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Outline 

 

This thesis is divided in two main chapters. In the first chapter, “Mediators of 

cell death in Neurospora crassa”, the model organism N. crassa and an overview 

of its major genetic and biological features are initially reported. A thorough review 

on the current knowledge on the mechanisms of programmed cell death (PCD) 

with emphasis on filamentous fungi is then presented and will form the basis of a 

review manuscript for a future publication. The Introduction also reviews other 

subjects relevant for this work, namely mitochondrial bioenergetics and calcium 

signaling. After the Material and Methods, the Results concerning the use of N. 

crassa as a model to study fundamental aspects of cell death signaling and 

execution, more specifically the mechanisms of staurosporine-induced cell death, 

are shown. The Results and the Discussion were subdivided in sections that 

correspond to different areas of the work. The experiments, results and discussion 

described in the first chapter of this thesis covered most of the duration of the PhD 

work and are therefore particularly focused. The work was primarily accomplished 

at the Mitochondria Lab of the IBMC-Institute of Molecular and Cellular Biology 

and ICBAS-Institute of Biomedical Sciences Abel Salazar of the University of 

Porto, Portugal, under the supervision of Dr. Arnaldo Videira. Data were also 

obtained thanks to collaborations and work visits to the Glass Lab at the 

Department of Plant and Microbial Biology of the University of California, Berkeley, 

United States (5 months under the supervision of Dr. Louise Glass) and the 

Fungal Cell Biology Group of the Institute of Cell Biology of the University of 

Edinburgh, United Kingdom (1 month under the supervision of Dr. Nick Read). 

The second chapter of this thesis, “Mechanisms of cell death-inducing 

drugs in thyroid cancer cells”, includes three publications that resulted from work 

performed with human cells. This part of the PhD project was conducted at the 

Cancer Biology Group of the Institute of Molecular Pathology and Immunology of 

the University of Porto (IPATIMUP), Portugal, under the supervision of Dr. Paula 

Soares and Dr. Valdemar Máximo. There, thyroid carcinoma cell lines were used 

to study the mechanisms of three different cell death-inducing drugs. Furthermore, 

these cell lines were used to mimic some of the results previously obtained in N. 

crassa, namely the synergistic cell death effect of drug combinations.  
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Aims 

 

The general aim of this project was to unravel novel mechanisms of 

programmed cell death. We aimed to establish N. crassa as a model organism for 

the study of cell death, as the current knowledge regarding programmed cell death 

in fungi is somewhat scarce. In order to fill that gap, we intended to identify novel 

mediators of cell death in N. crassa. In addition to this, cancer cell lines were used 

to understand the effects of some cell death-inducing agents. More specific 

objectives of this work are presented below: 

 

- to comprehend the influence of calcium dynamics during staurosporine-induced 

cell death; 

- to understand the role of cellular bioenergetics components, such as the 

mitochondrial respiratory chain complex I and alternative NAD(P)H 

dehydrogenases, during cell death; 

- to know how the novel N. crassa transcription factor CZT-1 modulates cell death; 

- to characterize the transcriptional response of N. crassa to cell death stimuli; 

- to mimic experiments and results obtained in N. crassa, namely the synergistic 

activity of combinations of cell death-inducing agents, in cancer cell lines; 

- to characterize the mechanisms of cell death-inducing drugs, such as 

staurosporine, rotenone or sodium orthovanadate. 

 

In summary, we aimed to provide novel insights into the molecular basis of 

programmed cell death and hope that the scientific findings reported here 

represent an useful source of information for future investigations. 
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Summary 

 

Programmed cell death (PCD) represents one of the most basic aspects of 

cell biology and its importance for cell and tissue homeostasis is well illustrated by 

the fact that deregulated cell death is a common feature of several human 

pathologies. From an evolutionary point of view, the relevance of cell death is 

corroborated by the fact that the process occurs in all kingdoms, from bacteria to 

higher eukaryotes. Indeed, although only recognized in recent years, microbes 

such as fungi undergo controlled forms of cell death. This circumstance, allied to 

the fact that fungi are genetically tractable and easy to manipulate, prompted 

several research groups to use these organisms to investigate the mechanisms of 

PCD. In this context, we have been establishing the filamentous fungus 

Neurospora crassa as a model organism for the study of PCD, taking advantage of 

being part of a scientific community that enjoys a large number of genetic and 

biochemical research tools. 

The protein kinase inhibitor staurosporine induces PCD in N. crassa as 

deduced from morphological and biochemicals alterations such as loss of viability, 

permeability to the early apoptosis and late apoptosis/necrosis markers YOPRO-1 

and propidium iodide, respectively, increased reactive oxygen species (ROS) 

production, loss of mitochondrial membrane potential, DNA fragmentation, 

glutathione export, activation of multidrug resistance proteins and altered 

intracellular calcium (Ca2+) signaling. Transcriptional profiling of staurosporine-

induced cell death by high-throughput RNA sequencing (RNA-seq) illustrates a 

very dynamic response to the drug. 

We were particularly interested in understanding the role of Ca2+ during 

staurosporine-induced cell death. Using cells expressing the cytosolic free Ca2+-

reporter aequorin, we observed that the drug promotes well defined alterations in 

the cytosolic levels of Ca2+ that we defined as the staurosporine Ca2+ signature. 

Upon exposure to staurosporine, cells move Ca2+ to and from internal storage 

organelles like the endoplasmic reticulum, vacuoles and mitochondria. Addition of 

the membrane-impermeant Ca2+ chelator BAPTA at different time points 

obliterates the Ca2+ signature, indicating that a continuous Ca2+ influx from the 
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extracellular medium also occurs upon addition of staurosporine. This Ca2+ influx 

involves specific mechanisms and is not due to cell membrane damage. 

The fungal response to staurosporine is affected by the concentration of 

Ca2+ in the culture medium, highlighting the importance of extracellular Ca2+ 

uptake for staurosporine-induced cell death. Limitation of Ca2+ ions sensitizes cells 

to staurosporine and results in increased accumulation of ROS. Conversely, an 

approximately 30-fold excess of Ca2+ leads to increased drug tolerance and 

decreased ROS accumulation. In line with these results, RNA-seq of 

staurosporine-induced cell death shows distinct transcriptional programs in cells 

deprived or with excessive availability of Ca2+ and allowed the identification of two 

novel putative Ca2+-binding proteins. Using Δcch-1, Δfig-1, Δyvc-1 mutants and a 

set of inhibitors, we show that extracellular Ca2+ entry does not occur through the 

hitherto described high- and low-affinity Ca2+ uptake systems, but through the 

opening of plasma membrane channels with properties resembling the transient 

receptor potential (TRP) family. 

Inhibition of phospholipase C and downstream effectors blocks the 

staurosporine Ca2+ signature, implicating the phospholipase C signaling pathway 

as an orchestrator of N. crassa cell death. In addition, deletion of plc-2, one of the 

four phospholipase C genes in N. crassa, not only abolishes the development of 

the cytosolic Ca2+ response, but also renders the cells highly resistant to 

staurosporine. Partial blockage of the response to staurosporine after inhibition of 

a putative inositol-1,4,5-trisphosphate (IP3) receptor suggests that Ca2+ release 

from internal stores following IP3 formation combines with the extracellular Ca2+ 

influx. 

We found that both the respiratory chain and the generation of ROS are 

required for the staurosporine-induced Ca2+ signature and cell death. At the 

molecular level, our results indicate that cells devoid of certain subunits of the 

mitochondrial complex I like the 51 kDa and 14 kDa proteins, termed NUO51 and 

NUO14, or lacking the alternative Ca2+-binding NAD(P)H dehydrogenase NDE-1 

are hypersensitive to staurosporine and incapable of setting up a proper Ca2+ 

response to the drug. NDE-1 seems to protect from excessive ROS accumulation 

induced by staurosporine. Abnormal cytosolic Ca2+ dynamics and increased 

tolerance to staurosporine are observed in cells expressing disease-related 

mutations in nuo51, the fungal homologue of the human NDUFV1 gene. Thus, the 
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results further support previous indications that mitochondrial bioenergetics are an 

important component of the fungal response to staurosporine. 

The role of a novel transcription factor, encoded by NCU09974, during 

staurosporine-induced cell death was characterized. This protein contains a 

conserved DNA-binding domain that positions it in a family of zinc cluster 

transcription factors, found exclusively in fungi, and was termed CZT-1 (Cell 

death-activated Zinc cluster Transcription factor). The lack of CZT-1 results in 

hypersensitivity, increased ROS accumulation and altered cytosolic Ca2+ dynamics 

in the presence of staurosporine. Transcriptional profiling by RNA-seq shows that, 

in contrast to wild type, staurosporine-treated Δczt-1 cells are unable to repress 

certain genes for the mitochondrial respiratory chain and to induce genes related 

with the endoplasmic reticulum, suggesting a role for CZT-1 in the regulation of the 

activity of these organelles. These studies also indicate that CZT-1 regulates the 

expression of multiple ATP-binding cassette (ABC) transporters, including ABC-3, 

which has been shown to extrude staurosporine to the extracellular medium. 

Additionally, the expression of czt-1 (and consequently abc-3) is variable in a wild 

subtropical population of N. crassa and this is associated with altered tolerance to 

staurosporine. A genome-wide association study on this wild population pointed 

out genes likely associated with the cell death role of CZT-1, including catalase-1 

(cat-1) and the apoptosis-inducing factor-homologous mitochondrion-associated 

inducer of death 2 (amid-2). 

Because deregulation of the physiological occurrence of PCD is an hallmark 

of tumorigenesis, investigations on the mechanisms of the cell death-inducing 

agents staurosporine, sodium orthovanadate and rotenone were extended to 

cancer cells models. Staurosporine causes a cell cycle arrest in G1 and cell death 

in a thyroid papillary carcinoma-derived cell line. Treatment with sodium 

orthovanadate above certain concentrations induces typical features of cell death 

including DNA fragmentation, loss of mitochondrial membrane potential, ROS 

production and caspase-3 activation. We also showed that the PI3K/Akt/mTOR 

signaling pathway mediates the effects of sodium orthovanadate. Rotenone 

triggers a G2/M cell cycle arrest associated with mitotic catastrophe and slippage, 

followed by cell death and senescence. We showed that while rotenone-induced 

cell cycle arrest and cell death involves the activity of the transcription factor p53, 

these effects are largely independent of the classical role of the drug as a 
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mitochondrial complex I inhibitor and ROS-promoting agent, as deduced from 

experiments using cells devoid of mitochondrial DNA and consequently lacking a 

functional respiratory chain. The combinatorial use of staurosporine and rotenone 

in human cancer cells results in a synergistic interaction, mimicking previous 

observations in N. crassa. 

Altogether, our data supports the usefulness of the filamentous fungus N. 

crassa as a model for the study of PCD mechanisms induced by exogenous 

compounds and establishes a basis for future research. 
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Sumário 

 

A morte celular programada (PCD, do inglês Programmed Cell Death) 

representa um dos aspectos mais básicos da biologia celular. A sua importância 

na homeostasia de células e tecidos está bem patente na evidência de que a 

desregulação do processo de morte celular é uma característica comum de 

diversas patologias humanas. Do ponto de vista evolutivo, a relevância da morte 

celular é corroborada pelo facto desta ocorrer em espécies de todos os reinos, 

desde bactérias até eucariotas superiores. Dados recentes demonstram que a 

PCD ocorre em microorganismos como fungos, o que, aliado à facilidade no 

manuseamento laboratorial e manipulação genética destes organismos, levou 

vários grupos a usá-los para compreender os mecanismos de morte celular. 

Neste contexto, temos vindo a estabelecer Neurospora crassa como um modelo 

para o estudo de PCD, usufruindo do grande número de ferramentas genéticas e 

bioquímicas disponíveis para este fungo filamentoso. 

