and this mechanism is known as induced
thermotolerance (Kapoor et al. 1990; Yang and Borkovich 1999). The oxidative stress response
is also linked to thermotolerance in N. crassa (Kapoor 1990). Because the #26, Acamk-1,
Acamk-2, Acamk-3, and Acamk-4 mutants showed an increased sensitivity to temperature and
oxidative stress conditions (Figures 3.1, 3.4); therefore, | also evaluated the thermotolerance of
these mutants. The strains were exposed to a lethal temperature of 52 °C with or without pre-
exposure to a sublethal temperature of 44 °C. Percent survival was determined from the viable
colonies under the different conditions as described in chapter 2. The #26, Acamk-1, Acamk-2,
and Acamk-4 showed reduced survival rates compared to the wild type under induced
thermotolerance, while hardly any survival was seen under the uninduced thermotolerance for
all the strains (Figure 3.7). The Acamk-3 mutant did not show much difference in survival rate
compared to the wild type. These results suggested that cmd and camks might play a role in the

expression of heat shock proteins required for thermotolerance.
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Figure 3.7 Thermotolerance assay. Viability of 2 h old germlings of wild type, #26, Acamk-1,
Acamk-2, Acamk-3, and Acamk-4 strains after exposure to 52 °C lethal temperature with
(induced) or without (uninduced) pre-exposure to a sublethal heat shock temperature of 44 °C.

Standard deviations are indicated by error bars calculated from three independent experiments
(n = 3), and the significance given by P values <0.05 (*), <0.01 (**), and <0.001 (***)

compared to the wild type strain as measured by one-way ANOVA test.
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3.2.8 Cloning of camk-1 and camk-2 genes for complementation analysis

The camk-1 and camk-2 genes were cloned to generate N. crassa strains for complementation
studies. The ORF of camk-1(1701 bp) and camk-2 (1471 bp) genes were PCR amplified from
the wild type genomic DNA and ligated to the Smal site of pRS426PVG/Pnit-6 vector (Figure
3.8 A and B). The ligated products were transformed into the E. coli DHSa ultracompetent
cells and isolated the pCNM-1(Pnit.6::camk-1::5xGly::V5::gfp) and pCNM-2 (Phit.6::camk-
2::5xGly ::V5::gfp) clones, which were verified by restriction digestion and PCR analysis

(Figure 3.8 Cto G).

(A)
camk-1 Fw CNM
ATG
] ’ % // l
M)LGIR(+) 5 camk-1 7/ 3
|
TAA
1701 bp J
camk-1 Rv CNM
camk-2 Fw CNM
II\TG
(i))LGVIIR (+) 5 // //// camke2 //// .
|
TAA
1471 bp J
camk-2 Rv CNM
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Figure 3.8 Cloning of the camk-1 and camk-2 genes for complementation studies. (A)
Schematics showing the primers to PCR amplify the camk-1 and camk-2 genes using the DNA
from wild type. (B) Schematics showing the generation of the pCNM-1 and pCNM-2
constructs. Cloning of camk-1 and camk-2 ORFs into the Smal site of pRS426PVG/Pnit-6
plasmid vector (Ouyang et al. 2015). (C) Visualization of the PCR amplicon of camk-1 and
camk-2 genes. The primer pairs, camk-1 CNM Fw and camk-1 CNM Ryv (entries 4 and 5; Table
3.1), and camk-2 CNM Fw and camk-2 CNM Rv (entries 6 and 7; Table 3.1) were used to
amplify the camk-1 (1701 bp) and camk-2 (1471 bp) ORF fragments from the wild type. The
PCR products were resolved in 1% agarose gel; lane 1: 1kb DNA ladder (NEB), lane 2: camk-
1 OREF, lane 3: camk-2 ORF. (D) Visualization of the plasmid vector constructs; lane 1: 1kb

DNA ladder (NEB), lane 2: undigested pRS426PVG/Pnit-6 plasmid, lane 3: digested
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pRS426PVG/Pnit-6 plasmid (~11.14 kb) with Smal. (E) Visualization of the plasmid
constructs. lane 1: 1 kb DNA ladder (NEB), lane 2: pRS426PVG/Pnit-6 vector, lane 3:
pRS426PVG/Pnit-6 vector with camk-1 insert and designated as pPCNM-1 (~12.8 kb); lane 4:
pRS426PVG/Pnit-6 vector with camk-2 insert and designated as pCNM-2 (~12.6 kb). (F)
Restriction digestion to confirm pCNM-1land pCNM-2 plasmid constructs. The pCNM-1
plasmid construct was digested with Hindlll, while the pCNM-2 plasmid construct was
digested with Apal restriction enzyme to confirm the specific gene insertion and correct
alignment within the vector; lane 1: 1 kb DNA ladder (NEB), lane 2. pRS426PVG/Pnit-6
vector (uncut), lane 3: the digestion of pRS426PVG/Pnit-6 vector with Hindlll gave a single
fragment of size ~11,139 kb while in lane 4: the digestion of pPCNM-1 with Hindlll gave two
fragments of size 11,375 bp and 1,465 bp, lane 5: the digestion of pRS426PVG/Pnit-6 vector
with Apal gave two fragments of size 5,926 bp and 5,213 bp while in lane 6: the digestion of
pCNM-2 with Apal gave three fragments of size 5,926 bp, 4,731 bp and 1,953 bp. (G) PCR
amplification of pPCNM-1 and pCNM-2 plasmid constructs using primer #8 with #5 and #7,
and # 4 and #6 with #9 (Table 3.1). The PCR products were resolved in 1% agarose gel. Lanel:
1 kb DNA ladder (NEB), lane 2: PCR amplified product for verifying camk-1 insert in the
pCNM-1 construct using Pnit-6-Fw and camk-1 CNM Rv (1746 bp); lane 3: another PCR
amplified product for verifying camk-1 insert in the pPCNM-1 construct using camk-1 CNM Fw
and GFP Rv (1850 bp); lane 4: PCR amplified product for verifying camk-2 insert in the
pPCNM-2 construct using Pnit-6 Fw and camk-2 CNM Rv (1516 bp); lane 5: another PCR
amplified product for verifying camk-2 insert in the pPCNM-2 construct using camk-2 CNM Fw
and GFP Rv (1620 bp), lane 6: pRS426PVG/Pnit-6 plasmid as negative control (no PCR

product as no constructs inserted).
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Table 3.1 Primers used for cloning of the camk-1 and camk-2 genes and confirmation of

homokaryotic strains

Sl Primer Name Sequence (5°—3) Reference
No.
1 6NCU09123F-HI GCG AAT GGG AGAGCC TTACA This study
2 16NCU02283F-HI AGT ACG AGA TCG ACG GAG GA Laxmi and
Tamuli 2017
3 SHPHR ATCCACTTAACGTTACTGAAATC Deka et al. 2011
4 camk-1 Fw CNM ATGAGCTGTAAGTTCCCTCTAC This study
5 camk-1 Rv CNM GCCTTGGAAACTCTTCGC This study
6 camk-2 Fw CNM ATGAGTGCCGCCAACGGTCG This study
7 camk-2 Rv CNM TCGCTTAACACTAGTCCCAATC This study
8 Pnit-6 Fw CTAGTCTTTCTGTCGTCAGC Gohain and
Tamuli 2019
9 GFP-Rv AACTTGTGGCCGTTTACGTC Gohain and
Tamuli 2019

3.2.9 Transformation of the pCNM-1 and pCNM-2 constructs into the Acamk-1::hph;
Amus-53::hph; mat A and Amus-53::hph; Acamk-2::hph; mat A recipient strains and
generation of homokaryotic strains

The pCNM-1 (Pnits::camk-1::5xGly::V5::gfp) and pCNM-2 (Pnit-6::camk-2::5xGly::V5::gfp)
plasmid constructs were transformed by electroporation (described in chapter 2) into the N.
crassa recipient strains Acamk-1::hph; Amus-53::hph; mat A (P- 4) and Amus-53::hph; Acamk-

2::hph; mat A (P-13). The heterokaryotic transformants were selected based on resistance to
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basta and then crossed with Acamk-1 and Acamk-2 strains of the opposite mating type to obtain
the homokaryotic progenies (Figure 3.9 A). The camk-1 and camk-2 transgenes in the

homokaryotic progenies were verified by PCR (Figure 3.9 B and C).
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Figure 3.9 Transformation of pPCNM-1 and pCNM-2 constructs into N. crassa recipient
strains and generation of homokaryotic strains. (A) Schematic representation of
heterokaryons CNM camk-1 HT-1 and CNM camk-2 HT-1 crossed with Acamk-1 and Acamk-
2 mutant strains to generate homokaryotic strains for complementation analysis. Generation of
(i) Acamk-1::hph; Apan-2::Pnite::camk-1::V5::gfp; mat A (#19), and (ii) Acamk-2::hph; Apan-
2::Pnite::camk-2::V5::gfp; mat A (#8). (B) PCR verification of the homokaryotic strains using
the Pnit-6 Fw and GFP-Rv primers (entries 8 and 9; Table 3.1). PCR products were verified
using 1% agarose gel; lane 1: 1 kb DNA ladder (NEB), lane 2: PCR amplification verifying
the insertion of the construct with camk-1 allele (1,895 bp), lane 3: PCR amplification verifying
the insertion of the construct with camk-2 allele (1,665 bp), and lane 4: wild type (negative
control). (C) PCR amplification to verify the presence of the Acamk-1 and Acamk-2 alleles in
the homokaryotic strains using 6NCU09123F-HI and 16NCU02283F-HI forward primers-
specific to the upstream of the camk-1 and camk-2 ORF, respectively, with the common reverse
primer 5SHPH Rv (entries 1-3; Table 3.1). PCR products were resolved in 1% agarose gel; lane
1: 1 kb DNA ladder (NEB), lane 2: wild type (negative control for Acamk-1 allele, because
target sequence for 5SHPHR is absent), lane 3: Acamk-1 mutant (positive control) that yield a
PCR product of size 1,328 bp, lane 4: PCR amplification verifying the Acamk-1 allele (1,328
bp) in Acamk-1::hph; Apan-2::Pnits::camk-1::V5::gfp; mat A (#19), lane 5: wild type (negative
control; sequence for the 5SHPHR is absent in the Acamk-2 allele), lane 6: Acamk-2 mutant
(positive control) yield PCR product of size 1,296 bp, and lane 4: PCR amplification verifying

the Acamk-2 allele (1,296 bp) in Acamk-2::hph; Apan-2::Pnit.s::camk-2::V5::gfp; mat A (#8).
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3.2.10 Complementation of cmdR'P, Acamk-1, and Acamk-2 mutants

The cmdR'P (#26), Acamk-1, and Acamk-2 mutants were defective under various abiotic stress
conditions showing decreased growth under the heat-shock, pH, oxidative, and ER stress
conditions. In order to confirm that the phenotypic defects were due to the RIP-induced
mutations in the cmd gene and the knockout mutation of the camk-1 and camk-2 genes, |
performed complementation studies using the parental strain Apan-2::bar::Picy-1::cmd::V5::gfp;
mat a (#850, Laxmi and Tamuli 2017), which was used to generate the Apan-2::bar::Picu-
1::emdRP::V5::gfp; mat A (#26) mutant. The homokaryotic transformant of Acamk-1 carrying
the camk-1 transgenes, Acamk-1::hph; Apan-2::Pnits::camk-1::V5::gfp; mat A (#19) and the
homokaryotic transformant of Acamk-2 mutant carrying the transgene camk-2, Acamk-2::hph;
Apan-2::Pnite::camk-2::V5::gfp; mat A (#8) were used for the complementation studies of
Acamk-1, and Acamk-2 mutant strains. | found that the parental strain #850 and the
homokaryotic transformants #19 and #8 complement the colony growth rate at low (20 °C) and
elevated (40 °C) temperatures (Figure 3.10.1) and oxidative stress (Figure 3.10.3 B). The aerial
hyphae heights of the parental and homokaryotic transformants were similar to that of wild
type in pH stress (Figure 3.10.2), and ER stress (Figure 3.10.4), and the survival rate under
oxidative stress (Figure 3.10.3 C) and thermotolerance (Figure 3.10.5) were rescued. Therefore,

the cmd, camk-1, and camk-2 genes are necessary for survival under stress conditions.
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Figure 3.10.1 Complementation studies of N. crassa strains for temperature sensitivity.
The wild type, #26, #850, Acamk-1, #19, Acamk-2, and #8 strains were grown on Vogel’s
glucose agar medium and incubated at 20, 30, and 40 °C for 24 h. (A) Colony growth on Petri

dishes. (B) Average colony growth rate (cm h?). Standard deviations are indicated by error
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bars calculated from three independent experiments (n = 3), and the significance given by P
values <0.05 (*), <0.01 (**), and <0.001 (***) compared to the wild type strain as measured

by one-way ANOVA test.

(A) (B)
—/3 3.8
Wild type 5.8
B 7.8

#26

ek

kK

kK

Average aerial hyphae height (cm)
w

Figure 3.10.2 Complementation studies of N. crassa strains for pH stress assay. pH
sensitivity of wild type, #26, #850, Acamk-1, #19, Acamk-2, and #8 strains was evaluated by
growing them in VG liquid medium adjusted to three pH conditions; acidic (pH 3.8), normal
(pH 5.8), and alkaline (pH 7.8) for 3 days at 30 °C. (A) Aerial hyphae at different pH conditions
(B) Average aerial hyphae height (cm). Standard deviations are indicated by error bars
calculated from three independent experiments (n = 3), and the significance given by P values
<0.05 (*), <0.01 (**), and <0.001 (***) compared to the wild type strain as measured by one-

way ANOVA test.
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Figure 3.10.3 Complementation studies of N. crassa strains to determine sensitivity to
oxidative stress. Sensitivity to oxidative stress was evaluated by growing the wild type, #26,
#850, Acamk-1, #19, Acamk-2, and #8 strains on Vogel’s glucose agar medium with or without
10 mM H20- and incubating in the dark at 30 °C for 24 h. (A) Colony growth in Petri dishes.
(B) Relative colony growth rate (%). (C) Survival (%) of germlings were estimated by treating
2 h germlings to 10 mM H2O> for 1 h and determining the survival percentage in comparison
to cells in an untreated condition. Standard deviations are indicated by error bars calculated
from three independent experiments (n = 3), and the significance given by P values <0.05 (*),
<0.01 (**), and <0.001 (***) compared to the wild type strain as measured by one-way

ANOVA test.
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Figure 3.10.4 Complementation studies of N. crassa strains for ER stress assay. To

Acamk-2, and #8

evaluate the sensitivity to DTT, the wild type, #26, #850, Acamk-1, #19,

, 1 mM, and 2 mM of

strains were incubated in VG liquid medium containing 0.1 mM, 0.5 mM

= 3), and the

95

indicated by error bars calculated from three independent experiments (n

DTT at 30 °C for 3 days at constant darkness, and percent growth rate determined. (A) Effect

of DTT on aerial hyphae (B) Average aerial hyphae height (%). Standard deviations are
significance given by P values <0.05 (*), <0.01 (**), and <0.001 (***) compared to the wild

type strain as measured by one-way ANOVA test.
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Figure 3.10.5 Complementation studies of the N. crassa strains for thermotolerance assay.
2 hold germlings of wild type, #26, #850, Acamk-1,#19, Acamk-2, and #8 strains were exposed
to 52 °C lethal temperature with (induced) or without (uninduced) pre-exposure to a sub-lethal
heat shock temperature of 44 °C and percent survival calculated. Standard deviations are
indicated by error bars calculated from three independent experiments (n = 3), and the
significance given by P values <0.05 (*), <0.01 (**), and <0.001 (***) compared to the wild

type strain as measured by one-way ANOVA test.
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3.3 Discussion

In response to various abiotic and biotic stimuli, the cytosolic free Ca?* concentration [Ca?']c
increases, which activates the Ca2* signaling machinery for appropriate physiological
responses (Sanders et al. 2002; Zelter et al. 2004; Tuteja and Mahajan 2007). Calmodulin
(CaM), one of the primary Ca®" sensors, plays a prominent role in maintaining the Ca2*
homeostasis required for cell survival (Haiech et al. 2019). In S. cerevisiae, CaM responds to
cellular stress by activating Ca?*/CaM-dependent kinases and Ca?*/CaM-dependent protein
phosphatase calcineurin (Moser et al. 1996; Cyert 2003; Kraus and Heitman 2003).

In this chapter, | described the role and mechanism of CaM and its immediate
downstream protein CaMKs under different abiotic stress conditions such as temperature, pH,
oxidative, and ER stress. | observed that the #26, Acamk-1, and Acamk-2 mutants were
sensitive to low (20 °C) and elevated (40 °C) temperatures showing reduced growth rates at
both temperatures (Figure 3.1). At alkaline pH, the aerial growth of #26, Acamk-1, and Acamk-
2was reduced (Figure 3.2), suggesting that cmd, camk-1, and camk-2 are required for survival
in alkaline pH conditions. Previously, in the promoter regions of camk-1 and camk-2 genes,
sequences for the yeast pH-responsive regulators were identified (Kumar and Tamuli 2014),
indicating that certain transcription factors upon pH change may regulate camk-1 and camk-2
genes. However, under osmotic stress caused by high concentrations of NaCl and sorbitol, 1
did not observe any significant difference in the growth rate between the mutants and the wild
type.

The cmdR'®, Acamk-1, and Acamk-2 mutants showed reduced survival rates under
oxidative stress (Figure 3.4), suggesting that cmd, camk-1, and camk-2 regulate the redox state
ofthe cell. The cmdR'"®, Acamk-1, and Acamk-2 mutants also produced short aerial hyphae under
DTT-induced ER stress conditions (Figure 3.6). In S. cerevisiae, CaM and CaM kinase 1l are

required for induced thermotolerance (lida et al. 1995). The acquisition of induced
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thermotolerance is associated with the expression of heat shock proteins that imparts tolerance
to other stressors. The #26, Acamk-1, and Acamk-2 mutants showed decreased survival rates
under induced thermotolerance (Figure 3.7), suggesting their possible role in regulating the
heat shock response pathway.

The parental strain #850 of cmdR'P (#26) and the complemented strains #19 of Acamk-1 and #8
of Acamk-2 were able to fully rescue the growth and survival defects in the mutants (Figure
3.10), suggesting that the cmd, camk-1, and camk-2 genes are required for temperature, pH,
oxidative and ER stress response.

A part of the results from this chapter was presented as posters in (i) National
Conference on Fungal Biology: Recent Trends and Future Prospects and 44" Annual meeting
of the Mycological Society of India (MSI), University of Jammu, November 2017; (ii) 11"
International Conference on Biology of Yeast and Filamentous Fungi, University of

Hyderabad, India, November 27-29, 2019.
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Role of calmodulin and calcium/calmodulin-
dependent kinases in sexual development and

circadian clock in N. crassa
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4.1 Introduction
N. crassa enters the sexual phase of their life cycle when subjected to nitrogen starvation and

low temperature. The sexual phase is characterized by the formation of fruiting bodies called
perithecium, which produces the sexual spores (Perkins and Barry 1977; Nelson and
Metzenberg 1992; Nelson 1996; Coppin et al. 1997). Previously, the inhibition of CaM using
CaM antagonist TFP and CPZ caused a sterile phenotype in N. crassa (Laxmi and Tamuli
2015). In addition, meiotic silencing of the cmd gene also showed a barren phenotype,
suggesting that cmd is required during meiosis for full fertility (Laxmi and Tamuli 2017).
However, the detailed role and mechanism of CaM in fertility are not fully understood.
Circadian clocks are self-sustaining endogenous time-keeping system that controls the
behaviour, inner physiological, and molecular rhythms in some prokaryotes and most
eukaryotes with an innate periodicity of roughly 1 day. The term comes from the Latin word
circa “about” and diem “a day” (Dunlap 1999; Vitaterna et al. 2001; Halberg et al. 2003). The
circadian clock organizes the inner physiology of an organism with respect to the external
environment to ensure its well-being and survival (Vitaterna et al. 2001; Baker et al. 2012).
Clock-controlled genes are associated with cellular processes such as intermediary metabolism,
DNA damage repair, stress responses, protein synthesis, and development (Correa et al. 2003;
Vitalini et al. 2006). In this chapter, I describe the cellular roles of CaM and CAMKSs during

sexual development and in the regulation of the circadian clock.
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4.2.1 Role of calmodulin during sexual development

4.2.1.1 The cmdR'P (#26) mutant is female sterile

The transition from the vegetative to sexual phase is initiated through different morphological
changes of the N. crassa vegetative mycelium to form the specialized sexual structure
“perithecium” (Lichius et al. 2012). The developmental transition of vegetative mycelium to
form the specialized tissue depends on various endogenous and exogenous factors, and Ca?" is
one of the key factor required for the initiation and the final stages of sexual development
(Wilson et al. 2019).

To understand the specific role of CaM during sexual development, I performed the
male-female fertility assay. The wild type, #26, and #850 strains were cultured as the female
parent on synthetic crossing medium (SCM) and incubated under constant light for seven days
at 22 °C, which formed the protoperithecia. Freshly harvested conidia of the opposite mating
type of the wild type, #850, and #26 were subsequently inoculated as the male parents to
fertilize the protoperithecia. After fourteen days post-fertilization, the plates were observed
under the microscope, and the ascospores were harvested. The #26 mutant, when cultured as a
male parent, formed mature perithecia and produced abundant ascospores; but, when cultured
as a female parent, it showed a complete absence of perithecia and resulted in a sterile
phenotype (Figure 4.1; Table 4.1). The wild type and the #850 strains were fully fertile as both
male and female parents, producing thousands of ascospores (Figure 4.1; Table 4.1). The #26
mutant was also unable to develop protoperithecia (Figure 4.2), suggesting that CaM is required

during the initial stage of female sexual development.
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Figure 4.1 Fertility assay of the wild type, #26, and # 850 strain. The N. crassa strains were
cultured on SCM at 22 °C for seven days. The wild type, #850, and #26 strains were used as
(A) female parent and (B) male parent and subsequently fertilized with wild type, #850, and

#26 (mat A or mat a) conidia as the male parent. Upper panel: visualization of plates after seven

TH-3075_156106034 102



CHAPTER 4

days post fertilization for perithecia formation; Lower panel: ascospores released on the lid

after fourteen days post fertilization were observed under a microscope (Leica S9i

Stereomiroscope, Leica Microsystems, Wetzlar, Germany).

Table 4.1 Sexual fertility of wild type, #3850, and #26 N. crassa strains

Female Parent Male parent Perithecia  Ascospores Phenotype
formed produced
Wild type; mat A Wild-Type; mat a Yes Abundant  Fertile
Wild type; mat a Wild-type; mat A Yes Abundant  Fertile
#850; mat a Wild-type; mat A Yes Abundant  Fertile
Wild type; mat A #850; mat a Yes Abundant  Fertile
#26; mat A Wild-type; mat a No None Sterile
Wild type; mat a #26; mat A Yes Abundant  Fertile
Wild type #26
SR a5 WAL Sy, v N ol
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Figure 4.2 Protoperithecia formation in the wild type, #26, and #850 strains. To examine

the formation of protoperithecia, the strains were grown in SCM agar plates at 22 °C for 7

days under constant light. The plates were then observed under a microscope (Leica S9i

Stereomiroscope, Leica Microsystems, Wetzlar, Germany).
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4.2.1.2 Perithecia grafting assay

During sexual development, the availability of nutrients is a vital factor for the successful
development of fruiting bodies (Debuchy et al. 2010; Wang et al. 2012). Perithecia grating in
Podospora anserina showed that reactive oxygen species (ROS) signals are generated by
NADPH oxidase (Nox) Panox1 in the developing perithecia (Malagnac et al. 2004). The ROS
signals are transmitted by three pezizomycotina- specific proteins IDC1, IDC2, and IDC3 to
the PaMpkl MAP kinase cascade located in the underlying mycelium which mobilizes the
stored nutrients from the mycelium to feed the developing perithecia (Jamet-Vierny et al. 2007;
Lalucque et al. 2017). A competent mycelium is important to provide the required amino acids
and other nutrients to support the fruiting body for ripening (Silar 2011; Chinnici et al. 2014).
Therefore, | performed perithecia grafting assay to determine the ability of the cmdR'” (#26)
strain as a host mycelium to support the development of the fertilized protoperithecium gratft.
The wild type mat A/ mat a was grown on 0.5 % sucrose SCM agar overlaid with a cellophane
sheet for 10 days and further fertilized by the conidia of the opposite mating type for 24 h. The
fertilized perithecia were grafted on the mycelium of wild type, #850 and #26 which were also
grown for 10 days on 0.5 % sucrose SCM agar. Dissecting the perithecia post-8-days after
fertilization showed immature rosette formation in the #26 mutant which ultimately produced
few ascospores. While the wild type and the #850 strains formed mature rosettes and produced
abundant ascospores (Figure 4.3). The defect in the #26 mutant, suggested that the mycelium

was unable to support the developing graft due to nutritional or signaling defect.
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Figure 4.3 Perithecia grafting assay of wild type, # 850, and # 26 mutant. Wild type strain
was cultured in 0.5% sucrose SCM media overlaid with cellophane for 10 days and then
fertilized with the opposite mating type and incubated for 24 h. Small pieces of the cellophane
“graft” were then transferred to the plates of the host strains, grown for 10 days, of the same
mating type. (A) Post-8-day after fertilization old perithecia were dissected and observed under
a microscope (Leica S9i Stereomiroscope, Leica Microsystems, Wetzlar, Germany), (B) Post-

14-day after fertilization, ascospores were released on the lid.

4.2.1.3 The cmdR'® (#26) mutant was defective during cell fusion

The N. crassa mycelium is composed of hyphal networks developed by hyphal tip extension,
branching, and cell fusion (Fleiner et al. 2008). Cell fusion is associated with the fitness and
competitiveness of the mycelial colony (Herzog et al. 2015). The fusion between cells enables
the translocation of cellular contents such as water, nutrients, metabolites, organelles, and
signaling compounds which promotes growth and reproduction (Fleil3ner et al. 2008; Herzog

et al. 2015). Therefore, | performed cell fusion assay to understand why the vegetative hyphae
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of cmdR® (#26) mutant could not support the development of the wild type fertilized
protoperithecia. The wild type, #26, and #850 strains were grown in VG liquid media, and cell
fusion of the germlings were observed at 3, 5, 7, and 48 h. The wild type and #850 strains
showed initial cell fusion at 3 h (Figure 4.4), started to form initial mycelial network at 7 h, and
formed mycelial aggregates by 48 h; however, the # 26 mutant did not show any cell fusion at
3 h and formed only clumps even after 48 h (Figure 4.4). Therefore, cmdR'® mutant is defective
in cell fusion and failed to form a normal mycelial network, which could possibly explain the
reason why the vegetative mycelium of the cmdR'® mutant was unable to support the wild type

perithecia graft and did not develop the female sexual structure protoperithecia.