O inibidor de proteínas quinase estaurosporina induz PCD em N. crassa 

com base no aparecimento de alterações morfológicas e bioquímicas tais como 

perda de viabilidade, permeabilidade aos marcadores de apoptose precoce e 

apoptose tardia/necrose YOPRO-1 e iodeto de propídeo, respectivamente, 

aumento da produção de espécies reactivas de oxigénio (ROS), perda do 

potencial de membrana mitocondrial, fragmentação de DNA, efluxo de glutationa, 

activação de proteínas de resistência a fármacos e alteração da sinalização 

intracelular por cálcio (Ca2+). A análise da expressão genética global após 

tratamento com estaurosporina por sequenciação de RNA (RNA-seq) demonstra 

uma resposta genética ao fármaco bastante dinâmica. 

O nosso grupo está particularmente interessado em compreender o papel 

do Ca2+ durante a morte celular induzida pela estaurosporina. Neste estudo foram 

usadas células com expressão do gene repórter de Ca2+ aequorina. Observámos 

que o fármaco leva a alterações bem definidas dos níveis citosólicos de Ca2+, que 

definimos como a assinatura de Ca2+ induzida pela estaurosporina. Na presença 

de estaurosporina, as células movem Ca2+ de e para organelos de 

armazenamento, como o retículo endoplasmático, vacúolo e mitocôndria. A 
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adição do quelante de Ca2+ extracelular BAPTA em diferentes tempos oblitera a 

assinatura de Ca2+, indicando assim a ocorrência dum influxo contínuo de Ca2+ do 

meio extracelular após tratamento com estaurosporina. Este influxo de Ca2+ 

envolve mecanismos específicos, não ocorrendo devido a danos inespecíficos na 

membrana celular. 

A resposta de N. crassa à estaurosporina é afectada pela concentração de 

Ca2+ no meio de cultura, reforçando a importância da captação de Ca2+ 

extracelular durante a morte celular induzida pela estaurosporina. A limitação de 

iões de Ca2+ aumenta a sensibilidade das células ao fármaco e causa um 

aumento na acumulação de ROS. Por outro lado, a presença duma concentração 

de Ca2+ 30 vezes maior em relação à concentração padrão torna as células mais 

resistentes à estaurosporina e diminui a acumulação de ROS. Em linha com estes 

resultados, análises por RNA-seq da morte celular induzida pela estaurosporina 

em condições de défice ou excesso de Ca2+ no meio de cultura indicam a 

ocorrência de programas de transcrição distintos e permitiram a identificação de 

duas novas proteínas com potencial para ligarem Ca2+. Fazendo uso dos 

mutantes Δcch-1, Δfig-1 e Δyvc-1 e de um conjunto de inibidores, demonstrámos 

que a entrada de Ca2+ do meio extracelular causada pela estaurosporina é 

desempenhada não pelos sistemas de captação de Ca2+ de alta e baixa afinidade 

actualmente conhecidos, mas sim pela abertura de canais na membrana celular 

com propriedades semelhantes aos canais da família dos receptores de potencial 

transitório (TRP, do inglês Transient Receptor Potential). 

A inibição da fosfolipase C e efectores a jusante leva a supressão da 

assinatura de Ca2+ induzida pela estaurosporina, implicando a cascata de 

sinalização da fosfolipase C como um interveniente pivô durante a morte celular 

em N. crassa. Adicionalmente, a deleção do gene plc-2, um dos quatro genes que 

codificam fosfolipases C em N. crassa, não só impediu o desenvolvimento de 

resposta de Ca2+ à estaurosporina, como também tornou as células 

hiperresistentes ao fármaco. Verificámos também que a inibição do receptor do 

inositol-1,4,5-trisfosfato (IP3) leva a um bloqueio parcial da resposta à 

estaurosporina, sugerindo que a libertação de Ca2+ de reservatórios intracelulares 

que respondem a IP3 acumula com a captação do ião a partir do meio 

extracelular. 
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O nosso trabalho demonstrou que tanto a cadeia respiratória da 

mitocôndria como a produção de ROS são imprescindíveis para o 

desenvolvimento da assinatura de Ca2+ e morte celular induzida pela 

estaurosporina. A nível molecular, os resultados indicam que células às quais 

foram removidos certas subunidades do complexo I da cadeia respiratória como 

as proteínas 51 kDa e 14 kDa (designadas NUO51 e NUO14) ou a desidrogenase 

alternativa NDE-1 são hipersensíveis à estaurosporina e incapazes de promover 

uma resposta intracelular apropriada em termos de sinalização por Ca2+. A 

enzima NDE-1 parece proteger as células da acumulação excessivas de ROS 

induzida pela estaurosporina. Também verificámos que células com expressão de 

formas mutadas e relacionadas com doenças do gene nuo51, homólogo do gene 

humano NDUFV1, apresentam uma desregulação na resposta de Ca2+ à 

estaurosporina e um aumento na tolerância ao fármaco. Todos estes dados 

reforçam indicações prévias de que a bioenergética mitocondrial é um 

componente importante da resposta do fungo durante o processo de morte celular 

induzido pela estaurosporina.  

O papel dum novo factor de transcrição, codificado pelo gene NCU09974, 

durante a morte celular induzida pela estaurosporina, foi também estudado. Esta 

proteína possui um domínio de ligação ao DNA conservado, que a posiciona na 

família dos factores de transcrição zinc cluster e, por isso, foi designada de CZT-1 

(Cell death-activated Zinc cluster Transcription factor). A ausência de CZT-1 

resulta em aumento de sensibilidade, maior acumulação de ROS e diferente 

resposta de Ca2+ intracelular na presença de estaurosporina. A análise de 

alterações transcriptómicas por RNA-seq revela que, ao contrário da estirpe 

selvagem, o mutante Δczt-1 é incapaz de reprimir a expressão de genes que 

codificam componentes da cadeia respiratória e de induzir genes relacionados 

com funções do retículo endoplasmático, o que sugere que o CZT-1 controla 

algumas das actividades destes organelos. Os dados obtidos por RNA-seq 

também indicam que o CZT-1 regula a expressão de vários transportadores da 

família ATP-binding cassette (transportadores ABC), incluindo o ABC-3, cujo 

papel na extrusão da estaurosporina foi previamente demonstrado pelo nosso 

grupo. A expressão do gene czt-1 (e consequentemente do gene abc-3) é variável 

numa população natural subtropical de N. crassa e relaciona-se com alterações 

na resistência a estaurosporina. Um estudo de associação genómica nesta 
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população indicou genes possivelmente relacionados com a função do CZT-1 

durante a morte celular, nomeadamente os que codificam a catalase-1 (cat-1) e o 

apoptosis-inducing factor-homologous mitochondrion-associated inducer of death 

2 (amid-2). 

Decidimos estender a investigação sobre os mecanismos dos compostos 

que induzem morte celular estaurosporina, ortovanadato de sódio e rotenona, a 

modelos de cancro, uma vez que a desregulação da ocorrência fisiológica da 

PCD é um marco da tumorigénese. A estaurosporina causa uma paragem no ciclo 

celular em G1 e morte celular numa linha celular obtida dum carcinoma papilar da 

tiróide. O tratamento com ortovanadato de sódio acima de certas concentrações 

leva ao aparecimento de marcadores de morte celular como fragmentação de 

DNA, perda do potencial de membrana mitocondrial, produção de ROS e 

activação de caspase-3. Também mostrámos que os efeitos do ortovanadato de 

sódio são mediados pela via de sinalização PI3K/Akt/mTOR. A rotenona 

despoleta uma paragem no ciclo celular em G2/M associada a catástrofe mitótica, 

seguida de morte celular e senescência. Os nossos dados indicam que a indução 

de paragem do ciclo celular e morte causadas pela rotenona envolvem o factor de 

transcrição p53. Usando células sem DNA mitocondrial, e consequentemente sem 

uma cadeia respiratória funcional, verificámos que estes efeitos são amplamente 

independentes da actividade clássica da rotenona como um inibidor do complexo I 

da mitocôndria e um agente promotor de ROS. O uso combinado de 

estaurosporina e rotenona em células tumorais resulta num efeito sinérgico na 

inibição do crescimento e indução de morte celular, o que mimetiza observações 

anteriores em N. crassa. 

Em conjunto, os dados obtidos realçam a utilidade do fungo filamentoso N. 

crassa como um modelo de estudo dos mecanismos de PCD e estabelece uma 

base para trabalhos futuros. 
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1. Introduction 

1.1) The biology of Neurospora crassa 

 

An historical overview 

Neurospora crassa is a multicellular ascomycete initially documented in 

1843 (Fig. 1), when several parisian bakeries were infested by cultures of an 

orange sporulating mould (1). The fungus was then designated Monilia sitophila 

and found in diverse carbohydrate-rich food and sugar cane processing waste. 

 

 
Figure 1 - Plate 1, with the title “Champignons rouges du pain”, from the first ever report 
of Neurospora. 
Adapted from reference (2) with permission (American Society for Microbiology). 
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A century later, mycologists Cornelius Shear and Bernard Dodge, in 1927, 

moved it to the Neurospora genus, based on the discovery that this fungus 

possesses a sexual morphological structure called perithecia (3). Literally 

translated, “Neurospora” means “nerve” plus “spore” and the explanation for this 

name resides in the fact that the spores of the fungus display longitudinal striations 

resembling animal axons, which belong to the nervous system. In 1958, the Nobel 

Prize in Physiology and Medicine was awarded to George Wells Beadle and 

Edward Lawrie Tatum because of their “one gene-one enzyme” pioneering 

hypothesis. The theory, that conceived the idea that particular portions of genetic 

material lead to the synthesis of specific proteins, was described in 1941 (4). This 

work allowed the comprehension of one the most basic aspects of Biology and 

provoked the explosion of Molecular Genetics. In their research, Beadle and 

Tatum used essentially N. crassa. In another breakthrough work using N. crassa 

during the 1940s, Norman Horowitz showed that metabolic pathways comprise a 

series of steps each of them catalysed by an enzyme (5). The aforementioned 

works of renowned geneticists represent only a few of the examples of successful 

applications of Neurospora to the study of the molecular basis of biological 

processes. The fungus has also been used to study circadian rhythms, gene 

silencing, DNA repair, cell differentiation and mitochondrial biology (6). 

 

Taxonomy 

The Neurospora genus belongs to the Ascomycota phylum, Pezizomycotina 

subphylum, Sordariomycetes class, Sordariales order, Sordariaceae family (7). 

Other closely related fungi within the Sordariomycetes class include Podospora 

anserina, Chaetomium globosum, Magnaporthe grisea, Trichoderma reesei and 

Fusarium verticillioides (Fig. 2) (8). 
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Figure 2 - MRP supertree derived from 4805 fungal gene families. 
Bootstrap scores for all nodes are displayed. Rhizopus oryzae has been selected as an outrgroup. 
Subphyla and class clades are highlighted. Adapted from reference (8) with permission (BioMed 
Central). 
 

Cell biology, physiology and habitat 

 N. crassa is a multicellular organism. Tubular, branched hyphae (Fig. 

3) grow by extension in a process that seems to involve a tip-high calcium (Ca2+) 

gradient (9-11) and incomplete septa form between cells. The septa contain pores, 

allowing the flow of cytoplasmic and nuclear elements. The cell wall is made 

mainly of β-glucans, chitin, polygalactosamine and protein (12). A classic 

eukaryote plasma membrane lies beneath the cell wall. The cytoplasm contains 

typical eukaryotic organelles. Cells (except microconidia) contain more than one 

nuclei and their division in a single hypha is asynchronous. 
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Figure 3 - Confocal imaging of N. crassa after co-labeling with FM4-64 (red) and the 
nuclei with histone H1-GFP (green). 
Courtesy of Patrick C. Hickey and Nick D. Read. 