Wild type

#26

Figure 4.4 Cell fusion assay for wild type, #26, and #850 strains. The fresh conidia at a
concentration of 1x10° conidia/ml was inoculated in liquid VG medium and incubated in
shaking condition at 180 rpm at 30 °C. The cells were observed at the interval of 3 h, 5 h, 7 h,
and 48 h under the inverted microscope (AxioVert Al FL, Carl Zeiss, Gottingen, Germany) at

40X magnification. Scale bar 20 pm.
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4.2.2 Chronological aging assay

Chronological aging or chronological life span is the loss of conidial viability over time in a
stationary phase (Munkres 1984; Hamann et al. 2008). The aging process is associated with the
progressive and irreversible decline in physiological functions such as fertility and resistance
to stress (Kirkwood et al. 2000). The cmdR'"® (#26) mutant is sensitive to various stressors
(described in chapter 3) and defective in the formation of female sexual structure. Therefore, 1
performed chronological aging assay to determine if cmd gene is involved during the aging
process. The strains were grown in VG agar medium at 30 °C for three days in the dark and
then at room temperature for two days under light for proper conidiation. The conidia were
harvested on day 5 in 1 ml sterile water and a concentration of ~1 x 107 cells/ml was maintained
for 30 days at 25 °C (room temperature) to starve them (Case et al. 2014). At each time point
(5, 10, 15, 20, 25, and 30 days), approximately 1000 cells (10 pl from 10 dilution) were plated
on the FGS agar medium. To determine the rate of aging, the colonies formed on day 5 were
counted and the survival percentage was calculated. The colonies formed on day 5 were taken
as 100 % and the survival percentages on the successive days were calculated with respect to
day 5. The #26 mutant showed a severe decline in the conidial survival rate, where a 50 %
decline in survival was seen after 10 days, and no surviving conidia were observed by 30 days
(Figure 4.5; Table 4.2). The survival percentage of wild type and the parental #850 strain were
46% and 48% on day 25, indicating that the estimated median life span was nearly 25 days.

This result showed that the cmd gene is necessary for normal aging and longevity.
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Survival (%)

Figure 4.5 Chronological aging of wild type, #26, and # 850 strains over a period of 30
days. The strains were grown on VG agar at 30 °C in dark for 3 days and at room temperature
under light for 2 days. The conidia were harvested in sterile water and maintained a
concentration of ~1 x107/ml conidia, and stored at room temperature. Approximately 1000 cells
from each time point (5, 10, 15, 20, 25, and 30 days) were plated in FGS agar medium and
grown at 30 °C for 2 days. The colonies were counted to determine the survival percentage

with respect to the colonies formed on day 5. The error bars indicate the mean + standard
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deviation calculated from three independent experiments (n = 3).
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Table 4.2 Percent survival of wild type, # 26, and #850 over a period of 30 days under

starved condition

“Percent survival (%)

Strain 5 days 10 days 15 days 20 days 25 days 30 days

wild type 100+0.00 895+296 81+356 59.7+163 46+0.81 38.6+2.05

#26 100+0.00 51.2+3.038 22+294 32+091 0.7+x0.28 0

(***) (***) (***) (***)

#850 100+0.00 875+45 733+25 58.7%35 48+3  37.33%x25

*)

*Results are shown as mean + standard deviation for three independent experiments (n = 3) with P
values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain estimated

by one-way ANOVA test.

4.2.3 Circadian regulated conidiation assay

The circadian clock regulates multiple cellular processes involved in the asexual and sexual
developmental phases of N. crassa (Bobrowicz et al. 2002; Dunlap and Lorros 2004;
Montenegro-Montero and Larrondo 2013). In N. crassa band (bd) mutant, the T791 point
mutation in the Ras-1 GTPase gene (ras-1°%) results in the formation of clear rhythmic conidial
bands even in the presence of high CO: levels without affecting the circadian mechanism, and
therefore used as a control strain in circadian clock studies (Sargent and Kaltenborn 1972;
Belden et al. 2007). The circadian rhythm shows three main characteristics (1) a period of
approximately a day; (2) sensitivity to light that enables to adjust the phase of the rhythm to
the environment; and (3) insensitivity of the period to the growth temperature, a mechanism

termed as compensation (Mattern et al. 1982).
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To generate the mutants for circadian regulated conidiation assay, the #26, Acamk-1,
Acamk-2, Acamk-3, and Acamk-4 mutant strains were crossed with ras-1°? of opposite mating
type and ascospores from these crosses were harvested after 21 days. The progenies from this
cross were screened for resistance to hygromycin B (HygR), pantothenate auxotrophy, and the
banding phenotype. In addition, the presence of the knockout allele was confirmed using the
gene specific primers (Figure 4.7; Table 4.4). The double mutants so obtained from each of the

crosses are used in this study (Figure 4.6; Table 4.3).
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Figure 4.6 Schematic representation for generation of N. crassa mutant strains for
circadian regulated conidiation assay. The #26, Acamk-1, Acamk-2, Acamk-3, and Acamk-4
mutant strains were crossed with ras-1°¢ of opposite mating type strains at 22 °C for 21 days
and ascospores were harvested. (i) Acamk-1 crossed with ras-1°? to generate Acamk-1; ras-1"
(11) strain, (ii) Acamk-2 crossed with ras-1° to generate ras-1°4; Acamk-2 (15) strain, (iii)
Acamk-3 crossed with ras-1°“ to generate Acamk-3; ras-1° (22) strain, (iv) Acamk-4 crossed
with ras-1°“ to generate Acamk-4; ras-1° (31) strain, and (v) cmdR'® (#26) crossed with ras-1*
to generate ras-1°%; cmdR'® (19) strain. The progenies from the crosses were then germinated
on FGS agar medium and screened for the resistance to hygromycin B (Hyg®), pantothenate

auxotrophy, and the band phenotype in race tube.
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1 2 3 4 1 2 3 4
e
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Figure 4.7 PCR confirmation of the mutant strains. (A) PCR verification of the N. crassa
mutant strains for the presence of Acamk-1, Acamk-2, Acamk-3, and Acamk-4 alleles using
gene specific primers (entries 1 to 5; Table 4.4). The PCR products were resolved using 1%
agarose gel, stained with EtBr and visualized using a GelDoc (Bio-PrintST4, Vilber Lourmat,
France); lane 1: 1 kb DNA ladder (NEB), lane 2: wild type as negative control (no PCR prduct
as target sequence for 5HPHR is absent), lane 3: Acamk-1; ras-1° (11) mutant verification
(positive with PCR product of size 1,328 bp), lane 4: Acamk-2; ras-1" (15) mutant verification
(positive with PCR product of size 1,296 bp), lane 5: Acamk-2; ras-1° (22) mutant verification
(positive with PCR product of size 1,235 bp), and lane 6: Acamk-4; ras-1°® (31) mutant
verification (positive with PCR product of size 1,280 bp). (B) Verification for the presence of
endogenous cmd allele using specific primers (entries 7 and 8; Table 4.4). The PCR products
were resolved using 1% agarose gel, stained with EtBr and visualized using a GelDoc (Bio-
PrintST4, Vilber Lourmat, France); lane 1: 1 kb DNA ladder (NEB), lane 2: Wild type (positive
control with PCR product of size 1, 241 bp), lane 3: #26 mutant (positive with PCR product of
size 1,241 bp), and lane 4: ras-1°%; cmdR'® (19) mutant (positive with PCR product of size 1,
241 bp). (C) Verification for the presence of ectopic cmd allele using specific primers (entries
6 and 7; Table 4.4). The PCR products were resolved using 1% agarose gel, stained with EtBr
and visualized using a GelDoc (Bio-PrintST4, Vilber Lourmat, France); lane 1: 1 kb DNA
ladder (NEB), lane 2: Wild type (negative control no PCR product as the construct is absent),
lane 3: #26 mutant (positive with PCR product of size 1,272 bp), and lane 4: ras-1°%; cmd®'P

(19) mutant (positive with PCR product of size 1,272 bp).

TH-3075_156106034 112



CHAPTER 4

Table 4.3 List of N. crassa strains used in circadian study

Sl. No. Strains Genotype Source
1 1858 ras-1"%; mat a FGSC 1858
2 1859 ras-1°%; mat A FGSC 1859
3 Acamk-1; ras-1°(11) Acamk-1; ras-1°; mat A This study
4 ras-1°¢ ; Acamk-2 (15) ras-1°¢ ; Acamk-2; mat A This study
5 Acamk-3; ras-1°(22) Acamk-3; ras-1°%; mat A This study
6 Acamk-4; ras-1°(31) Acamk-4; ras-1°%; mat A This study
7 ras-1°9; cmdR'® (19) ras-1°9: cmdR'® (19) ; mat A This study

Table 4.4 Primers used for confirmation of N. crassa mutant strains

SI. No.  Primer Name Sequence Source
1 5HPHR ATCCACTTAACGTTACTGAAATC Deka et al. 2011
2 6NCU09123F-HI GCG AAT GGG AGA GCC TTA CA This study
Laxmi and
3 16NCU02283F-HI AGT ACG AGA TCG ACG GAG GA
Tamuli 2017
4 2NCU06177F-HI ATC ATGCTG TGG TTG TGC CC This study
5 2NCU09212F-HI AGC GAG TCT TTC CAT CTC GG This study
Laxmi and
6 GFP Rv AACTTGTGG CCGTTTACGTC
Tamuli 2017
Laxmi and
7 CaM-RIP-FP-1 ACC TCC ATATCT ACCACTTC
Tamuli 2017
Laxmi and
8 CaM-RIP-RP GAT CCCTTC ACATCC GAATG
Tamuli 2017
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4.2.3.1 The camks genes play a role in regulating the circadian period length

To study the role of cmd and camks genes in regulating the circadian period length and
temperature compensation under different physiological range of temperatures, | determined
the period length using the inverted race tube assay at three temperatures 20 °C, 25 °C, and 30
°C for ras-1%, Acamk-1; ras-1°¢ (11), ras-1°; Acamk-2 (15), Acamk-3; ras-1° (22), Acamk-
4; ras-1°4 (31), and ras-1°%; cmdR'? (19) mutant strains (Figure 4.8). The period length for these

strains at all three temperatures were measured as discussed in chapter 2.

The Acamk-1; ras-1° (11), ras-1*; Acamk-2 (15), Acamk-3; ras-1° (22), and Acamk-
4; ras-1* (31) mutant strains showed an increase in period length of ~ 1 h at 25 °C and ~2 h at
30 °C in comparison to the period length of the ras-7° control strain (Figure 4.9; Table 4.5).
However, the period length of these mutants did not vary significantly at 20 °C in comparison

to the ras-1° strain. The ras-1*; cmd®'" (19) mutant showed severe growth retardation (Figure

4.8); therefore, I could not determine the period length in this mutant.

20°C 25°C

ras-1td __ ‘

Acamk-1; ras-fb4 (11)_ ol ”

Acamk-2; ras-1%¢ (15) _ _

Acamk-3; ras-1% (22) _ —

Acamk-4; ras-1% (31) _ _ —
ras-1 %; cmofP (19) Ll

Figure 4.8 Inverted race tube assay for circadian regulated conidiation. The ras-1%,

Acamk-1; ras-1° (11), ras-1°%; Acamk-2 (15), Acamk-3; ras-1° (22), Acamk-4; ras-1°¢ (31),

and ras-1°%; cmdR'® (19) mutant strains were grown in race tube under constant light and at 25
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°C for 24 h, then the cultures were transferred to constant darkness and incubated at 25 °C for
7 days. The growth fronts are marked at every 24 h intervals under a safe red light. The

experiment was also carried out at 20 and 30 °C.

C— ras-1*

Acamk-1; ras-1°% (11)
EXEH ras-1°%; Acamk-2 (15)
Acamk-3; ras-1"° (22)
30 - E== Acamk-4; ras-1°% (31)

25 4

*

20

Average period length (h)
o

Y

Temperature (°C )
Figure 4.9 Period lengths of N. crassa strains at 20, 25, and 30 °C. The ras-1%, Acamk-1;
ras-1° (11), ras-1°%: Acamk-2 (15), Acamk-3; ras-1% (22), Acamk-4; ras-1°“ (31), and ras-1";
cmdR'® (19) mutant strains were inoculated in race tubes and the cultures were incubated at 25
°C under constant light for 24 h, and then incubated at 25 °C under constant darkness for 7
days; growth fronts of the strains were marked at every 24 h under a safe red light. The
experiment was also carried out at 20 and 30 °C. Period lengths were calculated by multiplying
the distance between conidial bands by the inverse of the slope from the growth rate. Error bars

indicate the standard deviations calculated from the data for three independent experiments (n
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= 3) and the significance given by P values < 0.05 (*), <0.01 (**), and < 0.001 (***) compared

to the ras-1° strain as measured by one-way ANOVA test.

Table 4.5 Period length of the cmd and camks at different temperatures

Strains "Period lengths + SD (h)
20 °C 25 °C 30 °C
ras-1 23.84 +£0.19 21.98 +0.45 20.65 +0.23

Acamk-1; ras-1°9 (11) 24.25 + 0.06 (*) 23.50 + 0.77 (*) 22.8 +0.34 (**)

ras-1°4; Acamk-2 (15) 24.1+ 0.09 (*) 23.18 £ 0.72 (*) 22.94 + 0.34 (**)
Acamk-3; ras-1°9 (22) 24.15 + 0.3 23.48 + 0.50 (*) 22.76 + .04 (**)
Acamk-4; ras-1°9 (31) 24.11 + 0.25 23.60 £0.87 (*)  22.79 +£0.11 (***)
ras-1°9; cmdR'P (19) Unable to Unable to Unable to
determine determine determine

*Results are shown as mean + standard deviation for three independent experiments (n = 3)
with P values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the ras-1 strain

estimated by one-way ANOVA test.

4.2.3.2 The camks genes do not affect temperature compensation of the circadian clock

One of the important features of circadian clock is that the period length is conserved over a
range of temperature, a phenomenon termed as temperature compensation (Gardner and
Feldman 1981). This allows the organism to maintain a stable and accurate time over different
ambient temperatures and adapt to daily and seasonal variations (Gardner and Feldman 1981;
Hunt et al. 2007). Temperature compensation is expressed as the temperature coefficient Q1o
(the relative rate of enhancement corresponding to 10 °C rise in temperature), which is

calculated by using the formula as given below,
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10

Q1o = (%)ﬁ

Where, f1 and f are the frequencies of the rhythm (24/period) at temperature T1 and T»

(where T2 > T1) (Lakin Thomas 1998).

The Q1o value for normal circadian rhythms ranges from 0.8 - 1.2 (Mattern et al. 1982).
When the Q1o value is above the range, the clock is considered to have lost temperature
compensation, while the circadian clock is over-compensated when the Q1o value is less than
the given range (Mattern et al. 1982; Hu et al. 2021). The Q1o values for the camk-1, camk-2,
camk-3, and camk-4 mutant strain were in the range of ~1, like the ras-1* strain, suggesting

that the circadian clock in these mutants showed temperature compensation (Table 4.6).

Table 4.6 Temperature compensation values for different Ca?* signaling genes

Strains Q10 Values
T1=20°C, T1=25°C, T1=20°C,
T2,=25°C T,=30°C T,=30°C
ras-1 1.14 1.11 1.15
Acamk-1; ras-1° (11) 1.08 1.02 1.05
ras-1°9; Acamk-2 (15) 1.08 1.02 1.05
Acamk-3; ras-1* (22) 1.05 1.06 1.06
Acamk-4; ras-1* (31) 1.04 1.07 1.05
ras-1°9: cmdR'? (19) Not determined Not determined Not determined
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4.3 Discussion

During the sexual phase in N. crassa, the vegetative mycelium differentiates to form the sexual
fruiting body called perithecium. The perithecium morphogenesis is primarily divided into
ascogonial, protoperithecial, and perithecial stages, during which 14 distinct cell types are
formed by various processes such as hyphal aggregation, adhesion, septation, branching, and
cell differentiation (Bistis et al. 2003; Lord and Read 2011; Lichius et al. 2012). The ascogonial
stage initiates with the vegetative hyphal branch coiling to form a hyphal knot, which transits
to the protoperithecial stage when the enveloping hyphae wrap the ascogonium to form a
subspherical structure (Bistis et al. 2003; Lord and Read 2011). The transition from
protoperithecial to perithecial stage involves the mating of conidium, the ‘male’ cell, with the
trichogyne, a specialized ‘female’ hypha produced from the protoperithecia (Backus 1939;
Bistis 1981). Each ascus undergoes meiosis and post-meiotic mitosis to produce 8 linearly
ordered haploid ascospores, where 200 to 400 asci are produced from each perithecium (Raju
1980, 1992, 2008).

To understand the role and mechanism of CaM during sexual development, sexual
fertility assay was performed. The cmdR'” (#26) mutant was fertile as a male parent but sterile
as a female parent (Figure 4.1) because the mutant was unable to form the female sexual
structure called ‘protoperithecium’ (Figure 4.2). The failure to form the protoperithecia is
probably due to premature aborting of the sexual phase at the ascogonial stage and failure to
proceed to the next stage.

One of the important features required during the development of sexual reproductive
structures is cell-cell communication and cell fusion (Fischer and Glass 2019). To determine
the competency of the mycelium to communicate and fuse, | performed perithecia grafting
assay and cell fusion assay. The #26 mutant was unable to support the development of the wild

type perithecia graft as a host (Figure 4.3). Furthermore, during cell fusion assay, the #26
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mutant was unable to form normal mycelial aggregates like the parental #850 and wild type
strains (Figure 4.4), which could be due to the defect in vegetative hyphal fusion required to
form the vegetative mycelial network. Therefore, these results suggested that CaM is necessary
to form a competent mycelium network to support the formation of female sexual structures.
Similar results were also observed for the mitogen-activated protein kinases mak-1 and mak-2
mutants, which were defective in cell fusion and unable to form the protoperithecia (Li et al.
2005; Maerz et al. 2008; Park et al. 2008; Lichius et al. 2012). In mammals, the inhibition of
CaM using CaM antagonists resulted in a decreased activity of MAPK signaling pathway
(Tebar et al. 2002). In Arabidopsis, MAP kinase is activated by Ca?*/CaM through binding and
inhibition of a protein phosphatase (DsPTpl) (Kim et al. 2022). The homolog of human
striatin-interacting phosphatase and kinase (STRIPAK) complex is involved in sexual
development by regulating cell fusion and multicellular differentiation in N. crassa and other
fungal organisms (Bleomendal et al. 2012). In N. crassa, the striatin protein HAM-3, a
component of the STRIPAK complex, consists of a CaM binding domain (Simonin et al. 2010).
In human brain, the striatin protein (STRN) binds to CaM in a Ca?* dependent manner and acts
as an adapter or transducer protein in Ca?*/CaM-dependent events within dendritic spines
(Bartoli et al. 1998). Therefore, CaM might be involved in regulating the STRIPAK complex
and the MAPK signaling pathway during sexual development in N. crassa; however, this needs
further investigation.

In the chronological aging assay, a drastic decline in the conidial survivor percentage
was observed for the #26 mutant strain compared to the wild type (Figure 4.5). Reactive oxygen
species (ROS) have been associated with aging in fungi, plants, and humans (Laun et al. 2001;
Kotchoni and Gachomo 2006; Osiewacz and Scheckhuber 2006). NADPH oxidase is the
primary source of ROS, which serves as a signal for both defense and differentiation in

multicellular organisms (Takemoto et al. 2007; Breitenbach et al. 2015; Schréder 2019). In
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Caenorhabditis elegans, overexpression of NADPH oxidase is shown to promote oxidative
stress resistance and increased lifespan (Ewald 2018). In P. anserina, the deletion of the
NADPH oxidase gene Panox1 drastically reduced the development of sexual fruiting bodies
(Malagnac et al. 2004). In addition, the B. cinerea strains lacking the NADPH oxidase BCNoxA
were unable to undergo cell fusion (Roca et al. 2012). In N. crassa, elimination of NOX-1
results in complete female sterility, decreased asexual development, and reduced hyphal
growth (Cano-Dominguez et al. 2008). In Arabidopsis, CaM1 protein mediates ABA-triggered
ROS production and senescence by regulating the expression of NADPH oxidase gene RbohF
and senescence-associated gene 12 (SAG-12) (Koo et al. 2017; Dai et al. 2018). Moreover, in
humans, calmodulin (CaM) regulates NADPH oxidase 5 (NOX5) by binding at the calmodulin-
binding domain (CaMBD) in a Ca?* dependent manner and increases the Ca?* sensitivity of the
NOX5 response (Tirone and Cox 2007). The cmdR'"® mutant strain showed phenotypes like the
NADPH oxidase mutants. In chapter 3, the cmd®'® mutant strain showed growth and survival
defects under oxidative stress condition. Moreover, the cmd®"® mutant was female sterile
(Figure 4.1), formed an incompetent mycelium, unable to support the perithecia graft (Figure
4.3), defective in cell fusion (Figure 4.4), and showed a drastic decline in lifespan (Figure 4.5).
These results suggested that CaM might be involved in regulating the ROS-generating enzyme
NADPH oxidase in N. crassa.

In the mammalian suprachiasmatic nucleus (SCN), calmodulin and Ca?*/calmodulin-
dependent protein kinase Il (CaMKII) are required for proper circadian responses to light
(Golombek and Ralph 1994; Fukushima et al. 1997). Previous reports showed that the
inhibition of CaM using CaM antagonists such as trifluoperazine, chlorpromazine, imipramine,
alprenolol, W7, and W13 causes phase shifting of the circadian conidiation rhythm in N. crassa
(Nakashima 1986). In addition, the camk-1 null mutation affects the period length and light-

induced phase shifting of the circadian conidiation rhythm in N. crassa (Yang et al. 2001).
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Moreover, CaMK-1 is involved in phosphorylating the clock protein FRQ in N. crassa (Yang
etal. 2001). Temperature compensation is one of the main characteristics of the circadian clock
that maintains constancy in the period length at different temperatures for circadian
homeostasis (Ruoff et al. 2005). To determine the role of CaM and CaMKs in regulating the
circadian clock, the period length of these mutants was determined by performing an inverted
race tube assay at three different temperatures (20 °C, 25 °C, and 30 °C). The knockout mutants
of camk-1, camk-2, camk-3, and camk-4 showed longer periods than the ras-1°¢, particularly at
25 °C and 30 °C (Figure 4.9). At 20 °C, the period length of the mutants did not vary
significantly in comparison to the ras-1°strain (Figure 4.9; Table 4.5). In this study, the period
length for the ras-1°; cmdR'® (19) mutant could not be determined due to the mutant's severe
slow growth phenotype (Figure 4.8). The camk-1, camk-2, camk-3, and camk-4 mutant strains
showed temperature compensation as the Q1o values were in the range of ~1, without varying
much from that of the ras-1°? strain (Table 4.6); suggesting that the camk-1, camk-2, camk-3,
and camk-4 genes are required for normal period length, but do not affect the circadian

temperature compensation in N. crassa.
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Molecular analysis of calmodulin,
transcriptional regulation of the heat shock and

pheromone response pathways in N. crassa
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5.1 Introduction
Calmodulin (CaM) is a versatile Ca?* sensor that plays a central role in decoding critical Ca?*-
dependent signals and controlling various cellular functions (Zhang et al. 2012; Yang and Tsali
2022). CaM is highly conserved in eukaryotes and regulates over 300 intracellular proteins
(Halling et al. 2016). The functional versatility of CaM comes from: (i) the ability of CaM to
bind in its apo form or in the Ca?*-bound state (holo CaM) to target proteins with different
affinities, (ii) the two independently-folded Ca?*-binding lobes interact differentially and to
some degree separately with targets proteins, and (iii) the flexibility of its long central linker
which enables CaM to adopt multiple orientations that can interchange rapidly (Tidow and
Nissen 2013; Villalobo et al. 2018). Thus, due to the high level of conservation, versatility, and
the importance for accurate Ca?*-signaling, it was believed that mutations in CaM could not be
tolerated. (Halling 2016; Jensen et al. 2018; Chazin and Johnson 2020). In humans, three
independent CaM genes (CALM 1-3) encode the exact same CaM protein, and the change in
the protein sequence or the protein expression level in any one of the three CaM can cause
major diseases (Halling et al. 2016). N. crassa has only one CaM, which is essential for viability
(Tamuli et al. 2013). Previously, the role of CaM in N. crassa was studied using CaM inhibitors
(Sadakane and Nakashima 1996; Laxmi and Tamuli 2015). In our laboratory, CaM mutant was
generated using repeat-induced point mutation (RIP) to study the cell functions of CaM (Laxmi
and Tamuli 2017). The cmdR® mutant showed defects in growth, reduced carotenoid
accumulation, and sensitivity to UV irradiations (Laxmi and Tamuli 2017). | also found that
the cmdR'® mutant was defective in both stress responses (chapter 3) and sexual development
process (chapter 4). Therefore, in this chapter, | analyzed how the RIP mutations affected the
structure of the protein, the Ca?* binding property, and the function of the CaMR'” protein.
Chapter 3 and chapter 4 described the roles of CaM, and CaMKs in stress responses,

during sexual development, and in regulating the circadian clock. The Ca?* signaling
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machinery coordinates with different signaling pathways to regulate various cellular processes
and establishes crosstalk between different signaling pathways (Sanders et al. 2002; Berridge
et al. 2003). In N. crassa, the synthesis of heat shock proteins belonging to Hsp60, Hsp70, and
Hsp90 families are increased at elevated temperatures to impart thermotolerance (Plesofsky-
Vig and Brambl 1985; Roychowdhury et al. 1992; Kapoor and Roy 2014). In addition, the
pheromone signaling genes, including pre-1, pre-2, ccg-4, mfa-1, and fmf-1 are required for
normal sexual development (Bobrowicz et al. 2002; Kim and Borkovich 2004, 2006; lyer et al.
2009; Kim et al. 2012). Moreover, the core molecular components such as frequency (frq) and
the white collar genes (wc-1 and wc-2) have been well characterized for their roles in the N.
crassa circadian clock (Dunlap and Loros 2004; Baker et al. 2012). Therefore, in order to
understand how CaM and CaMKSs regulate various cellular processes, | investigated the genetic
interactions of CaM and CaMKSs for their roles in the heat shock response pathway, pheromone

response pathway, and regulations of the N. crassa circadian clock.