 

 Neurospora enjoys modest nutritional requirements: the common 

minimal medium (Vogel’s minimal medium (MM)) includes a sugar, a nitrogen 

source (ammonium and nitrate), phosphate, sulfate, potassium, magnesium, 

calcium, trace metals and a small amount of the vitamin biotin (13). Nonetheless, 

the fungus can grow with several other nutritional regimes. N. crassa is an obligate 

aerobe and possesses typical glycolytic, hexose monophosphate shunt, Krebs 

cycle and oxidative phosphorylation enzymes. N. crassa mitochondria possess a 

branched respiratory chain with alternative NAD(P)H dehydrogenases (14, 15) and 

one alternative oxidase (16, 17). 

 The genus Neurospora is conspicuous in nature, as individuals are 

found in all moist tropical and subtropical areas, penetrating also in many 

temperate zones, especially in connection with human agriculture and commercial 

activity (18-20). These fungi are among the first colonists of burned vegetation 

(Fig. 4) which is probably related to the fact that ascospores, the products of the 

sexual cycle, require heat for activation. This aspect is also related to the well-

developed capacity to use cellulosic materials, particularly in moist and hot areas. 

The extension of the habitat of N. crassa to bakeries and sugar cane processing 

plants is understandable on the same basis (21). 
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Figure 4 - N. crassa growing on a burned tree in Portugal. 
Note the presence of the orange mould throughout the trunk. Courtesy of Arnaldo Videira. 

 

Genetics and life cycle 

N. crassa has an asexual and a sexual life cycle. The asexual life cycle is 

characterized by the development of macroconidia on aerial hyphae (Fig. 5). The 

conidia are the unicellular stage of the fungus (5-8 µm diameter) and germinate in 

an appropriate environment. A germ tube extends and hyphae form (8-15 µm 

diameter). Growth continues by tip extension, branching and cell fusion until the 

development of a typical mycelium. In a laboratory setting, a conidial inoculum on 

the centre of a culture medium-containing Petri dish leads to rapid radial extension 

(Fig. 6A) followed by a more copious branching and growth into the medium. N. 

crassa achieves linear growth rates of approximately 3-5 mm per hour at 25-35ºC, 

perhaps the fastest growth of any fungus. In liquid aerated medium, the doubling 

time of N. crassa is about 2.2 to 2.7 hours at 25ºC (21). 
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Figure 5 - Asexual (macroconidiation and microconidiation) and sexual life cycles of N. 
crassa. 
See text for details. Adapted from reference (22) with permission (John Wiley and Sons). 

 

Upon exhaustion of nutrients, phototropic aerial hyphae form, branch and 

yield a profusion of macroconidia (Fig. 6B) by budding and segmentation. The 

conidia develop an intense orange, carotenoid pigment and the surface possesses 

a loosely adhering and hydrophobic protein coat which maintains the dryness, 

making light air movements enough for dispersion. Though haploid, macroconidia 

and hyphae are coenocytic, meaning that they have multiple nuclei (Fig. 3). 

Homokaryotic mycelia, that is, with multiple but genetically identical nuclei is the 

most frequent form of N. crassa, because normally cells derive from a single 

ascospore which contains a single nucleus (19). However, genetically different 

haploid nuclei may coexist in the same cell or mycelia (heterokaryons) and this 

can be readily achieved in the laboratory by mixing strains of the same mating 

type. Heterothallic species also produce microconidia. These are smaller, 

uninucleate cells which are extruded directly and serially from microconidiophores. 

In the laboratory, the production of microconidia can be stimulated (23), but these 

cells germinate with lower efficiency than macroconidia. 
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Figure 6 - N. crassa growing in Vogel's minimal medium with agar on a Petri dish (A) or 
flask (B). 
Pictures were taken after 32 hours (A) and 7 days (B) of growth at 26º C, respectively. 

 

 The sexual life cycle of the heterothallic N. crassa is also depicted on 

Fig. 5. It requires two strains of opposite mating type, which is determined by the 

genetic regions mat-A and mat-a. Under determined conditions such as reduced 

nitrogen and carbon (24), the female parent strain forms a multicellular structure 

designated protoperithecium which begins to develop as a small knot of hyphae 

that surrounds a few special cells. These cells differentiate as an ascogonium and 

one of them acts as the female gamete. The outer hyphae of the protoperithecium 

form a dense and protective layer through which several filamentous trichogynes 

emerge from the gametic cell. The fertilizing agents are conidia from the male 

parent strain with the opposite mating type. They secrete a pheromone stimulus 

which is sensed by the trichogynes of the female parent and results in growth of 

the latter until both elements contact and fuse (25). Upon fusion, a nucleus of the 

conidium travels through the trichogyne to the ascogonial cell in the 

protoperithecium. The nuclei of opposite mating types divide 10 or more times in 

an enlarging mass of ascogenous hyphae now designated perithecium (26). 

Nuclei of opposite mating type pair and undergo simultaneous divisions at the tips 

of the ascogenous hyphae, whereas in the sub-apical cell of the crozier, pre-

meiotic DNA replication takes place (27). Nuclear fusion occurs and completes the 

fertilization process, yielding the only diploid stage of the life cycle. Two meiotic 
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divisions immediately follow as the ascus grows into a long and tubular sac. Each 

of the four meiotic products undergoes one mitotic division and the resulting eight 

nuclei are enclosed by hard and melanized spore walls (Fig. 7). Individual 

perithecia may form 200-400 asci, all of which are usually derived from a single 

pair of haploid parental nuclei. If the parents have different alleles at one gene, 

asci will contain four of one parental type and four of the other. 

 

 
Figure 7 - A squashed perithecium of N. crassa. 
The image is reproduced from the Fungal Genetics Stock Center website (www.fgsc.net) with 
permission. 

  

 A beaklike structure with a pore (the ostiole) forms at the top of the 

perithecium and the tips of mature asci insert themselves one at a time into it. 

Because of the osmotic pressure within the asci, they explode at the tip, shooting 

the ascospores from the ostiole. A gluey material on the ascospores promotes 

adhesion to the landing spot. Two or three days after being shot the ascospores 

are fully mature and germinate upon heat activation (60ºC for 30 minutes in the 

laboratory). 

 

The genome and collection of knockout strains 

 N. crassa was the first filamentous fungus to have its genome fully 

sequenced (28). The publication of the genome acted as an extremely important 

boost for studies involving this organism. Many genes implicated in diverse 

biological processes such as metabolism, signaling, cell cycle, cell death, 
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epigenetics, gene silencing and growth have been unravelled since then. The 

main features of the genome are depicted in Table 1 (2). 

 
Table 1 - The main features of the N. crassa genome. 

Feature Value 

General 

Size (bp) 38044345 

Number of chromosomes / Linkage groups 7 

% G+C 50 

Protein-coding genes 10082 

Protein-coding genes (> 100 amino acids) 9200 

Introns 17118 

tRNA genes 424 

5S rRNA 74 

Percent coding 44 

Average gene size (bp) 1673 (481 aa) 

Average intron size (bp) 135.4 

Average intergenic distance (bp) 1953 

Predicted protein-coding sequences 

Identified by similarity to known sequences 1336 (13%) 

Conserved hypothetical proteins 4606 (46%) 

Predicted proteins (no similarity to known sequences) 4140 (41%) 

aa: amino acids 

 

With around 10000 protein-coding genes, N. crassa possesses nearly twice 

as many genes as Saccharomyces cerevisiae (~6300) and Schizosaccharomyces 

pombe (~4800), consistently with its higher biological complexity. More than a half 

of the N. crassa proteins do not have significant matches in either S. cerevisiae 

and S. pombe, two classical yeast models (28). Importantly, a considerable 

fraction of N. crassa genes (~15%) display best homology matches to either plants 

or animals, which is consistent with the complex biology of filamentous fungi.  

Another interesting characteristic of the N. crassa genome is the unusually 

low proportion of highly similar genes in opposition to other sequenced organisms 

(28). Thus, the degree of gene redundancy is reduced and this is particularly 

useful when analysing the behavior of knockout cells. Limited redundancy results 

from the presence of a very sophisticated mechanism of defence called repeat-

induced point-mutation (RIP) through which cells detect and mutate both copies of 

a sequence duplication. Not only the high number of mutations likely lead to lack 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

20

of expression of the sequence but also RIPped sequences are targets of silencing 

by DNA methylation (28). This indicates that most, if not all, paralogous genes in 

N. crassa duplicated and diverged before the emergence of RIP and that gene 

duplication has been arrested since then (28). RIP has been used for several 

years in the laboratory as a strategy to disrupt genes. However, in recent years a 

gene replacement and homologous recombination-based approach has been used 

to generate deletion strains (29). Using this strategy, the Neurospora Genome 

Project, currently underway, has enabled the construction of thousands of deletion 

strains that are available for the Neurospora community (30, 31). 

 

 

1.2) Programmed cell death (PCD) 

PCD in mammalian cells 

Balance between cell division and cell death is of supreme importance for 

the development and maintenance of multicellular organisms. Deregulation of this 

equilibrium can lead to pathological conditions, namely cancer and 

neurodegenerative disorders. Therefore, the balance between life and death is 

tightly controlled and abnormal elements can be effectively eliminated by a 

process called ”PCD” (32). Decades ago, PCD was held synonymous with 

apoptosis, and the concepts of apoptosis and necrosis were the only used to 

explain the death of cells. However, in recent years, it has become evident that 

this is an oversimplification of the highly sophisticated mechanisms guarding the 

organism against potentially harmful situations. Many reports have been published 

and many terms have been proposed to define dissimilar pathways of cell death. 

However, some of these distinct ways of dying might not be really different, 

because there are many overlapping features and the precise biochemical 

mechanisms are often unclear. To overcome these issues, the Nomenclature 

Committee on Cell Death has recently proposed unified criteria for the definition of 

cell death and its different morphologies and molecular signals (33). According to 

these guidelines, cell death can be classified in anoikis, autophagic cell death, 

caspase-dependent apoptosis, caspase-independent apoptosis, cornification, 

entosis, extrinsic apoptosis by death receptors, extrinsic apoptosis by dependence 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

21

receptors, mitotic catastrophe, necroptosis, netosis, parthanatos and pyroptosis 

(33). 

Since PCD has been mostly studied in mammalian models, a summary of 

the most important facts and mechanisms related to this subject are present in the 

next paragraphs. For simplification purposes, this overview of the different cell 

death modalities will focus on three concepts: apoptosis, necrosis and autophagy. 

Classically, necrosis was considered an accidental and uncontrolled type of cell 

death. However, recent data has shown clearly that specific pathways and 

mediators like RIP1 and RIP3 are activated during necrotic cell death and that it 

has a physiological role rather than being accidental (34). Autophagy is employed 

by cells in order to degrade or recycle cellular components such as proteins and 

organelles. Autophagy leads to the breakdown of the cytoplasm within double-

membrane specialized vesicles called autophagosomes which eventually fuse with 

the lysosome (35). It is still somewhat controversial whether autophagy is a cell 

death or survival mechanism. A plausible view is that, due to its recycling nature, 

autophagy can be initially a protective mechanism operated by the cells to cope 

with demanding conditions or lifestyle adaptation. However, this can derive to an 

autophagic death mode if the stress pressure is unbearable. The core molecular 

machinery of autophagy, initially identified in S. cerevisiae, consists in a group of 

proteins involved in the formation of the autophagosome, termed “ATG” (36). At 

the signaling level, autophagy is controlled by the target of rapamycin (TOR) 

kinase (35, 36). 

The term “apoptosis” (apo-from, ptosis-falling, meaning “dropping off” of 

petals or leaves from plants or trees) was coined in 1972 by Kerr and colleagues 

to designate a well-ordered suicide genre of cell death (Fig. 8) (37). Apoptosis is 

morphologically characterized by cell rounding and reduction of volume, chromatin 

condensation, nuclear fragmentation and persistence of an intact plasma 

membrane until the late stages of the process (38). 
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Figure 8 - Morphological aspects of apoptosis. 
Adapted from the original publication that coined the term “apoptosis” (37) with permission (Nature 
Publishing Group). 
 