5.2 Results

5.2.1 Homology modelling and comparison of CaM and CaMR'" protein

Calmodulin (CaM) consists of two globular domains (N- and C- terminal) connected by a
flexible linker (Barbato et al. 1992; Chattopadhyaya et al. 1992). Each domain consists of a
pair of Ca?* binding motifs known as EF-hands that enables the binding of four Ca?* ions
(Lewit-Bentley and Réty 2000). Using a recent method called LITPOMS (ligand titration, fast
photochemical oxidation of proteins and mass spectrometry), the Ca?* binding affinity of each
EF-hand showed to vary substantially with K; (Inhibition constant) ranging from 10 to 10° M-
1 and therefore binds to Ca?* in a sequential order where EF-4 binds first followed by EF-3,
EF-2, and EF-1 (Liu et al. 2019a and 2019b). Previous work in our laboratory, generated the

cmdR'® (#26) mutant strain containing mutations in both the endogenous (APB97097.1; D57Y,
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Q148H) and ectopic (APB97091.1; M1Ww, E8K) CaM proteins (Laxmi and Tamuli 2017).

Because the crystal structure of N. crassa CaM (P61859) is not determined, therefore, |

performed homology modelling using SWISSMODEL (SWISS-MODEL Interactive

Workspace (expasy.org)), a fully automated protein structure homology modelling server, to

understand how the RIP mutations has affected the CaM structure. The 3D modelled structures
were further validated using the PROCHECK (Laskowski et al. 1993), ERRAT (Colovos and
Yeates 1993), and VERIFY 3D (Bowie et al. 1991) programs available in the Structural

Analysis and Verification Server (SAVES, https://saves.mbi.ucla.edu).

For the homology modelling of N. crassa CaM, the crystal structure of Aspergillus
niger CaM (PDB ID: 6XU4; Barykina et al. 2020) with a GMQE (Global Model Quality
Estimate) score of 0.76 and 97.99 % sequence identity (E-value 9e-100) to the CaM from N.
crassa, was used as a template. The homology model of CaM showed that four Ca?* binds to
the wild type CaM and the ectopic CaMR'® (Figure 5.1B), while Ca?* binding was impaired in
the EF-Hand 2 of the endogenous CaMR'® (Figure 5.1C), suggesting that the D57Y mutation
prevented the binding of Ca?* ion. PROCHECK analysis of the Ramachandran plot revealed
that 85.7%, 87.2%, and 86.4% residues of wild type CaM, endogenous CaMR'"®, and ectopic
CaMR®| respectively, are within the most favoured regions and no residue is within the
disallowed regions (Figure 5.2, Table 5.1). In addition, the “overall quality factor” for non-
bonded atomic interactions was determined using ERRAT which showed a good score of
96.38%, 96.38%, and 96.35% for wild type CaM, endogenous CaMR'P, and ectopic CaMR'®
(Figure 5.3, Table 5.2). Moreover, the VERIFY 3D analysis predicted that 92.47%, 100%, and
100% of the residues in wild type CaM, endogenous CaMR!P, and ectopic CaMR'® had an
average 3D-1D score > 0.2 (Figure 5.4; Table 5.3), thereby verifying the homology modelled
structures for the wild type CaM, endogenous CaMR'®, and ectopic CaMR'P proteins. Thus, the

homology modelling of N. crassa CaM shows that the EF-2 of endogenous CaMR'® is unable
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to bind to Ca®" due to the RIP mutation of Asp to Tyr mutation at position one (+X, D57Y),

which may be the reason for all the phenotypic defects seen in the strain.

(A)

EF Hand 1 : 8-43

D21, D23, D25, Q27, E32
EQVSEFKEAFSLFDKDGDGQITTKELGTVMRSLGQN
EQVSEFKEAFSLFDKDGDGQITTKELGTVMRSLGQN
KQVSEFKEAFSLFDKDGDGQITTKELGTVMRSLGQN

EF Hand 2 : 44-79

D57, D59, N61, T63, E68
PSESELQDMINEVDADNNGTIDFPEFLTMMARKMKD
PSESELQDMINEVJJADNNGTIDFPEFLTMMARKMKD
PSESELQDMINEVDADNNGTIDFPEFLTMMARKMKD

EF Hand 3 : 81-116

D92, D96, N98, F100, E105
TDSEEEIREAFKVFDRDNNGFISAAELRHVMTSIGEK
TDSEEEIREAFKVFDRDNNGFISAAELRHVMTSIGEK
TDSEEEIREAFKVFDRDNNGFISAAELRHVMTSIGEK

EF Hand 4 : 117-149

D130, D132, D134, R136, E141
LTDDEVDEMIREADQDGDGRIDYNEFVQLMMQK
LTDDEVDEMIREADQDGDGRIDYNEFVQLMMQK
LTDDEVDEMIREADQDGDGRIDYNEFVQLMMQK

(B)

Endogenous CaMRIP (#26)

Ectopic CaMRIP (#26)
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(©)

WT CaM
(EF hand 2)

Endogenous CaMRP
(#26; EF hand 2, D57Y)

Figure 5.1 Sequence and structure of wild type CaM, endogenous and ectopic copies of
CaM in the CaMR'® mutant strain (#26). (A) Comparison of the four EF-hand domain
sequences of wild type CaM (black; P61859), endogenous CaMR® (dark gold; APB97097.1;
D57Y, Q148H), and ectopic CaMR'" in the mutant (#26) strain (blue; APB97091.1; M1W, E8K);
the residues providing the oxygen ligand are highlighted in yellow. (B) Visualization of the 3D
structure of wild type CaM, endogenous CaMR'P, and ectopic CaMR'® in the mutant strain (#26)

using UCSF Chimera. (C) Visualization of 3D structure of EF hand 2 of wild type CaM and

endogenous CaMR'P in the mutant (#26) strain using UCSF Chimera.
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(C) Ectopic CaMRP (#26)

Psi (degrees)

Phi (degrees)
Figure 5.2 PROCHECK analysis to validate the homology modelled structures.
Ramachandran plot of (a) wild type CaM, (b) endogenous CaMR'"®, and (c) ectopic CaMR'" in
the mutant (#26) strain. The different color-coded regions represent the most favoured regions
(red), allowed regions (yellow), generously allowed areas (pale yellow), and disallowed

regions (white).

Table 5.1 Percentage of residues in different Ramachandran plot regions

Plot statistics Percentage (%)
Wild type Endogenous Ectopic
Residues
CaM CaMR'? (#26) CaMR? (#26)
Residues in most favoured
‘ 85.7 87.2 86.4
regions [A, B, L]
Residues in additional allowed
‘ 12 10.5 11.4
regions [a, b, 1, p]
Residues in generously allowed
‘ 2.3 2.3 2.3
regions [~a, ~b, ~1, ~p]
Residues in disallowed regions 0 0 0
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(@  wild type CaM

(b) Endogenous CaMRP (#26)

©
©
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Residue # (window center) Residue # (window center)

(c) Ectopic CaMRP (#26)

99%

Error value*

95%

20 40 60 80 100 120 140
Residue # (window center)

Figure 5.3 The “overall quality factor” for non-bonded atomic interactions scored using
ERRAT analysis. ERRAT plots of (a) wild type CaM, (b) endogenous CaMR'P (#26), and (c)

ectopic CaMR'® (#26). The two lines indicate the confidence level, and the regions to be rejected

on crossing the error values. The “y” axis presents the error value and “x” axis presents the

amino acid sequences. An error value exceeding 99% confidence level indicates poorly

modelled regions.

Table 5.2 Percentage of overall quality factor

Percentage (%)

RIP 3 RIP
WT CaM Endogel(lj;);g)CaM E)ctop;;zg)aM
Overall quality factor

96.38 96.38 96.35
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Figure 5.4 VERIFY 3D profile-window plots. (a) wild type CaM, (b) endogenous CaMR'P
(#26), and (c) ectopic CaMRIP (#26). The compatibility of an atomic model (3D) with its own
amino acid sequence (1D) is assessed by its environment profile. The vertical axis gives the

average 3D-1D score for residues within a 21-residue sliding window.

Table 5.3 Percentage of residues with a preferred 3D-1D score

Percentage (%)

Endogenous CaMR!? Ectopic CaMR'?
(#26) (#26)

92.47 100 100

Average 3D-1D WT CaM
score>=(0.2

5.2.2 Visualization of intracellular Ca?* distribution in the cmdR'P (#26) mutant

In N. crassa, the maintenance of a tip-high gradient of cytoplasmic Ca?* is important for hyphal
growth (Schmid and Harold 1988; Torralba et al. 2001). The Ca?* gradient is generated and
maintained internally by the IPs-activated Ca?* channels and the Ca?*-ATPase-mediated
sequestration of Ca?* into the endoplasmic reticulum and vesicles (Torralba et al. 2001;
Silverman-Gavrila and Lew 2001, 2002, 2003). The Ca?* gradient modulates the actin-based
components of cytoskeleton, which controls the extensibility and synthesis of the hyphal apex
(Jackson and Heath 1993; Torralba and Heath 2001). The disruption of vma-1, a vacuolar H*-
ATPase in N. crassa, resulted in abnormal vacuolar morphology, depleted Ca?* vacuolar stores
and showed defects in female fertility, colony growth, and morphology (Bowman et al. 2000).
The cmdR'® mutant showed defects in female fertility (as described in chapter 4), colony growth
and morphology (Laxmi and Tamuli 2017). | further visualized the intracellular stored Ca*
vesicles in wild type and the cmdR'® mutant strains using chlortetracycline (CTC, Sigma), a

cell-permeable fluorescent probe which binds to the sequestered Ca?* within the intracellular

TH-3075_156106034 131



CHAPTER 5

stores and forms a highly fluorescent complex (Engelmann et al. 1990). Microscopic analysis
using CTC showed severely depleted Ca?* storage vesicles in the cmd®'® mutant strain as
compared to the enhanced and multiple Ca?* storage vesicles seen in the wild type strain
(Figure 5.5C). Because CTC fluorescence is also affected by Mg?* ions and intracellular
distribution of membranes (Caswell 1979; Blinks et al. 1982), therefore, the hyphae were also
visualized in the presence of 1-N-Phenylnapthylamine (NPN), a fluorescent probe that binds
to cell membranes. No enhanced fluorescence vesicles were observed in both strains indicating
that fluorescence was from Ca?* ions and not from membrane density or Mg?* ions (Figure 5.5
C). This result suggested that the RIP mutation in CaM caused disruptions in Ca?* homeostasis

that might be causing various phenotypic defects in the cmdR'® mutant strain.

(A)

OH O OH O O
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(B)

HN

©) CTC NPN

Wild type

#26

Figure 5.5 Assay for visualization of intracellular distribution of Ca?*. (A) The chemical
structure of chlortetracycline hydrochloride (CTC, Sigma, Cat. No. 26430) (B) The chemical
structure of N-Pheny-1-Inapthylamine (NPN, Sigma, Cat no. 104043), (C) The hyphae of wild
type and mutant (#26) strains were grown in VG agar medium supplemented with 200 uM
CTC and 20 pM NPN dissolved in 0.1% dimethyl sulphoxide (DMSQO). CTC and NPN
fluorescence were observed under a Trinocular inverted fluorescence microscope (AxioVert

Al FL, Carl Zeiss) under DAPI filters with exposure time of 300-400 ms. Scale bar 20 pum.
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5.2.3 Visualization of the internal septation in wild type and cmdR'P (#26) mutant

In N. crassa, the growth of the mycelium is properly balanced since the elongation or length
of the hyphae, number of branches, number of septa in the hyphal network are well coordinated
with the distribution of nuclei, mitochondria, amount of DNA, RNA, proteins and cell wall
polymers (Trinci et al. 1994; Potapova et al. 2016). The hyphal cells are compartmentalized by
cross walls called “septa”, which retain a central pore and allow nuclei and organelles to travel
between cells freely to maintain cytoplasmic continuity in a colony (Hunsley and Gooday 1974;
Degado-Alvarez 2014). The small monomeric Rho-type GTPases are involved in regulating
septation in N. crassa and other fungi (Nakano et al. 2003; Santos et al. 2003; Rasmussen and
Glass 2005; Kwon et al.2011; Zhang et al. 2013; An et al 2015; Perez et al. 2016). In Xenopus,
Rho GTPases act downstream of Ca?* signals to trigger spinal cord growth cone turning (Jin et
al. 2005). The cmdR'"® mutant (#26) showed abnormal vegetative growth with reduced aerial
hyphae (Laxmi 2016; Laxmi and Tamuli 2017); a similar phenotype of suppressed vegetative
growth and conidiation was seen in Rho3-GTPase mutant in Botrytis cinerea (An et al. 2015).
Therefore, | examined the internal septation in the wild type and cmdR'® mutant (#26) using
calcofluor white (CFW). CFW is a fluorescent probe that binds to cellulose and chitin present
in the fungal cell wall (Galbraith 1981; Boyce et al. 2012). The cmd®'® mutant (#26) strain
showed hyper hyphal branching, increased septation, and decreased hyphal width in
comparison to the wild type (Figure 5.6, Table 5.4). Therefore, a normal and functional CaM

is required for proper septation and hyphal growth and development in N. crassa.
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Wild type

Figure 5.6 Assay for visualization of internal septation in wild type and cmdR'® (#26)
mutant hyphae. Strains were grown in VG agar medium overlaid on a glass slide at 30 °C for
12 h. The hyphae were then stained with CFW (0.1% in 0.05 M PBS) and observed under a
Trinocular inverted fluorescence microscope (AxioVert AL FL, Carl Zeiss) under DAPI filters

with an exposure time of 300-400 ms.