Molecularly, apoptosis presents different forms. Depending on the apoptotic 

stimulus, a group of aspartate-specific proteases called caspases may be 

activated (caspase-dependent apoptosis). Caspases are the ultimate executioners 

of cell death and cleave regulatory and structural elements of the cell such as 

cytoskeletal proteins like actin or nuclear proteins such as the poly ADP-ribose 

polymerase-1 (PARP-1) and the transcription factor p53 (39). Apoptosis can also 

develop without the involvement of caspases (caspase-independent apoptosis). 

Although maybe in a too simplistic way, apoptosis can be divided in two pathways: 

the extrinsic and the intrinsic pathways. The extrinsic pathway is triggered by the 

binding of extracellular ligands to cell surface receptors, such as FAS/CD95L, 

tumor necrosis factor α (TNFα) and TNF ligand superfamily, member 10 (TNF-

related apoptosis inducing ligand, TRAIL) bind to their death receptors 

(FAS/CD95, TNFα receptor 1 (TNFR1) and TRAIL receptor (TRAILR)1-2, 
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respectively) (33). Ligation to these receptors induces the formation of a 

multiprotein death-inducing signaling complex (DISC) that recruits adaptor proteins 

like the FAS-associated death domain protein (FADD) and activates the initiator 

caspase-8 which begins the cell death process (38, 39). The intrinsic pathway (or 

the mitochondrial pathway) of apoptosis is activated when intracellular sensors 

indicate over-the-threshold cell damage or when a developmental program is 

underway. The key event of the intrinsic pathway of apoptosis is the 

permeabilization of the mitochondrial outer membrane and consequent release of 

apoptogenic molecules from the mitochondrial intermembrane space to the cytosol 

(39). These include second mitochondria-derived activator of caspase 

(SMAC/DIABLO), OMI/HtrA2, the apoptosis-inducing factor (AIF), endonuclease G 

(EndoG) and cytochrome c. SMAC/DIABLO and OMI/HtrA2 bind the X-linked 

inhibitor of apoptosis protein (XIAP) and antagonize its ability to inhibit caspases. 

AIF and EndoG are two DNA nucleases that migrate to the nucleus en route to cell 

death. In the cytosol, cytochrome c binds and induces a conformational change 

and oligomerization of the apoptotic protease-activating factor 1 (APAF1). This 

results in the formation of the apoptosome, which also includes the initiator 

caspase-9, which in turn cleaves and activates the executioners caspase-3 and 

caspase-7. Actually, both the extrinsic and intrinsic pathways converge in the 

activation of caspase-3 and caspase-7. The permeabilization of the mitochondrial 

outer membrane, the critical parameter during mitochondrial-mediated apoptosis is 

finely controlled through interactions between members of the B cell lymphoma 2 

(BCL-2) family, characterized by the presence of a BCL-2 homology (BH) domain 

which, depending on the specific protein, is differently organized (40). This group 

of proteins comprises both anti-apoptotic (BCL-2, BCL-W, BCL-XL, A1 and MCL-

1) as well as pro-apoptotic members. The pro-apoptotic proteins are subdivided in 

effectors (BAK, BAX and BOK) and BH3-only proteins that transmit the apoptotic 

signal to the effectors (BID, BIM, BAD, BIK, BMF, BNIP3, HRK, NOXA and 

PUMA). 

 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

24

 
Figure 9 - Intrinsic and extrinsic pathways of apoptosis. 
See text for details. Adapted from reference (39) with permission (Nature Publishing Group). 
 

Despite the advances made in the comprehension of the cell death subject, 

several mechanisms are still a matter of debate and new approaches might 

unravel new pathways and mediators. 

 

PCD in fungi 

It has become increasingly clear that simpler organisms, including 

prokaryotes, plants and fungi, also undergo regulated forms of cell death. In the 

fungal kingdom, PCD was initially pinpointed in the second half of the 1990s in S. 

cerevisiae. In a work with the endoplasmic reticulum (ER)-localized ATPase 

Cdc48, an AAA family member required for retrotranslocation of ubiquitinated 

proteins to the cytosol, Madeo et al observed that the expression of the cdc48S565G 

temperature-sensitive mutant under non-permissive temperatures results in the 

appearance of hallmarks of apoptosis (see below) (41). S. cerevisiae also serves 

as a “clean” model for the study of mammalian molecules involved in cell death, 
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since the heterologous expression of human proteins like BCL-2 family members 

promotes and suppresses apoptosis in yeast (42-45). These data acted as a 

breakthrough in PCD research because they challenged other scientists to 

conduct studies in phylogenetically lower organisms that are normally more 

genetically tractable and easier to manipulate. 

There is still some controversy regarding the degree of similarity between 

fungal and metazoan cell death and whether the metazoan terminology can be 

applied to fungi. Thus, a cautious choice is to employ the designation “apoptotic-

like cell death”, although these concepts will not be substantially discriminated in 

this dissertation, for simplification purposes. Similarly to mammals, fungal cells 

undergoing apoptotic-like cell death generally exhibit morphological and 

biochemical features that can be detected in the laboratory. This includes DNA 

fragmentation and condensation, cell shrinkage, phosphatidylserine exposure, 

reactive oxygen species (ROS) production, mitochondrial membrane 

depolarization, reduced glutathione (GSH) efflux and caspase-like activities (46-

49). However, due to the biological characteristics of fungi, some technical aspects 

of the detection of PCD in fungi must be considered. 

An early biochemical alteration of cells undergoing cell death is the 

externalization of phosphatidylserine, a phospholipid that is normally in the internal 

leaflet, to the external leaflet of the cell membrane. In the original mammalian-

optimized methodology, phosphatidylserine, when at the external leaflet of the cell 

membrane, can be readily detected using recombinant annexin V conjugated with 

a fluorochrome. However, fungal cells possess a cell wall, hampering the direct 

staining with annexin V. This represents a good example of the current limitations 

of standard techniques to detect apoptotic-like cell death in fungi. In such 

situations, cell wall-degrading enzymes must be applied although this is a harsh 

procedure and signifies an additional stress that should be ideally avoided. Cell 

wall removal must also be performed when DNA fragmentation is to be analysed 

with the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate 

biotin nick-labelling (TUNEL) method. There are, however, some alternative 

available fluorescent probes that may be employed to detect cell death without the 

need of removing the cell wall. Our laboratory has been using YO-PRO1 to detect 

cell death in N. crassa. YO-PRO1 is a small cyanine cation dye that is only 

permeable in cells undergoing apoptosis (50). Another drawback resides in the 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

26

fact that filamentous fungi are unicellular during a limited time-window of their life 

cycle and highly quantitative methodologies like flow cytometry can only be 

applied during the unicellular stage. As an alternative for the multicellular stages of 

the life cycle, microscopy can be performed. Apoptotic markers like the production 

of ROS, mitochondrial membrane depolarization or caspase-like activities may be 

detected using comercially available fluorescent probes that are able to penetrate 

fungal cells or can be used in isolated organelles. 

 

Why would fungal cells execute PCD? 

In animals, it is well established that PCD is associated with developmental 

processes like the deletion of certain macrostructures, modeling of organs, 

regulation of cell number or removal of defective and potentially harmful cells (32). 

In fungi, early evidences of the occurrence of PCD were challenged by the 

scientific community partly because the molecular identity of the intervenients was 

completely unknown. Though, the growing availability of sequenced fungal 

genomes has pushed this forward. Another topic of discussion that accompanied 

the initial reports of cell death in fungi was the uncertain relevance of such a 

process in microbial cells. Namely, why would unicellular organisms like yeast be 

programmed to die? This is particularly pertinent in yeast, where cell death means 

organismal death (or “phenoptosis”, as coined by Skulachev (51)). These 

interesting but rather hard questions have been addressed by some works. 

Possible explanations can be obtained from an evolutionary perspective. It 

is known that yeasts, despite being unicellular, prefer to live as colonies (52) and 

these social communities undergo a differentiation-like program involving the 

apoptotic death of the centre of the colony only (53). There is evidence showing 

that if the dead zone (colony centre) is removed, there is a reduction in the growth 

in the periphery, suggesting an altruistic nature of cell death and an advantageous 

outcome, that is, the maintenance of the whole colony at the expense of death of a 

part of it (53). Thus, natural yeast cell death may be related to a kin selection 

evolutionary mechanism - an aging programme in which within a population some 

unwanted organisms die to benefit related ones regulating life span (54, 55). 

It has been hypothesized that cell density is the threshold factor that 

determines that certain parameters such as DNA mutations and the nutritional 
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environment are at a critical value and lead to cell death of part of the population 

(54, 56). Importantly, both types of aging (chronological and replicative) result in 

the appearance of apoptotic markers (57-59). In chronological aging yeast, after 

more than 90% of a population dies, a small subpopulation of cells that survive are 

able to regrow (60). This might be because of the release of substances from 

dying cells that alter the composition of the growth medium and promote the 

growth of the small subpopulation of surviving individuals (54). Indeed, an 

ammonia concentration gradient in aged colonies guarantees that cells at the 

centre die while the ones at the periphery proliferate (61). Treatment with high 

concentrations of α-factor pheromone, which is normally secreted to activate 

mating, results in apoptotic-like cell death signaled by the Ste20 kinase, 

suggesting that yeast cell death may be triggered in response to unsuccessful 

mating (62). Thus, quorum sensing may play a role in natural death of unicellular 

organisms. 

A recent report showed the coordinated involvement of the apoptotic and 

autophagic cell death on yeast gametogenesis, more specifically during a spore 

number control mechanism when cells develop aborted meiotic products (63). 

Interestingly, this process, termed “programmed nuclear destruction”, was broadly 

observed in wild yeast isolates and apparently to the benefit of sibling cells, 

indicating its physiological relevance. Another report linked the apoptotic 

machinery of the Cryptococcus neoformans yeast with the development of drug 

resistance phenotypes. More specifically, the authors showed that Aif1-mediated 

cell death is required to eliminate aneuploid cells and in the absence of the 

protein, the accumulation of such cells leads to resistance to the antifungal 

fluconazole (64). 

Programmmed cell death might be a key evolutionary event during 

unicellular to multicellular transition. When yeast cells face an environmental set-

up that promotes multicellularity (through a sedimentation strategy), there is a 

development of clustering snowflake-type genotypes which spread through 

multicellular propagules (65). This adaptive yeast subpopulations exhibit high rates 

of cell death, decreasing the size of propagules but also increasing their 

production (65). 

 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

28

Involvement of PCD during developmental, differentiation and host 

interaction processes in filamentous fungi 

The multicellular nature and higher complexity of filamentous fungi makes 

the perception of fungal PCD even more conceivable (46-48). PCD in filamentous 

fungi is well documented, though available literature is not as extensive as for S. 

cerevisiae. Table 2 summarizes work demonstrating the involvement of PCD 

during developmental or differentiation processes in filamentous fungi. 

 
Table 2 - PCD in filamentous fungi during differentiation or developmental processes. 

Stimulus Organism Molecules ROS MC Reference(s) 

Heterokaryon 
incompatibility 

Neurospora crassa, 
Podospora anserina, 
Aspergillus niger 

HET-C1/2, PIN-C1/2, 
TOL, MAT-A/a, HET-6, 
UN-24, VIB-1, IME-2 

yes no (66-80) 

Senescent cultures Podospora anserina, 
Botrytis cinerea 

Mitochondrial complex 
IV (cytochrome c 
oxidase) 

yes yes (81-85) 

Appressorium 
morphogenesis 

Magnaporthe grisea Several autophagy-
related genes 

NA NA (86-89) 

Protoperithecia 
formation 

Podospora anserina PaATG1, PaATG8 NA NA (90) 

Asci maturation 
and ascospore 
formation 

Coniochaete 
tetrasperma, 
Podospora anserina 

- NA NA (91, 92) 

Meiotic defects Coprinopsis cinereus - NA NA (93) 

Basidial 
differentiation 

Agaricus bisporus - NA NA (94) 

Conidiation Aspergillus nidulans PrpA NA yes (95) 

Columns “ROS” and “MC” denote, for the effect of each stimulus, the involvement of ROS or 
metacaspases, respectively. NA: not assessed. 