Table 5.4 Average hyphal width and septation length of wild type and cmdR'P (#26) strains

Strain Average length (um) Septation length (um)
*Hyphal width *Septation length Maximum Minimum
(n=30) (n=30)
wild type 10.2 +£ 0.6 82.3 +£19.75 139 48
cmd®P(#26) 4+ 0.3 (F*¥) 23.5 £ 8.3 (**%) 44 6

"Results are shown as mean + standard deviation for three independent experiments (n = 3). In each
experiment, the hyphal width and septation length were measured for 30 sets (n = 30), with P values
<0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as estimated by one-

way ANOVA test.
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5.2.4 Expression analysis of cmd and camks under heat stress

To understand the role of CaM and CaMKs in survival on exposure to heat stress condition, |
analysed the expression level of cmd, camk-1, camk-2, camk-3, and camk-4 genes in the wild
type strain using gRT-PCR. The wild type strain was grown for 14 h at normal (28 °C) and
treated with heat stress (heat shock at 48 °C for 1 h), RNA was then isolated and gRT-PCR was
performed using the gene specific primers (Entries 1, 2, 15 to 24; Table 5.5). The transcript
levels of cmd, camk-1, and camk-2 were increased (Figure 5.7), indicating that the cmd, camk-

1, and camk-2 genes are upregulated under the heat stress condition.

B Control
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ek

1.6
%

Ny
NN

AU ; ;R

1.4
7

SRR

1.2 1

s

JiNMlldihHiHHimk

1.0

0.8

0.6 -

0.4 -

Relative expression (fold change)

0.2

0.0

J4 A A 3 A
0‘“ Ga«‘\‘ Gaﬁ‘\‘ Ga(“\k G@ﬁ‘“

Figure 5.7 Expression analysis of cmd, camk-1, camk-2, camk-3 and camk-4 genes under
heat shock condition. RNA was isolated from the wild type strain grown in liquid VG medium
at 28 °C in dark for 14 h (control) and further given heat shock at 48 °C for 1 h. The expression
of each gene was studied using qRT-PCR and normalized to the expression of s-tubulin gene.

Standard deviations are indicated by error bars calculated from three independent experiments
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(n = 3), and the significance given by P values <0.05 (*), <0.01 (**), and <0.001 (***) as

measured by one-way ANOVA test.

Table 5.5 Primers used for gqRT-PCR analysis

Sl Primer Name Sequence (5°—3) Reference
No.
1 g-B-tub-Fw CCCAAGAACATGATGGCTGC Barman and Tamuli
2017
2 g-B-tub-Rv TTGTTCTGAACGTTGCGCATC Barman and Tamuli
2017
3 Qccg-4-Fw CAGCCTCCAAGAGAAGTTCG Barman and Tamuli
2017
4 Qccg-4-Rv CACGCTTCTTCCAGCACGAT Barman and Tamuli
2017
5 Qfmf-1-Fw CGGACAAGACAGCAGTTCT Barman and Tamuli
2017
6 Qfmf-1-Rv TTTCGGTGGTTGCTGTTCATC Barman and Tamuli
2017
7 Qmfa-1-Fw ATGCCTTCCACCGCTGCTTC Barman and Tamuli
2017
8 Qmfa-1-Rv CATAACAACGCAGTAGCCGT Barman and Tamuli
2017
9 HSP 60 ARrt Fw GTCCTCATCGAGTCCAGCTT Roy and Tamuli 2021
10 HSP 60 ARrt Rv CCGAGGTTCTCGAACTTGTC Roy and Tamuli 2021
11 HSP 80 RT-Fw CGAACAAGACCCTCACCATC Roy and Tamuli 2021
137
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12 HSP 80 RT-Rv GAGCGGGCAATAGTACCAAG  Royand Tamuli 2021
13  RT-NCU09602 Fw CTTGGGTGGTGAGGATTTCG This study
14  RT-NCU09602 Rv CGATCTCAATGGAGGTCTGG This study
15 RT-NCU04120 F GTGAGGCCTTCAAGGTGTTC This study
16 RT-NCU04120 R CGTCATCAGTGAGCTTCTCG This study
17  gRT-NCU09123 F CGCCAACATGCTTAATCGCC This study
18 RT-NCU09123 R GAACCATCTGTTCGTTGCCC This study
19 gRT-NCU02283 F GCAGCCGTGTCGATACAAAG This study
20 RT-NCU02283 R ACCTTCTTGAGCACGGCGAT This study
21 RT-NCUO06177 F CTTTGCCCGAGGAACAATGC This study
22 RT-NCU06177 R GGAGACTCCAAAGTCGACGA This study
23 RT-NCU09212 F TAGTGAGGATCTCTCCAGGC This study
24  RT-NCU09212 R ATCACCTGGCTGCTTGGGTT This study
25 RT-NCUO00138 Fw CAAGTTCGCAATCGTGGTGG This study
26  RT-NCUO00138 Rv CGTAGTTTGTGCAGGGTTTAG This study
27  RT-NCUO05758 Fw CGACATGCAAATCAGCGTGG This study
28 RT-NCUO05758 Rv GCCTGGAAAATGCAGTTGGC This study

5.2.5 Expression analysis of hsp60, hsp70, and hsp80 under heat stress in the wild type,
cmdR'P (#26) and Acamks mutants

The folding of native proteins is affected under heat and other stress conditions, which may
cause protein misfolding and aggregation, resulting in loss of protein function and toxicity in
the cell (Sharma et al. 2009; Nakajima and Suzuki 2013; Weids et al. 2016). Heat shock

proteins (Hsps), are molecular chaperones that are constitutively expressed and up-regulated
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in response to various stress conditions (Tiwari et al. 2015). Hsps function to reduce the
aggregation of proteins damaged by heat or other proteotoxic stress, and assist in the refolding
or degradation of stress-damaged proteins (Feder and Hoffman 1999; Wallace et al. 2015; Chen
et al. 2018). Under heat stress, Hsps belonging to the Hsp60, Hsp70, and Hsp90 families are
rapidly produced (Roychowdhury et al. 1992). In N. crassa, Hsp80, the homolog of mammalian
Hsp90, is the most abundant heat shock protein that is strongly induced by hyperthermia, low
levels of sodium arsenite, ethanol, and carbon source depletion (Roychowdhury 1992). Hsp80
was also found to physically interact with Hsp70, another major heat-inducible protein in N.
crassa (Freitag et al. 1997). In Aspergillus fumigatus and A. terreus, increased expression of
hsp60 MRNA was observed at 40 °C as compared to the samples at 25 °C and suggested that
fungal Hsp60 may act as immunogenic triggers under temperature-related stress conditions
(Raggam et al. 2011). In this study, | found that the cmd®'® (#26), Acamk-1, and Acamk-2
mutants are defective in the acquisition of thermotolerance (chapter 3). Because
thermotolerance is associated with the production of Hsps, therefore, | studied the expression
of genes encoding the heat shock proteins Hsp60, Hsp70, and Hsp80 in the wild type and
mutant strains under heat stress condition. The expressions of hsp70 and hsp80 in the cmdR'P
(#26), Acamk-1, and Acamk-2 mutants were reduced, and the expression of hsp60 was slightly
reduced in all the camk mutants in comparison to the wild type (Figure 5.8). This results
suggested that CaM, CaMK-1 and CaMK-2 are involved in the heat shock response pathway

in N. crassa.
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Figure 5.8 Expression of heat shock response genes hsp60, hsp70, and hsp80 in wild type,
cmdR® (#26), and Acamks mutants. RNA was isolated from the N. crassa wild type and
mutant strains grown for 14 h at 30 °C with shaking at 180 rpm which were then given heat
shock for 1 h at 48 °C. The expression of the heat shock response genes hsp60, hsp70, and
hsp80 were studied using the qRT-PCR and normalized to the expression of S-tubulin gene.
Standard deviations are indicated by error bars calculated from three independent experiments
(n = 3), and the significance given by P values <0.05 (*), <0.01 (**), and <0.001 (***) as

measured by one-way ANOVA test.
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5.2.6 Expression analysis of cmd and camks under nitrogen starved condition

The cmdR'P mutant is female sterile and defective during cell fusion (described in chapter 4).
In addition, the crosses homozygous for Acamk-1 and Acamk-2 display an intermediate and
barren phenotype, respectively (Kumar and Tamuli 2014). To understand the role of CaM and
CaMKs in sexual development, | analyzed expression levels of cmd, camk-1, camk-2, camk-3,
and camk-4 genes in the wild type strain grown under nitrogen starved condition. RNA was
isolated form wild type strain grown at low temperature (22 °C) for 18 h, and gRT-PCR was
performed using the gene specific primers (Entries 1, 2, 15 to 24; Table 5.5). Increased
transcript levels of cmd, camk-1, and camk-2 were observed (Figure 5.9), suggesting that the

cmd, camk-1, and camk-2 genes are upregulated under sexual development.
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Figure 5.9 Expression analysis of cmd, camk-1, camk-2, camk-3 and camk-4 genes in wild
type strain under nitrogen starved condition. RNA from the wild type was extracted from

liquid VGM and SCM cultures grown at 22 °C for 18 h under constant darkness. The relative
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expression of each gene was studied by qRT-PCR and normalized to the expression of S-
tubulin gene. Standard deviations are indicated by error bars calculated from three independent
experiments (n = 3), and the significance given by P values <0.05 (*), <0.01 (**), and <0.001

(***) as measured by one-way ANOVA test.

5.2.7 Expression analysis of pheromone receptor genes pre-1 and pre-2 and pheromone
precursor genes ccg-4, mfa-1, and fmf-1 in wild type and mutants under nitrogen starved
conditions

During sexual phase, haploid cells of opposite mating types secrete different peptide
pheromones that are recognized by their cognate transmembrane G protein-coupled receptors
and result in the activation of the pheromone response MAPK pathway for proper sexual
development (Fleiner et al. 2008; Kim et al. 2012). In N. crassa, the mat A cells express the
pheromone receptor gene pre-1 and the pheromone precursor gene clock control gene-4 (ccg-
4), while the mat a cells express the pheromone receptor gene pre-2 and the pheromone
precursor gene mating factor a-1 (mfa-1) (Bobrowicz et al. 2002). MFA-1 and CCG-4 bind to
their respective receptors, PRE-1 and PRE-2, and regulate cell fusion, perithecial development,
and ascospore production (Kim and Borkovich 2004, 2006; Kim et al. 2012). In addition,
another gene known as female male fertility -1 (fmf-1), which is the homolog of Saccharomyces
pombe gene stell, is also required for mating pheromone signaling in both the male and female
parents in N. crassa (Johnson 1979; lyer et al. 2009). Therefore, to examine whether the
pheromone signaling pathway is affected in the cmd®'P (#26), Acamk-1, and Acamk-2 mutants,
| determined the expression profiles of the pheromone-related genes pre-1, pre-2, ccg-4, mfa-
1, and fmf-1 under nitrogen-starved condition. In consistency with the observed phenotypes,
reduced expression of the pre-1, pre-2, ccg-4, mfa-1, and fmf-1 genes were observed in the

cmdR® (#26), Acamk-1, and Acamk-2 mutants in comparison to the wild type (Figure 5.10).
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This result suggested that pheromone signaling might be affected in these mutant strains,
and CaM and Ca?*/CaMKs play a role in regulating the pheromone response pathway during

sexual development.
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Figure 5.10 Expression analysis of the pheromone signaling genes pre-1, pre-3, ccg-4, mfa-
1, and fmf-1 in the wild type, cmdR'P (#26), Acamk-1 and Acamk-2 mutant strains. RNA
was isolated from the N. crassa strains cultured in liquid SCM, and the expression of
pheromone signaling genes pre-1, pre-2, ccg-4, mfa-1, and fmf-1 were studied by gRT-PCR
and normalized to the expression of g-tubulin gene. Standard deviations are indicated by error
bars calculated from three independent experiments (n = 3), and the significance given by P

values <0.05 (*), <0.01 (**), and <0.001 (***) as measured by one-way ANOVA test.
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5.2.8 Expression analysis of frg and wc-1 at 20 and 25 °C

The circadian system in N. crassa is based on a transcriptional/translational feedback loop run
by a core clock complex that consists of the core oscillator protein frequency (FRQ), FRQ-
interacting RNA helicase (FRH), and the White Collar Complex (WCC) that is a heterodimeric
complex formed by the two GATA-family transcription factors White Collar-1 (WC-1) and
White Collar-2 (WC-2) (Crosthwaite et al. 1997; Guo and Liu 2010; Hurley et al. 2015). The
WCC binds to the frq promoter and promotes the rhythmic expression of frq (Schaifmeier et
al. 2008). FRQ regulates its own expression in a negative feedback loop through FRQ-
dependent inhibition of WCC complex activity (Dunlap 1999; Baker et al. 2012). The proteins
in the circadian system are regulated through numerous distinct post-translational
modifications (PTMs) (Baker et al. 2009; Mehra et al. 2009). The FRQ protein is progressively
phosphorylated and becomes extensively phosphorylated before its degradation (Tang et al.
2009). The Acamk-1, Acamk-2, Acamk-3, and Acamk-4 mutants showed increased period
length (discussed in chapter 4) with increase in temperature above 20 °C (Figure 4.9; Table
4.5). To understand if, camks are involved in regulating the core circadian clock proteins, 1
studied the expression of frq and wc-1 in the ras-1° and Acamk-1, Acamk-2, Acamk-3, and
Acamk-4 mutants at 20 °C and 25 °C. The ras-1° strain has a T791 point mutation in the Ras-
1 GTPase gene that enables clear visualization of circadian-regulated spore formation by
enhancing the clock output signals without affecting the circadian clock (Belden et al. 2007).
There was no significant change in the expression level of frq (Figure 5.11A) and wc-1 (Figure
5.11B) in the mutants in comparison to the ras-1°9, indicating that CaMKs are not essential for

regulating the core clock proteins.
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Figure 5.11 Expression analysis of frequency (frg) and white collar-1 (wc-1) during
circadian-regulated conidiation at 20 °C and 25 °C. RNA was isolated from the N. crassa
strains cultured under circadian-regulated conidiation conditions at 20 °C or 25 °C and the
expression of the frequency (frg) and white collar-1 (wc-1) genes were determined using gRT-
PCR. The relative expression of (A) frq and (B) wc-1 was normalized to the expression of S-
tubulin gene and expression values were compared with that of ras-1°¢. Error bars indicate
standard deviations calculated from the data for three independent experiments (n = 3) with
significance given by P values <0.05 (*), <0.01 (**), and <0.001 (***) compared with the ras-

1% strain as measured by one-way ANOVA test.