 

P. anserina has been used since the 1950s as a model for studying aging 

(96), which is phenotypically associated with a senescence-type form of cell death 

characterized by a reorganization of the mitochondrial DNA and a decrease in 

mycelium growth rate, reflected in the formation of aerial hyphae as well as 

increase in pigmentation and death of peripheral hyphae (83). This process seems 

to be related to the activity of cytochrome c oxidase (complex IV) of the 

mitochondrial respiratory chain (81, 82, 84). 

PCD has been also implicated in reproduction-related functions. In 

Aspergillus nidulans, sporulation was associated with apoptotic-like death 

including caspase activity and degradation of a PARP-like protein (95). In P. 
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anserina, disruption of the two metacaspases (putative homologues of caspases) 

leads to defects in ascospore formation (91). In Coniochaete tetrasperma, during 

the asci maturation process, the initial number of 8 is reduced to 4 ascospores per 

ascus by means of cell death (92). In Coprinopsis cinereus, cytological indicators 

of cell death were observed in immature basidiospores of meiotic mutants whose 

nuclei were arrested after meiotic metaphase I (93). Cell death was also 

evidenced prior to the basidial differentiation in Agaricus bisporus (94). 

In the rice blast pathogen M. grisea autophagic cell death is involved in 

several steps of differentiation and plant infection. The deletion of the autophagy-

mediator genes MgATG1 and MgATG8 affects the fungus ability to survive, 

conidiate, germinate, form mature perithecia and cause infection (87). 

Magnaporthe develop a specialized type of cells called appressorium which is 

required to penetrate the outer cuticle of leaves and stems of rice plants (89). Its 

morphogenesis requires the completion of mitosis, nuclear migration, and death of 

the conidium originating the infection (88). Interestingly, this spore death is 

mediated by autophagy since disruption of MgATG8 prevented the cell death step. 

Although appressoria were formed, they lacked pathogenicity due to an inability to 

penetrate the plant tissues. This defect was further confirmed by a genome-wide 

functional analysis that revealed that disruption of 16 genes necessary for non-

selective macroautophagy in Magnaporthe causes lack of virulence due to 

impairment of both conidial PCD and appressorium maturation (86). In P. 

anserina, mutation or deletion of PaATG1 and PaATG8 also leads to defects in the 

formation of sexual structures such as protoperithecia (90). 

Another specialized phenomenon called “heterokaryon incompatibility”, 

involving nonself recognition and PCD, occurs in fungi. Nonself recognition is an 

essential process to distinguish oneself from another. It is ubiquitous and relies on 

the major histocompatibility complex in humans (97). The analogous nonself 

recognition system of filamentous fungi (heterokaryon incompatibility) is important 

during vegetative growth. Hyphal fusion can occur between cells of the same 

fungal colony but also between hyphae of different strains. The latter results in the 

formation of an heterokaryon in which cells possess nuclei with different genetic 

backgrounds (67, 69). If individuals originating the heterokaryon are genetically 

dissimilar at the het loci, a cell death program on the fusion compartment and 

surrounding cells is triggered and leads to the rejection of heterokaryon formation 
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(Fig. 10) (67, 69). This equips cells with a competent barrier to undesired 

heterokaryon formation and has been shown to restrict viral transfer between 

fungal individuals and to prevent resource appropriation (98-101). 

 

 
Figure 10 - Schematic diagram of the main biological and morphological consequences of 
hyphal fusion between two fungal individuals. 
If the two fungal individuals are identical in allelic specificity at all het loci, an heterokaryon is 
formed. However, if the two fungal individuals differ in allelic specificity at a het locus, the septa in 
the hyphal fusion cell are occluded and the hyphal fusion cell (and often surrounding cells) undergo 
cell death. Adapted from reference (69) with permission (American Society for Microbiology). 

 

In N. crassa, 11 het loci mediate nonself recognition and because they are 

effectively unlinked, the number of possible het genotypes in a segregation 

population is at least 211 (67, 69, 78). The het-c incompatibility, probably the best 

studied, is mediated by het-c pin-c interactions (69, 73). Alternative haplotypes of 

plasma membrane-localized HET-C (HET-C1, HET-C2) interact with the 

alternative haplotypes of the cytoplasmic PIN-C (PIN-C1, PIN-C2) (73, 78). This 

results in intracellular signaling and activation of the transcription factor VIB-1 (80), 

which is downstream of a negative regulation by the IME-2 kinase (71) and is 

required for the expression of nonself recognition-related genes that encode 

proteins with HET domains, namely pin-c, tol, and het-6 (66). Other het genetic 
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determinants include het-6 (incompatibility mediated by interactions between the 

proteins encoded by un-24 and het-6 (74, 75)) and mating type loci (mat-A, mat-a 

and tol (68, 76, 77, 79)). 

Incompatible heterokaryons show a macroscopic phenotype of slow growth 

and diminished conidiation, together with hyphal compartmentalization and cell 

death (67, 70, 72). This includes the appearance of apoptotic hallmarks such as 

DNA condensation and fragmentation, plasma membrane shrinkage, vesicle 

formation and internalization of vital dyes (67, 70, 102). The production of ROS 

and the induction of genes involved in phosphatidylinositol and Ca2+ signaling 

pathways are also implicated in the phenomenon (70). Heterokaryon 

incompatibility in N. crassa was also shown to be induced by the ectopic 

expression of the bacterial HET-C homologue from Pseudomonas syringae, phcA 

(103). 

In P. anserina, autophagy was associated with the process of heterokaryon 

incompatibility (90, 104). Intriguingly, treatment with rapamycin, an inhibitor of 

TOR kinase, mimics the typical alterations of heterokaryon incompatibility, namely 

the induction of idi genes, cytological alterations such as increased septation, 

vacuolization, coalescence of lipid droplets and induction of autophagy and cell 

death (105). The overexpression of the isolated HET domain is sufficient to induce 

cell death in Podospora (106). 

Cell death has been also linked with cellular responses during host-

pathogen interactions involving plant pathogenic fungi, which are all of the 

filamentous type. Available data demonstrates that host plant cells are able to 

induce fungal PCD as a defensive reaction to infection. Arabidopsis cells produce 

a phytoalexin called camalexin that induces cell death in the necrotrophic fungus 

Botrytis cinerea (85). Upon infection, germination and first contact with the plant, 

the fungus experiences extensive cell death (30-48 hours post-inoculation) though 

recovering at later stages (after 72 hours) when lesions in the plant start to appear. 

However, Shlezinger and collaborators demonstrated that overexpression of the 

anti-apoptotic gene BcBIR1 confers enhanced pathogenicity and resistance to cell 

death, as shown by the drastic reduction in cell death levels of the BcBIR1-

overexpressing strain after 30-48 hours of inoculation (85). Conversely, a 

ΔBcBIR1 knockout strain exhibited the opposite phenotypes, i.e., hypersensitivity 

to cell death and reduced virulence. The N’-terminal portion of BcBir1 was shown 
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to mediate its anti-apoptotic activity. Other plant defence compounds like hexanoic 

acid and lovastatin also induce cell death in B. cinerea and Mucor racemosus (85, 

107, 108). In line with these results, tomato cells produce the saponin α-tomatine, 

a sesquiterpene glycoside with fungicidal activity that induces ROS- and 

metacaspase-dependent cell death in Fusarium oxysporum (109). In addition, 

during host-pathogen interactions, fungal cells may manipulate the mechanisms of 

plant PCD for their benefit. For example, Alternaria alternata produces a 

mycotoxin called AAL, with structural similarities to sphinganine, that induces cell 

death in tomato cells by interfering with the sphingolipid biosynthesis pathway of 

the host (110). This leads to the accumulation of dihydrosphingosine that mediates 

AAL-induced cell death. 

It is worth to mention that some of the aforementioned examples of cell 

death in fungi are exclusive of filamentous species (e.g., heterokaryon 

incompatibility) underlining the advantage of using filamentous fungi as a model to 

study cell death. 

 

PCD in filamentous fungi after exposure to stress stimuli 

Fungi undergo cell death in response to environmental stress. Indeed, most 

of the available studies on PCD in fungi involve the exposure of cells to death-

inducing agents or growth in culture media lacking certain components important 

for cell survival. Table 3 is a comprehensive condensed review of available reports 

on this matter, with a focus on filamentous fungi. It contains a brief description of 

the involvement of Ca2+, ROS and activity of metacaspases during cell death 

induction by each of the listed stimuli as these parameters seem to be common 

mediators of fungal cell death. The broad diversity of fungal cell death-inducing 

stimuli suggests that, during evolution, fungi kept an appropriate set of molecules 

to adequately respond to environmental stress with cell death. For extensive and 

specific details associated with each stimulus, the reader is referred to the original 

publications. Information on the mechanisms of selected cell death-inducing 

compounds is subsequently described in more detail.  
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Table 3 - PCD in filamentous fungi exposed to cell death-inducing stimuli. 

Stimulus Organism Molecules Ca2+ ROS MC Reference(s) 

Sphingolipids 

Dihydrosphingosine Aspergillus 
nidulans 

- NA NA NA (111, 112) 

Phytosphingosine Neurospora 
crassa, 
Aspergillus 
nidulans 

Nc: NUO9.8, 
NUO14, 
NUO21, NUO21.3c, 
NUO30.4, NUO51, 
NUO78, AIF, AMID, 
ATP synthase 
subunit 4, (aldehyde 
dehydrogenase), 
TRANSLIN, TRAX 

no c yes d yes e (111-116) 

Ceramide Neurospora 
crassa 

- NA NA NA (112) 

Cell wall or plasma membrane-disturbing agents 

Amphotericin B Aspergillus 
fumigatus 

- NA NA no (117, 118) 

Caspofungin Aspergillus 
fumigatus 

- NA NA NA (118) 

Itraconazole a Aspergillus 
fumigatus, 
Rhizopus 
oryzae, 
Cunninghamella 
bertholletiae, 
Mucor 
circinelloides 

- NA yes yes (119, 120) 

Posaconazole a Rhizopus 
oryzae, 
Cunninghamella 
bertholletiae, 
Mucor 
circinelloides 

- NA yes yes (119, 120) 

Chitosan Neurospora 
crassa 

- yes NA NA (121) 

Plant-derived compounds 

Camalexin Botrytis cinerea Bc: BcBir1 NA yes NA (85) 

Lovastatin Mucor 
racemosus, 
Botrytis cinerea 

Mr: MRas1, MRas3, 
(cAMP signaling 
pathway), (PI3K) 

NA NA NA (85, 108) 

Hexanoic (caproic) 
acid 

Botrytis cinerea, 
Ustilago maydis 

Bc: BcNma; Um: 
Mfe2, Mfe2b, Had1, 
Had2 

NA NA NA (107, 122) 

α-Tomatine Fusarium 
oxysporum 

- yes f yes yes (109) 

SUGARWIN2 Colletotrichum 
falcatum 

- NA NA NA (123) 

Dill essential oil Aspergillus 
flavus 

- NA yes NA (124) 

Anethole Aspergillus 
fumigatus 

- NA yes yes (125) 
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Fungi- and bacterial-derived compounds 

PAF Neurospora 
crassa, 
Aspergillus 
nidulans 

An: FadA yes yes NA (126, 127) 

Trichokonin VI 
 

Fusarium 
oxysporum, 
Ascochyta 
citrullina, 
Botrytis cinerea, 
Phytophtora 
parasitica, 
Verticillium 
dahliae 

- yes f no no (128) 

Ophiobolin A Mucor 
circinelloides, 
Rhizopus 
stolonifer 

- NA NA NA (129) 

L-amino acid 
oxidase Th-L-AAO 

Botrytis cinerea - NA yes NA (130) 