5.2.9 Identification of PP-1 transcription factor regulatory sequence in the cmd promoter
region by promoter analysis

To understand the transcriptional regulation of cmd during various cellular processes, |
analyzed the cmd promoter region to identify putative binding sites for transcriptional
regulators. Approximately 2 kb upstream of the 5’ flanking region of the cmd gene was
analyzed using Matlnspector (Quandt et al. 1995). Among the putative sequences identified
for several transcription factors, the yeast pheromone response element STE12 binding site was
further investigated. In N. crassa, Protoperithecium-1(PP-1), is a C2H2-Zn?** transcription
factor homologous to the S. cerevisiae Stel2p that is involved in pheromone response pathway

(Li et al. 2005; Leeder et al. 2013).
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Table 5.6 Promoter analysis of the cmd gene

SL Elements Binding Sequence
No. 5’23
1 Yeast stress response elements (MSN2) gttctgaGGGeata
2 Pheromone response elements (STE12) aactgtAACAcac
3 Aspergillus/Neurospora activator of genes induced by TATCtcg
nitrogen (NIT2)
4 Yeast mating factors (MATALI) tacctaTGTAata
5 Fungal basic leucine zipper family (YAP1) ttgctgttal TACataggta
g
6 Skn7 response regulator of Saccharomyces TGGCgggcccc
cerevisiae(SKN7)
7 Core promoter initiator elements (HMTE) tcTCATtttag

5.2.10. Generation of the App-1 mutant strain

| generated the App-1 mutant strains to examine the role of PP-1 as the transcriptional regulator
of cmd gene during sexual development. The pp-1%© heterokaryotic strain (FGSC 21335) was
a kind gift of Prof. Qun He (State Key Laboratory of Agrobiotechnology, College of Biological
Sciences, China Agricultural University, Beijing, China). To generate the App-1 homokaryotic
mutants, the pp-1XC heterokaryon strain was crossed with opposite mating type of wild type.
The progenies obtained from this cross were screened for resistance to hygromycin B (HygR),

and further confirmed for the presence of App-1::hph knockout allele using specific primers

TH-3075_156106034 147



CHAPTER 5

(entries land 2; Table 5.7; Figure 5.12A), and for the absence of the pp-1 ORF using ORF

specific primers (entries 3 and 4; Table 5.7; Figure 5.12 B).

1 2 3 4 1 2 3 4
- —
3.0 kb—
20kb—> ' e <
1.5 kb ! " G 2.0 kb —»
(A) (B)

Figure 5.12 PCR confirmation of the App-1 mutant strains. (A) PCR verification of the N.
crassa mutant strains for the presence of App-1 allele using gene specific primers (entries 1
and 2; Table 5.7). The PCR products were resolved using an 1% agarose gel, stained with EtBr
(0.5 mg/ml) and visualized using a GelDoc (Bio-PrintST4, Vilber Lourmat, France); lane 1, 1
kb DNA ladder (NEB); lane 2, wild type (negative control; no PCR product, because target
sequence for SHPHR is absent); lane 3, App-1; mat A (3) mutant; lane 4, App-1; mat a (11)
mutant. The PCR product of size 1,743 bp (lanes 3 and 4) in the App-1; mat A (3) and App-1;
mat a (11) mutants confirmed the presence of the App-1::hph allele. (B) PCR verification for
the absence of pp-1 ORF using gene specific primers (entries 3 to 4; Table 5.7). The PCR
products were resolved using an 1% agarose gel, stained with EtBr and visualized using a
GelDoc (Bio-PrintST4, Vilber Lourmat, France); lane 1, 1 kb DNA ladder (NEB); lane 2, wild
type (positive control with PCR product of size 2,411 bp); lane 3, App-1; mat A (3) mutant (no

PCR product), lane 4, App-1; mat a (11) mutant (no PCR product).
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Table 5.7 Primers used for conformation of the App-1 mutant strains

S. No. Primer Sequence (5°—3°) Reference

1 NCUO00340-HI Fw CCAAGACACTCACTCTTTCG This study

2 5HPHR ATCCACTTAACGTTACTGAAATC Deka et
al. 2011

3 PP-1 Fw ATGTATTCTTCGCAGCATGCC This study

4 PP-1 Rv AAACTCTAGCTCGTTTCGCAT This study

5.2.11 The App-1 mutant showed morphology similar to the cmdR'" (#26) mutant

To determine if PP-1 is the transcription regulator of cmd, | compared phenotypes of the wild
type, App-1, and cmdR'P (#26) mutant strains. The App-1 strain showed matty-like growth
(Figure 5.13), stunted aerial hyphae (Figure 5.14; Table 5.8), and female sterility (Figure 5.15)
phenotypes like the cmdR' (#26) mutant. These results suggested that PP-1 is necessary for

normal asexual and sexual developments in N. crassa.

#26
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Figure 5.13 Flask morphology of the wild type, App-1, and cmdR'” (#26) strains. Strains
were grown in 250 ml flask containing VG agar medium and incubated at 30 °C for three days

in dark followed by four days at room temperature under constant light and photographed.

(A)

(B)

*kk

Aerial hyphae length (cm)
w

@ A ©
o x>

Figure 5.14 Aerial hyphae of the wild type, App-1, and cmdR'® (#26) strains. Conidial
suspensions of the N. crassa strains were inoculated in VG liquid medium, incubated at 30 °C

for 3 days under dark condition. The aerial hyphae tip from the surface of the medium was
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measured and photographed. (A) Aerial hyphae growth in tube, (B) Average aerial hyphae
height (cm). Error bars indicate the standard deviations calculated from the data for three
independent experiments (n = 3) with significance given by P values <0.05 (*), <0.01 (**), and

<0.001 (***) compared to wild type as measured by one-way ANOVA test.

Table 5.8 Average aerial hyphae height of the wild type, App-1, and cmdR'” (#26) strains

S. No. Strain *Height (cm)
1 wild type 5.1+0.216
2 App-1 1.747 + 0.316 (***)
3 # 26 1.97 £ 0.286 (***)

"Results are shown as mean * standard deviation for three independent experiments (n = 3) with P
values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type strain as measured

by one-way ANOVA test.

Wild type App-1

(A)

(B)
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Figure 5.15 Fertility assay of the wild type, cmdR'? (#26), and App-1 mutant strains. Strains
were cultured on SCM at 22 °C with constant light for seven days and subsequently fertilized
with conidia from the wild type strain of opposite mating types (mat A or mat a). The N. crassa

strains were used as a (A) female parent, and (B) male parent.

5.2.12 Expression analysis of cmd in the wild type and App-1 mutant strains under
nitrogen starved condition

To confirm the role of PP-1 as the transcriptional regulator of the cmd gene, | studied the
expression of cmd in the wild type and App-1 mutant strains. The expression of cmd in the App-
1 mutant was significantly decreased in comparison to the wild type (Figure 5.16), suggesting
that PP-1 regulates cmd during sexual development. Therefore, Ca?* and pheromone signaling

pathways are inter-linked and required for normal sexual development in N. crassa.
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Figure 5.16 Expression analysis of the cmd gene in wild type and App-1 mutant. RNA from
the wild type was extracted from SCM liquid cultures grown at 22 °C for 18 h under constant
darkness. The relative expression of each gene was studied by qRT-PCR and normalized to the
expression of g-tubulin gene. Error bars indicate the standard deviations calculated from the
data for three independent experiments (n = 3) and the significance values P<0.05 (*), P<0.01

(**), and P<0.001 (***) between the strains were measured by one-way ANOVA test.

5.3 Discussions

Proteins containing the ‘EF-hand’ Ca®" binding motifs constitute a large and functionally
diverse family, and these proteins play an essential role in eukaryotic cell signaling (Gifford et
al. 2007). The EF-hand motif of calmodulin is composed of a helix-loop-helix structural unit
where the Ca?* binding loop consists of 12 residues, with the 1(+X), 3(+Y), 5(+Z), 7(-Y),
9(—X), 12(=Z) residues providing six to seven ligands to chelate the Ca?* ion in a pentagonal
bipyramid geometry (Babu et al. 1988; Gifford et al. 2007). The binding of Ca®* to the EF-
hand loops of CaM results in the conformational change from a closed to open configuration
which exposes significant hydrophobic surfaces for interaction with target proteins
(Bhattacharya et al. 2004; Zhang et al. 2012). Calmodulin has 2 EF-hand lobes, EF-1 and EF-
2 belong to N-lobe, EF-3 and EF-4 belong to C-lobe, and a central linker that connects the two
lobes between EF-2 and EF-3 (Villarroel et al. 2014). Each lobe is reported to influence the
Ca?* binding property of the other, where the four EF-hands work cooperatively in Ca?* binding
(Sorensen and Shea 1998; Liu et al. 2019a). To study the role of CaM in N. crassa, cmdR'?
(#26) mutant was generated in a previous study, which showed defects in colony morphology,
growth, carotenoid accumulation, and UV survival (Laxmi and Tamuli 2017). The cmdR'P (#26)
mutant was also defective in stress tolerance (described in chapter 3) and during sexual

development (described in chapter 4). In order to understand the effect of RIP mutation on the
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structure and function of CaM, homology modelling of N. crassa wild type CaM and CaMR'"®
protein was performed using the A. niger CaM protein as a template, and the modelled
structures were validated using PROCHECK, ERRAT, and VERIFY 3D. The homology
modelling revealed that due to the Asp to Tyr mutation at position one (+X, D57Y) of EF-2
loop, the endogenous CaMR'® was unable to bind to Ca?*. In a previous study using the CaM
from human, the mutations of Asp to Ala at position one of the loop of each EF-hand resulted
in CaM mutant proteins that were unable to bind Ca?* in either the N-lobe EF hands (CaM12),
C-lobe EF hands (CaMz4) or all four EF Hands (CaM1234) causing potential structural changes
(Piazza et al. 2017). These structural changes caused human CaM to adopt a non-native
apoCaM structure which disallowed the interactions with its target proteins (Piazza et al. 2017).
In addition, small conductance calcium-activated potassium (SK) channels are regulated by
CaM in response to cellular Ca?*, where the N-lobe binds Ca?* to activate the SK channel and
maintains a stable SK-CaM interaction, while the C-lobe and the linker regulate the constitutive
binding to SK channels independent of Ca?* (Li et al. 2009; Halling et al. 2022). Therefore,
taking together, the RIP mutation (D57Y) in N. crassa endogenous CaM probably disrupts the
binding of CaM to its target protein and its ability to activate target ion channels.

The CTC staining of cmdR'? (#26) mutant showed severely depleted Ca?* stores across
the hyphae (Figure 5.5), indicating that the Ca?* homeostasis was disrupted in the mutant. In
addition, the cmd®'® (#26) mutant also showed abnormally increased septation with decrease
in the hyphal width (Figure 5.6, Table 5.4). The RHO-1 specific GTPase-activating protein
LRG-1 was shown to be important for apical tip extension and hyphal compartment size in N.
crassa (Vogt and Seiler 2008). In humans, Racl and Cdc42, members of the Rho family of
small GTPases, interact with CaM in a Ca?*-dependent manner to regulate cellular activities
such as spine morphology and development, spinogenesis, synaptic plasticity, proliferation,

and migration (Elsaraj and Bhuller 2008; Tebar et al. 2020). Extrapolation from these reports,
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it is possible to interpret that CaM might interact with the RHO-GTPases in a Ca?*-dependent
fashion to regulate the apical tip extension, hyphal septation, and width which is essential for
the normal growth and development of N. crassa.