Farnesol Aspergillus 
nidulans, 
Fusarium 
graminearum, 
Penicillium 
expansum 

An: PrpA, NucA, 
CycA, FadA, SfaD, 
AifA, PkcA, AtgH, 
PkcA, CasA, CasB, 
HacA, MAPK 
signaling pathway 

NA yes yes (131-138) 

Staurosporine Neurospora 
crassa 

Nc: NUO9.8, 
NUO14, NUO30.4, 
NUO51, ABC-3 

yes c yes no c (114, 139, 
140) 

WH1 fungin Rhizoctonia 
solani 

- NA yes yes (141) 

De novo designed antimicrobial peptides 

PAF26 (PAF95, 
PAF96) 

Neurospora 
crassa, 
Aspergillus 
fumigatus 

- yes NA NA (142, 143) 

D
(KLAKLAK)

2
 Rhizopus 

oryzae, Mucor 
circinelloides 

- NA yes yes (144) 

Oxidative stress inducers 

Hydrogen peroxide Aspergillus 
fumigatus, 
Botrytis cinerea, 
Colletotrichum 
trifolii, 
Neurospora 
crassa 

Bc: BcBir1, BcNma NA yes no (85, 107, 
113, 116, 
117, 145-
147) 

Paraquat Neurospora 
crassa 

Nc: NDE-1, NDE-2 b NA yes NA (148, 149) 

Metals 

Cu2+ Heliscus 
submersus, 
 
Flagellospora 
curta, 

- NA yes yes (150) 
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Varicosporium 
elodeae 

Zn2+ Heliscus 
submersus, 
Flagellospora 
curta, 
Varicosporium 
elodeae, 
Fusarium 
verticillioides 

- NA yes yes (150, 151) 

Cr (VI) Neurospora 
crassa 

- NA yes NA (152) 

Osmotic stress 

Water (7 days) Botrytis cinerea Bc: BcNma NA NA NA (107) 

Salt (NaCl) Fusarium 
proliferatum 

Fp: FpHog1 NA yes NA (153) 

Hyperosmotic 
stress 

Fusarium 
proliferatum 

Fp: FpHog1 NA yes NA (153) 

Photo-induction 

Ultraviolet light Colletotrichum 
trifolii 

- NA yes NA (146) 

Photodynamic 
inhibition (aPI) 

Trichophyton 
rubrum 

- NA yes NA (154) 

Nutrient limitation 

Carbon starvation Aspergillus 
fumigatus, 
Aspergillus 
nidulans, 
Aspergillus 
niger 

An: AtmA, XprG, 
NagA 

NA yes yes (155-159) 

Auxotrophic strains 
lacking adequate 
substrates 

Neurospora 
crassa 

- NA yes NA (160, 161) 

Genetic induction 

Dominant activated 
‘‘oncogenic’’ 
Ras 

Colletotrichum 
trifolii 

Ct: CtRas NA yes NA (146) 

Δpig-a; pig-a 
conditional mutant 

Aspergillus 
fumigatus 

Af: PigA, QutG, PI3K yes NA no (162, 163) 

ΔchoC Aspergillus 
nidulans 

An: ChoC NA NA NA (164) 

Kalilo plasmid-
bearing strains 

Neurospora 
crassa, 
Neurospora 
intermedia 

- NA NA NA (165, 166) 

Human BAX 
expression 

Colletotrichum 
gloeosporioides 

- NA NA NA (167) 

Others 

Moderate heat 
shock (45ºC) + 
glucose deprivation 
(2-deoxyglucose) 

Neurospora 
crassa 

Nc: CEL-1, OS-2, 
(biotin) 

NA NA NA (112, 168) 

Confrontation Podospora Pa: PaNOX1, PaASK1 NA yes NA (169) 
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between different 
species 

anserina, 
Penicillium 
chrysogenum 

a In combination with tacrolimus, antimycin A or benzohydroxamate (119, 120); b A double mutant 
strain Δnde1Δnde2 is substantially more resistant to paraquat than wild type (145); c Gonçalves et 
al, unpublished results; d Phytosphingosine induces ROS production although ROS scavenging 
does not block cell death; e Only ΔcasA was tested and A. nidulans also possesses casB; f 
Although alterations in the intracellular levels of Ca2+ were not measured, inhibition of Ca2+ 
channels or addition of Ca2+ chelators blocks cell death (109, 128). Columns “Ca2+”, “ROS” and 
“MC” denote, for the effect of each stimulus, the involvement of Ca2+, ROS or metacaspases, 
respectively. NA: not assessed. 

 

N. crassa was chosen as the main model for the experiments presented in 

this dissertation. Therefore, a more detailed review of the available reports on the 

mechanisms of cell death in this filamentous fungus is presented here. In an early 

report on cell death in filamentous fungi, Strauss showed, in the 1950s, that 

unstable attempts of auxotrophic strains of N. crassa to grow in the absence of the 

required nutrient result in cell death (161). In the case of the lack of dietary inositol 

in inositol-requiring mutants, the death process seems to be involve ROS, since 

the addition of antioxidants is protective (160). In recent years, it was observed 

that other stimuli lead to cell death in N. crassa, including the sphingolipids 

phytosphingosine and ceramide (112-114, 116), chitosan polymers (121), PAF 

(126) and PAF26 (142) (a natural and a de novo designed antifungal peptide, 

respectively), oxidative stress inducers like hydrogen peroxide and paraquat (113, 

116, 145, 149), staurosporine (114, 139, 140), chromium (152), a combined stress 

of temperature and carbohydrate deprivation (112, 168) or senescence due to the 

presence of kalilo mitochondrial plasmids isolated from Hawaiian strains of 

Neurospora intermedia (165, 166). During the last years, our group has focused 

on the study of the molecular basis of cell death using a chemical induction 

approach. To induce cell death we mainly used phytosphingosine, hydrogen 

peroxide or staurosporine (Fig. 11). 
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Figure 11 - Chemical structures of cell death-inducing agents: phytosphingosine (A), 
hydrogen peroxide (B) and staurosporine (C). 
Chemical structures were obtained from http://www.chemspider.com/. 

 

Phytosphingosine is a natural long-chain sphingoid base (170). The 

evidence that this sphingolipid has potent antifungal activity against A. nidulans 

with mitochondrial involvement (111), prompted our group to investigate its effects 

in N. crassa. Treatment of conidia with phytosphingosine results in reduced 

viability, impairment of asexual spore germination, production of ROS, YO-PRO1 

staining and DNA condensation and fragmentation, suggesting the induction of an 

apoptosis-like cellular death (113, 114). Analysis of gene expression during 

phytosphingosine-induced cell death by DNA microarrays revealed that most of 

the alterations at the transcriptional level correspond to upregulation of genes. 

However, there is a very strong enrichment of genes encoding mitochondrial 

proteins in the set of genes that are downregulated by the drug that likely explains 

its effects in the fungus (116). This may be correlated with the fact that deletion of 

genes encoding subunits of the mitochondrial complex I, like NUO9.8, NUO14, 

NUO21, NUO21.3c, NUO30.4, NUO51 and NUO78 (but not the deletion of other 

components of the respiratory chain) confers increased resistance to 

phytosphingosine. The same resistance profile is paralleled by the treatment of 

complex I mutants with hydrogen peroxide, indicating shared intracellular 

mechanisms of response to treatment with phytosphingosine and hydrogen 

peroxide. 
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Complex I mutant strains generate less ROS than wild type when exposed 

to phytosphingosine (113). Transcriptional analyses of hydrogen peroxide-treated 

wild type versus Δnuo14 cells showed that genes encoding mitochondrial proteins 

are the most enriched category among those with higher expression in the mutant 

in the presence of the insult (116). Thus, absence of a functional complex I results 

in lowered production of ROS upon treatment with phytosphingosine and confers 

increased tolerance to some drug-induced transcriptional alterations and this may 

explain why these cells cope better with the growth insult elicited by 

phytosphingosine and hydrogen peroxide. The involvement of mitochondria during 

phytosphingosine-induced cell death is further stressed from findings that deletion 

mutants for subunit 4 of mitochondrial ATP synthase, for a mitochondrial aldehyde 

dehydrogenase and for the homologue of the mammalian AIF are more resistant 

to the drug than wild type. On the other hand, Δamid cells, lacking a homologue of 

the mammalian apoptosis-inducing factor-homologous mitochondrion-associated 

inducer of death (AMID) are more sensitive to phytosphingosine than wild type 

(113). Deletion of the tRNA processing molecules TRANSLIN and TRAX confers 

increased resistance to phytosphingosine (115). More recently, our group 

observed that treatment with phytosphingosine, as well as staurosporine, cause 

the export of GSH (114), although both drugs induce cell death through very 

distinct mechanisms (see below). Addition of exogenous GSH does not revert the 

effects of phytosphingosine, neither in N. crassa (114) nor in A. nidulans (111). 

The combination of a moderate heat shock (45ºC) and analog-induced 

glucose deprivation (with 2-deoxyglucose) is lethal for N. crassa, particularly in 

HSP30-defective strains, and involve components of the fatty acid biosynthetic 

pathway, namely fatty acid synthase and the cofactor biotin, and the MAPK OS-2 

(112, 168). Under these conditions, there is an accumulation of C18(OH)-

phytoceramide and C24(OH)-phytoceramide (112). Spores in a very initial growth 

phase (2 hours) are refractory to the combined stress and do not accumulate 

C18(OH)-phytoceramide, indicating that this sphingolipid is probably directly related 

to cell death. Also, there is evidence in S. cerevisiae that the response to distinct 

cellular stresses such as heat (171) and nitrogen starvation (172) is correlated with 

the accumulation of phytosphingosine species. Additionally, yeast mutant cells 

defective in the addition of inositol phosphate to ceramide are particularly sensitive 

to treatment with phytosphingosine (173). Exposure to ceramide also induces cell 
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death in N. crassa (112). Hence, it appears that accumulation of sphingolipids is a 

signal for fungal PCD. 

Staurosporine is a bacterial alkaloid initially isolated from Streptomyces 

staurosporeus during a screening for protein kinase C (PKC) inhibitors (174) that 

was later shown to display a broad kinase inhibitory activity (175). The PKC 

homologue Pkc1 of S. cerevisiae was validated as an essential target of 

staurosporine (176). This drug displays strong anticancer and antimicrobial 

activities and is widely used by the scientific community as a prototypical cell 

death-inducing agent. Importantly, some staurosporine analogues displaying 

better selectivity profiles, such as UCN-01, CGP41251 or PKC412 are currently 

under evaluation in clinical trials for the treatment of different forms of cancer 

(177), accentuating the need for the comprehension of the mechanisms of action 

of this type of drugs. In N. crassa, staurosporine induces loss of cell viability, 

marked impairment of conidial germination, chromatin fragmentation, YO-PRO1 

staining and early ROS production (114, 139, 140). In contrast to 

phytosphingosine, deletion of some subunits of mitochondrial complex I such as 

NUO9.8, NUO14, NUO30.4 and NUO51 (but not others like NUO78) results in 

hypersensitivity to staurosporine. The complex I assembly status of these mutant 

strains alone cannot explain the increased susceptibility to staurosporine because 

cells with similar assembly phenotypes display different sensitivity to the drug. 

Thus, it seems that some of the proteins play a specific role during intracellular cell 

death signaling or execution. Staurosporine and phytosphingosine definitively act 

by different mechanisms, but mitochondria and respiration are central for the cell 

death process induced by both drugs. 

Because of the involvement of mitochondrial complex I during the fungal 

response to staurosporine, we decided to combine this drug with the classical 

complex I inhibitor rotenone. It was observed that the combination of the drugs 

displays synergistic activity against the growth of N. crassa and the clinically 

relevant fungi Aspergillus fumigatus and Candida albicans (139). Surprisingly, this 

synergistic behavior is also observed in complex I mutant strains (in which the 

enzyme is already nonfunctional), suggesting a complex I-independent for the 

action of rotenone. Indeed, other complex I inhibitors (piericidin A and 

diphenyleneiodonium) do not act like rotenone in combination with staurosporine 
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and the combination staurosporine plus rotenone is synergistic even against S. 

cerevisiae cells which are devoid of complex I. 

The exogenous addition of GSH or its precursor N-acetyl-cysteine (NAC) 

effectively blocks staurosporine-induced cell death, pointing to the importance of 

ROS generation during the fungal response to this drug (139). Our group reported 

recently, for the first time in fungi, that the export of GSH is a crucial event during 

the cell death program driven by staurosporine (114). It seems that GSH efflux 

following treatment with staurosporine (or phytosphingosine, with even faster 

kinetics) is an early and specific event of cell death rather than a secondary effect 

such as a detoxification mechanism. Thus, N. crassa exports GSH when exposed 

to staurosporine causing a change in the intracellular environment to a more 

oxidative redox state. The consequent decrease of the internal GSH/GSSG ratio 

modulates intracellular redox signaling and may facilitate the oxidation of proteins 

or lipids. A combined treatment with staurosporine and rotenone results in 

increased depletion of GSH (139). 

Analysis of transcriptional alterations associated with treatment with 

staurosporine by DNA microarrays revealed that the drug induces high levels of 

expression of a gene encoding a member of the ABC (ATP-binding cassette)-

transporter family, abc-3 (140). This result was confirmed at the gene level by 

qRT-PCR and at the protein level by western blotting with a specific antibody. This 

antibody, made in our laboratory, allowed the localization of ABC-3 at the cell 

surface. Interestingly, deletion of abc-3 results in extreme sensitivity to 

staurosporine. Because of the significant homology between ABC-3 and the 

human P-glycoprotein, shown to mediate multidrug resistance in cancer cells 

(178), the levels of intracellular and extracellular staurosporine after treatment of 

N. crassa cells were measured. To achieve this, a method that took advantage of 

the fact that staurosporine fluoresces when excited with UV light was devised. 

ABC3 was found to perform drug efflux to the extracellular space, becoming the 

first time-reported transporter of the broadly used staurosporine (140). In 

agreement with this, a combined treatment of staurosporine and the P-

glycoprotein inhibitors verapamil or sodium orthovanadate results in synergistic 

inhibition of growth in N. crassa as well as in the pathogenic A. fumigatus and C. 

albicans, likely due to blockage of staurosporine efflux. 
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The available literature on the effects of staurosporine in fungi other than N. 

crassa is scarce. In S. cerevisiae, a group of genes termed STT (for 

“staurosporine- and temperature-sensitive”), whose respective deletion strains are 

particularly susceptible to staurosporine, were isolated. This set of genes includes 

protein kinases such as Pkc1, Pi4k and Bck1, mediators of Golgi to vacuole 

protein sorting (Vps18, Vps34, Vps11, Vps45 and Vps33), a protein involved in 

glycophosphatidylinositol anchor synthesis (Gpi1), the acetoacetyl-CoA thiolase 

involved in ergosterol biosynthesis Erg10, vacuolar H+-ATPase mutants (Vma1, 

Vma2, Vma3, Vma4, Vma11, Vma12 and Vma13) and a subunit of 

oligosaccharyltransferase (176, 179-181). 

PAF and farnesol are two of the stimuli that are well established as cell 

death inducers in filamentous fungi. PAF (for “Penicillium antifungal protein”) is a 

small (55 amino acids), basic, cysteine- and lysine- rich antifungal protein 

abundantly secreted into the supernatant by Penicillium chrysogenum that 

displays an inhibitory activity against a broad range of filamentous fungi (182). 

Interestingly, PAF is not toxic against prokaryotes or yeasts (183) nor against 

human endothelial cells (184), suggesting its usefulness in antifungal therapies. A. 

nidulans cells exposed to PAF exhibit several apoptotic halllmarks including DNA 

fragmentation, phosphatidylserine externalization and production of ROS (127). In 

this organism, it was shown that G-protein signaling, as well as the cAMP/PKA 

and PKC/MAPK pathways are involved in the effects of PAF (127, 185). PAF also 

induces cell death in N. crassa accompanied by a disruption of intracellular Ca2+ 

homeostasis (126). 

Farnesol is a non-sterol isoprenoid formed by the dephosphorylation of 

farnesyl pyrophosphate (186). In in vitro and in vivo human cancer models, this 

drug inhibits proliferation, induces apoptosis and is effective in chemoprevention 

(187). In C. albicans, farnesol is secreted as a quorum-sensing molecule that 

prevents the yeast to mycelium conversion (188). In A. nidulans, farnesol triggers 

apoptotic-like cell death with mitochondrial involvement, since pre-treatment with 

the mitochondrial complex V (ATP synthase) inhibitor oligomycin as well as the 

ROS scavenger NAC markedly blocked farnesol-induced apoptosis (134). Several 

molecules and pathways have been proposed as involved in the A. nidulans 

response to farnesol, including G-protein signaling (FadA, SfaD), MAPK pathway 

(PkcA), autophagy (AtgH), apoptotic machinery (AifA, CasA, CasB, PrpA) and 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

42

mitochondrial alternative NAD(P)H dehydrogenases (NdeA, NdeB, NdiA) (133, 

134, 137, 138). Farnesol also kills Fusarium graminearum and Penicillium 

expansum (132, 136). Based on these data, it is possible that farnesol is secreted 

by C. albicans cells not only to inhibit the yeast-mycelium conversion but also as a 

mechanism of defence and competition against other fungi. 

 

The molecular machinery of fungal apoptotic-like death 

Most of the common regulators and executioners of mammalian apoptosis 

do not possess evident sequence homologues in fungal genomes (46, 47). 

However, it is now clear that fungi undergo apoptotic-like cell death in response to 

several stimuli, suggesting that proteins with low (or no) sequence similarity 

behave as functional homologues of the mammalian mediators of cell death. In 

line with this, heterologous expression in fungi of mammalian BCL-2 family 

members, which are almost absent in fungal species, induce or prevent cell death 

(42-45, 167), suggesting that they are recognized and maybe interact with 

endogenous molecules and trigger a biological response. Additionally, no 

(sequence) homologues of the mammalian extrinsic apoptotic pathways are found 

in fungi. Nevertheless, there are fungal sequence homologues of a number of 

mammalian mediators of cell death. Filamentous fungi were shown to possess 

additional proteins with homology to cell death-related molecules of mammalian 

cells when compared with yeasts (189). In silico searches also predict dozens of 

cell death-associated genes in filamentous species that seem to be absent in S. 

cerevisiae, a part of them being fungal-specific and related to heterokaryon 

incompatibility. Moreover, the similarity between mediators of cell death in humans 

and filamentous fungi (like BIR1, AMID, CulA and HtrA) is higher than the similarity 

of the same proteins between yeasts and filamentous species (189). Intriguingly, 

sequence conservation between mammalian and fungal cell death mediators is 

normally domain-centered, that is, there is similarity in a determined domain of the 

protein but the remainder of the sequence is divergent. There is a tendency for 

fungi to possess similarity in certain elements of cell death-related proteins that 

are important for their apoptotic role. Additionally, these domains present 

similarities but are not identical or near-identical, suggesting that fungi may carry 

more ancient forms of these proteins/domains (46, 47). 
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Shlezinger et al developed an automatic in silico domain-based procedure 

to identify putative fungal mediators of cell death and found that, from a list of 

classical animal apoptotic-related domains, only the BIR (baculovirus inhibitor of 

apoptosis protein repeat) domain was found in fungi (190). One BIR-containing 

protein was identified in B. cinerea (BcBir1) and functional characterized as an 

anti-apoptotic molecule involved in interactions with host plants, as described 

above (85). Recently, a pro-apoptotic protein called Bxi1/Ybh3, homologue of the 

human LFG4, was found to contain a BH3-like signature at the C’-terminal portion 

and to translocate to the mitochondria to trigger apoptosis in S. cerevisiae (191). 

BH3 domains are present in some members of the BCL-2 family (40). Homologues 

of Bxi1 in other fungi were predicted but functional verification has not yet been 

done. 

In opposition to the extrinsic apoptotic pathway, the mitochondrial 

component of mammalian apoptosis (“intrinsic pathway) seems to be more 

conserved in fungi. Cytochrome c is an electron carrier of the mitochondrial 

intermembrane space and becomes a pro-apoptogenic molecule upon induction of 

cell death, being released from the organelle (39). S. cerevisiae cytochrome c, 

Cyc1, is released from mitochondria upon exposure to acetic acid (192, 193). In 

filamentous species, this phenomenon was shown to occur in response to the 

peptides D(KLAKLAK)2 (144) and WH1 fungin (141), as well as upon exposure to a 

combined treatment of azole drugs and tacrolimus (119). A. nidulans cytochrome c 

is not released from mitochondria during farnesol-induced cell death (131). 

In mammals, AIF and EndoG are DNA nucleases that normally reside in the 

mitochondria where they play a role during normal physiological processes. Upon 

induction of apoptosis, normally independently of the activity of caspases, these 

two molecules translocate to the nucleus and cleave the DNA (39). AIF is an 

oxidoreductase with NADH dehydrogenase activity involved in the biogenesis and 

maintenance of the respiratory chain, namely complexes I and III (194). 

Interestingly, in N. crassa, AIF deletion does not affect complex I assembly nor 

function (148). In yeast, the AIF homologue, Aif1 also migrates to the nucleus 

during apoptotic cell death where it causes DNA condensation and fragmentation 

(195). In N. crassa, aif disruption leads to increased resistance to 

phytosphingosine and hydrogen peroxide (113). In A. nidulans, aifA is induced by 

farnesol and deletion of AifA confers increased sensitivity to this drug and 
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hydrogen peroxide, likely due to increased ROS production (133, 138). These 

apparently contrasting results might be linked to compensatory mechanisms since 

AIF belongs to a small family of proteins that also includes the AIF-homologous 

mitochondrion-associated inducers of death (AMIDs). Human AMID (or PRG3 for 

“p53-responsive gene 3”) is a NAD(P)H oxidase that induces caspase-

independent apoptosis (196). Our group characterized the normal localization of 

AIF and the two AMID proteins of N. crassa: AIF appears to be localized in both 

the mitochondria and the cytoplasm, while AMID was found exclusively in the 

cytoplasm. AMID2 was detected in cell extracts from an Δamid strain and barely in 

the wild type strain, in both mitochondria and cytoplasm, suggesting overlapping 

functions for the two AMID proteins (148). The disruption of N. crassa AMID 

causes an increase in the sensitivity to phytosphingosine and hydrogen peroxide 

(113). In P. anserina, deletion of amid, amid2 and aif2 results in an increase in 

lifespan extension (91, 197). AIF and AMID proteins are related to the alternative 

NAD(P)H dehydrogenases present in the mitochondria of fungi and plants (148). 

The putative role of alternative NAD(P)H dehydrogenases during cell death will be 

discussed further ahead. 

Mammalian EndoG seems to be involved in mitochondrial DNA replication 

(198), but is released from the mitochondria in a caspase-independent manner 

and cleaves nuclear DNA during apoptosis (39). In yeast, Nuc1 seems to behave 

similarly to its human EndoG homologue, as it translocates to the nucleus after 

exposure to hydrogen peroxide (199). However, in A. nidulans the EndoG 

homologue NucA is not involved in farnesol-induced cell death (131). In animals, 

HtrA2/Omi is a mitochondrial pro-apoptotic protein that binds to inhibitor of 

apoptosis proteins and alleviate their inhibitory effect on caspases (39). In yeast, 

its homologue Nma111, although not mitochondria- but nucleus-localized, is also 

pro-apoptotic (200). In B. cinerea, genetic manipulation of the HtrA2/Omi 

homologue BcNma by overexpression or deletion leads to enhanced or reduced 

appearance of apoptotic markers, respectively (107). Intriguingly though, the 

overexpression and mutant strains are not different from wild type cells when 

exposed to different cell death-inducing stresses. 