The promoter regions of cmd, camk-1, and camk-2 genes contain sequences for yeast
stress response elements (Kumar and Tamuli 2014). The expressions of the cmd, camk-1, and
camk-2 genes were increased in response to heat shock in the wild type (Figure 5.7). The
expression level of hsp70 and hsp80 was reduced in the cmdR'? (#26), Acamk-1, and Acamk-2
mutants, while the expression of hsp60 in the mutants was comparable to that in the wild type
(Figure 5.8). Therefore, CaM, CaMK-1, and CaMK-2 are involved in regulating the production
of heat shock proteins Hsp70 and Hsp80 under heat stress for the acquisition of
thermotolerance in N. crassa. In mammals, the CaMK I1-8B (isoform of CaMKII) is involved
in phosphorylating and activating the HSF1, which subsequently induces the expression of
HSP70 family proteins that protect the heart from multiple death-inducing stimuli (Peng et al.
2010). In Beauveria bassiana, BbHsp70 was identified as one of the direct targets of CaM
using co-immunoprecipitation (ColP) and MALDI-TOF/TOF method (Kim et al. 2018). In
Sporothrix schenkii, the interaction of SSCMK1 with HSP90 was shown using a yeast two-
hybrid assay (Rodriguez-Caban et al. 2011). In maize, Ca?* and CaM are involved in the HSP
gene expression by regulating the activity of heat shock transcription factor (HSF) under heat
shock condition (Li et al. 2004). Therefore, it is possible that CaM, CaMK-1, and CaMK-2
might regulate the expression of heat shock proteins either by activating the HSF-1
transcription factor or through direct interaction with heat shock proteins in N. crassa (Figure
5.17).

Under the nitrogen starved condition, which induces sexual development, increased
expression of cmd, camk-1, and camk-2 genes were observed in the wild type (Figure 5.9),

suggesting that these genes are upregulated during the sexual development phase. In N. crassa,
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sexual development is regulated by the pheromone response pathway, which includes
pheromone receptors PRE-1 and PRE-2, the homologs of S. cerevisiae Ste3p and STe2p, and
the pheromone precursors MFA-1 and CCG-4, the homologs of S. cerevisiae a- and a-mating
factors, respectively (P6ggeler and Kiick 2001; Borkovich et al. 2004; Kim et al. 2002; Kim
and Borkovich, 2006). In addition, FMF-1, the homolog of S. pombe transcription factor
Stellp, is also required for pheromone signaling in N. crassa (lyer et al. 2009). In S. cerevisiae,
the calmodulin mutant cmd1-6 (consisting of three mutations that block Ca?* binding to
calmodulin) and the knockout mutants of CMK1 and CMK2 genes are unable to survive after
pheromone-induced cell cycle arrest (Moser et al. 1996). In addition, inhibition of CaM using
W-7 and trifluoperazine suppressed the production of the sex pheromone bombykol, while
CaMKIIl was also shown to be important for phosphorylating the lipid storage droplet-
1(BmLsd1), which is essential for TAG lipolysis to release stored pheromone precursors for
final modifications in Bombyx mori (Matsumoto et al. 1995a,1995b; Ohnishi et al. 2011; Hull
and Fonagy 2020). In N. crassa, the presence of pheromone response elements in the upstream
of the promoter regions of cmd, camk-1, and camk-2 gene was reported previously (Kumar and
Tamuli 2014; Laxmi 2016). In this study, | observed significant reductions in the expression
of genes pre-1, pre-2, ccg-4, mfa-1, and fmf-1, involved in the pheromone response pathway,
in the cmdR'P (#26), Acamk-1, and Acamk-2 mutants in comparison to the wild type (Figure
5.10). Therefore, these results suggested that the cmd, camk-1, and camk-2 genetically interact
with the pheromone signaling pathway during sexual development in N. crassa.

In N. crassa, the molecular components, frequency (frg) and the white-collar (wc-1 and
wc-2) genes, involved in the circadian clock are well characterized (Brunner et al. 2008). The
Acamk-1, Acamk-2, Acamk-3, and Acamk-4 mutants showed increased period length with
increase in temperature above 20 °C (described in chapter 4), therefore, | performed expression

analysis of frq and wc-1 genes in the Acamk-1, Acamk-2, Acamk-3, and Acamk-4 mutants to
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test if camks interact with the clock regulators. There was no significant change in the transcript
levels of frg and wc-1 in the mutants both at 20 °C and 25 °C (Figure 5.11). Earlier, CaMK-1
was reported to phosphorylate FRQ at multiple sites in vitro (Yang et al. 2001). In a recent
study, genetic analysis showed that mutations in certain frq phospho-sites and Acamk-2 were
epistatic to Anca-2 in regulating the pace of the clock oscillator, suggesting that nca-2 and
camk-2 function in the same pathway to regulate the circadian period (Wang et al. 2021). The
FRQ protein is progressively phosphorylated upto 113 sites before degradation, and casein
kinase 1a (CK1a) is reported to phosphorylates FRQ upto 46 nonconsensus sites (Querfurth et
al. 2011). Moreover, the FRQ-CK1 interaction and CK1-mediated FRQ phosphorylations were
proposed as the main mechanisms for circadian period determination and temperature
compensations in N. crassa (Hu et al. 2021). Thus, despite the increased period length caused
by the mutations in the camks (chapter 4), the transcript level of frqg and wc-1 in the camk
mutants were not altered, suggesting that the Ca?*/CaMKs may be involved in phosphorylating
some distinct sites (which are yet to be found) as they increase the period length but are not
involved in regulating the expression of the clock regulators frg and we-1 in N. crassa circadian
clock.

In order to determine how cmd is regulated under different cellular conditions, I
analysed the promoter region of cmd gene using Matlnspector (Quandt et al. 1995). The
promoter analysis revealed binding sites for several important transcription factors, including
the yeast transcription factor STE12 (Table 5.6), which is involved in pheromone response
pathway (Bardwell 2005). The N. crassa homolog of ste12 was identified as protoperithecium-
1 (pp-1) gene (Li et al. 2005). The App-1 mutant showed defects in flask morphology (Figure
5.13), reduced aerial hyphae growth (Figure 5.14), and sterile phenotype as a female parent
(Figure 5.15) like the cmdR'"® (#26) mutant. Previous studies showed that PP-1 is important for

normal, growth, protoperithecia development, cell-cell communication, and cell fusion (Li et
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al. 2005; Leeder et al. 2013; Fischer et al. 2018). In addition, I also observed a decreased
expression of cmd in the App-1 mutant under nitrogen-starved condition (Figure 5.16),
suggesting that PP-1 regulates the cmd gene during sexual development in N. crassa.

In N. crassa, PP-1 is the downstream target of MAK-2 MAP kinase signaling pathway
(Li et al. 2005; Herzog et al. 2015). The App-1 mutant phenocopies the Amak-2 mutant, with
reduced growth rate, short aerial hyphae, and failure in protoperithecia development (Li et al.
2005). In addition, the misexpression of pp-1 in the Amak-2 mutant fails to induce transcription
of downstream target proteins such as adv-1 (NCUQ07392; a Zn(I1)2Cyss transcription factor),
which suggested that MAK-2 directly activates or de-represses PP-1(Fischer et al. 2018, 2019).
Furthermore, the MAK-2 pathway of N. crassa shows homology to the pheromone response
pathway in S. cerevisiae (Fischer et al. 2018). In this study, | showed that CaM is involved in
regulating the pheromone response pathway (Figure 5.10), and PP-1 regulates the transcription
of the cmd gene during sexual development (Figure 5.16). Taken together, these results
suggested a crosstalk between the Ca?* signaling and the pheromone signaling pathway (Figure

5.17) to regulate the sexual development in N. crassa.
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Figure 5.17 A proposed model depicting the mechanism of CaM and Ca?*‘/CaMKs in
regulating heat shock response and pheromone response pathway in N. crassa. Stress
condition results in Ca?* influx into the cell through Ca?* permeable channels. Ca?* is also
released from intracellular stores such as mitochondria and endoplasmic reticulum. The
transient increase in the cytosolic calcium level [Ca?']c activates calmodulin (CaM), the

primary Ca?* sensor which further binds and activates its downstream target proteins such as
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CaMK-1 and CaMK-2. CaM, CaMK-1 and CaMK-2 regulate the expression of hsp70 (LG II)
and hsp80 (LG V) in response to heat stress probably by activating the heat shock transcription
factor HSF-1 like in maize and in mammalian heart (Li et al. 2004; Peng et al. 2010). In N.
crassa, the MAK-2 kinase pathway is homologous to the pheromone response pathway in S.
cerevisiae consisting of the NRC-1 (MAPKKK), MEK-2 (MAPKK), MAK-2 (MAPK), and
the downstream target PP-1, a C2H2 zinc finger transcription factor (Li et al. 2005; Fischer et
al. 2018). Under nitrogen-starved condition, CaM, CaMK-1, and CaMK-2 activates the
pheromone response pathway and increases the expression of pheromone receptors pre-1 (LG
[11) and pre-2 (LG VII) as well as the pheromone precursor genes ccg-4 (LG 1), fmf-1 (LG 1),
and mfa-1 (LG V). PP-1 also increases the expression of cmd gene (LG V) under nitrogen
starvation suggesting a crosstalk between the calcium signaling and the MAK-2 MAP kinase
signaling pathway during sexual development. How HSF-1 and the pheromone response
pathway is activated by CaM and Ca?*/CaMKs is not known yet in N. crassa (indicated with a

question mark in the parentheses).
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6.1 Major conclusions of this study

In this work, I have studied the cellular roles and mechanism of CaM and Ca?*/CaMKs in stress
responses, sexual development, and in the regulation of the circadian clock in N. crassa. The
cmdR'P (#26), Acamk-1, and Acamk-2 mutants were sensitive to changes in temperature and pH,
hydrogen peroxide (H20.) induced oxidative stress, and dithiothreitol (DTT) induced ER stress
conditions. The complementation studies using the parental strain Apan-2::bar::Picu-
1::emd::V5::gfp; mat a (#850) of cmdR'P (#26), the homokaryotic transformants Acamk-1::hph;
Apan-2::Pnite::camk-1::V5::gfp; mat A (#19) and Acamk-2::hph; Apan-2::Pnite::camk-
2::V5::gfp; mat A (#8) carrying the camk-1 and camk-2 transgenes showed complete rescued
phenotypes of the mutants strains. Therefore, CaM, CaMK-1, and CaMK-2 are required for
adaptation to various stress conditions mediated by temperature, pH, oxidative, and ER

targeting compounds.

To understand the role of CaM during sexual development, | performed sexual fertility
assay, which showed that the cmdR'" (#26) mutant was fertile as a male parent but sterile as a
female parent. | also found that CaM is required for the formation of the female sexual structure
called protoperithecium. In addition, the cmd®'® (#26) mutant formed incompetent mycelium
that showed defectives in cell fusion and aging process, necessary for normal sexual
development. Therefore, CaM plays an important role at different stages during sexual

development.

From the inverted race tube assay, | found that Acamk-1; ras-1° (11), ras-1°; Acamk-2
(15), Acamk-3; ras-1° (22), and Acamk-4; ras-1" (31) mutants exhibited increased period
lengths at 20, 25, and 30 °C in comparison to the ras-1 control strain. However, the mutants
did not show any role in temperature compensation because the Q1o values for the mutants were

in the range of ~1 like the ras-1° strain.
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Homology model of the N. crassa wild type CaM, endogenous CaMR'?, and ectopic
CaMR'P of the mutant (#26) strain using A. niger CaM as a template was generated to analyze
the effect of RIP mutations on the structure and function of the CaMR'® protein. I found that
due to the RIP mutation of Asp to Tyr mutation at position one (+X, D57Y), the EF-2 of
endogenous CaMR'® was unable to bind to Ca?". Moreover, the cmdR'® (#26) mutant showed
severely depleted Ca?* stores across the hyphae and abnormally increased septation number
with decreased hyphal width. Thus, the RIP-induced D57Y mutation in endogenous CaM
resulted in the disruption of Ca?* homeostasis and defects in hyphal septation and width, which

affected the normal growth and development in N. crassa.

In addition, | found that the expression level of cmd, camk-1, and camk-2 genes were
increased under heat stress and nitrogen-starved conditions in the wild type. Moreover, the
expression level of heat shock protein-encoding genes hsp70 and hsp80, and pheromone
response pathway genes pre-1, pre-2, ccg-4, mfa-1, and fmf-1 were reduced in the cmd®'P,
Acamk-1, and Acamk-2 mutant strains compared to the wild type, revealing that CaM and
CaMKs are involved in regulating the heat stress tolerance and pheromone response pathways.
Finally, the cmd gene was found to be regulated by PP-1, a transcription factor involved in the
pheromone response pathway, hence establishing a crosstalk between the MAK-2 MAP kinase

and Ca?* signaling pathways in N. crassa.

6.2 Future perspectives of this research work
Future directions of this research work will be:

(i) to investigate the interaction of the transcriptional factor PP-1 in the promoter region

of the cmd gene using chromatin immunoprecipitation (ChIP), followed by
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electrophoretic mobility shift assay (EMSA) to determine the specific binding
sequence of PP-1 in the promoter of cmd gene,

(i1) to determine how CaM and CaMKs interact with the MAPK signaling pathway,

(iii) to investigate the mechanism of CaM and CaMKs in activating the heat shock
transcription factor (HSF-1), and

(iv) to understand the role and mechanism of CaM and CaMKSs in the regulation of reactive

oxygen species (ROS) homeostasis.
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