With regard to the similarities and differences between animal, plant and 

microbial PCD, the activity of caspases had special relevancy in recent years and 

will be covered here in detail. Caspases, whose designation derives from 
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“cysteine-dependent aspartate specific proteases” (201), are cysteine-dependent 

proteases that cleave their substrates after aspartic acid residues in target proteins 

(202, 203). Caspases are synthesized as inactive zymogens (procaspases) and 

are activated upon a cell death stimulus. Procaspases are single chain proteins 

organized in a similar manner (Fig. 12). They contain a N’-terminal pro-domain 

followed by the large (p20) and small (p10) domains, that interact with each other 

after activation, resulting in a dimer of (p20)(p10)(p20)’(p10)’ symmetry with two 

active sites per molecule. The small subunit possesses several residues that form 

the substrate-binding groove while the large subunit contains the catalytic dyad 

residues histidine and cysteine. Based on their structure and function, caspases 

can be classified in three groups: inflammatory, initiator and effector caspases 

(202, 203). 

 

 
Figure 12 - Main protein sequence features of caspases and metacaspases. 
See text for details. The catalytic dyad residues histidine (H) and cystein (C) are represented. 
CARD: caspase recruitment domain; DED: death effector domain. 

 

At the beginning of this century, two novel caspase-related families were 

identified, using an in silico approach: the metacaspases and the paracaspases 

(204). Paracaspases are involved in the development of MALT lymphoma but not 

in cell death execution and contain a N’-terminal death domain and one or two 

immunoglobulin domains (204). They will not be reviewed here. The nomenclature 

and involvement of metacaspases in cell death is currently a hot topic and 

opposite opinions regarding the subject have been expressed (205-207). Namely, 

although the participation of metacaspases in cell death was solidly demonstrated 

(208, 209), the definition of this group of molecules as genuine caspases is still 

arguable (205-207). 

Metacaspases can be divided in type I and type II (Fig. 12). Type I 

metacaspases possess a N’-terminal region evocative of the prodomain of initiator 
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and inflammatory caspases with a proline-rich repeat motif (204). Type II 

metacaspases lack such a prodomain but exhibit a linker sequence between the 

putative large and small subunits (204, 210). Metacaspases (as well as 

paracaspases) have the catalytic histidine/cysteine dyad and secondary structure 

predictions indicate the presence of the caspase/hemoglobinase fold (204, 207). 

Metacapases possess sequence similarity with mammalian caspases in particular 

in the catalytic p20 and p10 domains. Importantly, it was shown that 

metacaspases have a major difference with caspases: instead of cleaving after 

after aspartic acid residues, they cleave after basic arginine or lysine (210-212). 

Does the aspartic acid specificity of animal caspases represent an evolutionary 

process of gene duplication leading to the diverging of them from metacaspases? 

This has been suggested but is still a not proved hypothesis (205, 206). Tudor 

staphylococcal nuclease (TSN) was described as the first natural substrate of a 

metacaspase, being processed by the type II metacaspase of Picea abies mcII-Pa 

(208). The same study showed that the activity of mcII-Pa on TSN is associated 

with cell death. Recently, Coll and colleagues showed that AtMC1 and AtMC2, 

antagonistically control PCD in Arabidopsis thaliana (209). 

 

 
Figure 13 - Bootstrap neighbor-joining tree of selected metacaspases and caspases 
protein sequences. 
The tree was built using MEGA5 (213). 
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In eukaryotes, metacaspases are present in the kingdoms Protozoa, Fungi, 

Plantae and Chromista, being absent in animals. Type II metacaspases are found 

only in plants, while type I metacaspases occur in the four kingdoms. Interestingly, 

the presence of caspases excludes that of metacaspases, suggesting that they 

may represent variants of the same enzyme that has diverged in evolution (205). 

Phylogenetic analysis of protein sequences shows a clear clustering of animal 

caspases and the metacaspases of Fungi, Plantae and Protista (Fig. 13). 

In S. cerevisiae, the sole metacaspase Yca1 is cleaved like a typical 

caspase upon treatment with hydrogen peroxide (214). This response is 

respectively abrogated and stimulated after disruption and overexpression of 

Yca1. Though, cell death in yeasts is not always metacaspase-dependent (205). 

Metacaspases where also identified in filamentous fungi. In A. fumigatus, 

apoptotic-like cell death occurring after exhaustion of the carbon source and entry 

into the stationary phase of growth is associated with intracellular activity against 

caspase-1 and -8 substrates and blocked by the pan-caspase inhibitor Z-VAD-fmk 

(156). However, metacaspases do not seem to participate in the A. fumigatus 

response to hydrogen peroxide and amphotericin B (117). In this organism, two 

metacaspases were identified, CasA and CasB. A double mutant ΔcasAΔcasB 

showed a similar sensitivity to pro-apoptotic stimuli when compared with the wild 

type strain (155). However, the double mutant was hypersensitive to compounds 

that disrupt homeostasis of the ER, suggesting that metacaspases support growth 

under conditions of ER pressure. Caspase-like activities were detected in protein 

extracts from A. nidulans during sporulation and blocked by the caspase inhibitors 

DEVD-fmk and IETD-fmk (95). It was shown that metacaspase CasA does not 

play a role in phytosphingosine-induced cell death and that the ΔcasA mutant 

grows and sporulates as well as the parental strain (111). Nevertheless, 

overexpression of CasA causes inhibition of growth and morphological changes 

compatible with apoptosis. In P. anserina, the behavior of two metacaspases 

(PaMCA1 and PaMCA2) was studied in ageing. Disruption of each one of the 

metacaspases or double disruption leads to increase in lifespan, specially in the 

ΔPaMca1 mutant (91). Metacaspase-dependent activity occurred in senescent but 

not in juvenile cultures and was lower in the mutant strains, but only for the 

substrate DDR and not for classical caspase substrates. Fifteen days-old mycelia 

from ΔPaMca1 was more resistant to hydrogen peroxide than wild type. In N. 
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crassa, none of the two identified metacaspases (MCA-1A and MCA-1B) is 

required for heterokaryon incompatibility-related cell death (70). Yet, the 

expression of the transcripts of both metacaspases was increased under those 

conditions. The metacaspase transcript of mca-1A is overexpressed in response 

to phytosphingosine (116). Metacaspases have been also linked to the response 

of other filamentous fungi to a number of stimuli (Table 2 and 3). 

PARP-1 is physiologically involved in DNA repair and a target of caspases 

during mammalian apoptosis (39, 215). PARP homologues are absent in yeast but 

present in filamentous fungi (189). The A. nidulans PARP homologue PrpA plays a 

role in the response to DNA damage and is required for farnesol-induced cell 

death (135). In the same fungus metacaspases seem to degrade a PARP-like 

protein during cell death that accompanies the process of sporulation (95). Very 

recently, PARP was described as a substrate of P. anserina metacaspases (216). 

Of course, the study of PCD in fungi must not be restricted to the analysis of 

putative homologues of known mammalian mediators of cell death. On the 

contrary, one of the advantages of using fungi as model organisms is to make use 

of their simplicity, genetic tractability and sequenced genomes to identify novel 

mediators of PCD. These are some of the features of N. crassa that prompted us 

to use it to study PCD. 

 

 

1.3) Mitochondrial bioenergetics systems 

Introduction to mitochondrial biology 

Mitochondria  (from the Greek mitos and chondros, meaning “thread” and 

“granule”, respectively) are the dynamos of the eukaryotic cell due to their major 

role in energy production under aerobic conditions. They are double membrane 

organelles: the protein-rich core of the organelle is known as the matrix, whereas 

the outer and inner mitochondrial membranes delimitate the intermembrane space 

(Fig. 14). The inner membrane forms a series of invaginations designated as 

cristae. Mitochondria take up pyruvate formed during the first stage of carbon 

metabolism (glycolysis) and fatty acids and convert them in energy as follows: 1) 

pyruvate and fatty acid are broken down to acetyl-CoA; 2) acetyl-CoA is oxidized 

via the tricarboxylic acid cyle (also known as Krebs cycle or citric acid cycle) with 
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the generation of CO2 and reduction of NAD+ to NADH and FAD to FADH2; 3) 

high-energy electrons carried by NADH and FADH2 are passed along the electron 

transport chain embedded in the inner membrane to O2; 4) the formation of a 

proton gradient across the inner membrane occurs concomitantly with the electron 

transport and oxidation of NADH and FADH2; 5) this gradient is dissipated by the 

ATP synthase complex leading to the formation of ATP from ADP and Pi available 

in the matrix. The last steps of the process involving the mitochondrial respiratory 

chain are known as oxidative phosphorylation. Mitochondria are very mobile 

(normally moving associated with microtubules) and plastic (being able to change 

their shape frequently by fusion and fission). They possess a proper genome, a 

double-stranded DNA circular molecule (mtDNA) that contains some protein 

coding genes and machinery needed for their transcription and translation. Apart 

from the generation of energy, mitochondria are involved in several other cellular 

processes, as cell death and Ca2+ storage (217). 

 

 
Figure 14 - Structure of a mitochondrion. 
 

The mitochondrial electron transport chain with a focus on complex I 

The respiratory chain lies in the mitochondrial inner membrane and is 

composed by multi-subunit enzymatic complexes (complex I, II, III and IV), 

together with ubiquinone (coenzyme Q) and cytochrome c (Fig. 15). These 

complexes possess several protein-associated prosthetic groups (flavin 

mononucleotide (FMN), flavin adenine dinucleiotide (FAD), iron-sulfur clusters 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

50

(FeS), copper, heme) that transport electrons. Ubiquinone and cytochrome c 

transfer electrons between complexes. The proton pumping activity of complex I 

(NADH:ubiquinone oxidoreductase; uses NADH as a source of electrons 

transferring them to ubiquinone via FMN and a series of iron-sulfur clusters), III 

(ubiquinol cytochrome c reductase; transfers electrons from the reduced 

ubiquinone or ubiquinol to cytochrome c) and IV (cytochrome c oxidase; catalyses 

electron transfer to molecular oxygen, which is reduced to water) generates the 

electrochemical gradient that triggers the rotation of the ATP synthase (complex V) 

F0 and F1 domains leading to the formation of ATP from the phosphorylation of 

ADP (218, 219). Complex II (succinate dehydrogenase) transfers electrons from 

succinate to ubiquinone providing an alternative electron entry point into the 

respiratory chain, without proton pumping. Three ATP molecules are formed from 

each NADH molecule (217). The respiratory chain complexes are composed by 

several proteins (for instance, the mammalian complex I possesses 45 subunits) 

which are encoded both by nuclear DNA and by mtDNA, with the exception of 

complex II, which is exclusively encoded by nuclear DNA (218, 219). Respiratory 

complexes are arranged in supramolecular structures, the respirasomes. For 

instance, the respiratory chain can be assembled in I2, I-III2-IV0-4 and III2-IV0-4 

supercomplexes, as shown by blue native polyacrilamide gel electrophoresis (BN-

PAGE) studies in N. crassa (220). More recent data points to the idea that a higher 

level of organization of the respiratory chain exists, with the respirasomes 

interconnected with dimers of complex III plus tetramers of complex IV 

supercomplexes associated into a respiratory string (221). 

Complex I is the first and major entry point of electrons into the respiratory 

chain (14, 15, 222) with exception of some organisms as yeasts, where it is absent 

(223). Complex I provides most of the proton motive force subsequently used for 

ATP synthesis (224) and is the largest of the respiratory chain complexes: the 

bovine (Bos taurus) enzymes is composed by 45 subunits (225) whereas the N. 

crassa complex I contains at least 39 subunits (226). It forms a L-shaped 

structure, with one hydrophobic arm implanted in the mitochondrial inner 

membrane (membrane arm) and one hydrophilic arm projecting into the 

mitochondrial matrix (peripheral arm) (222, 224). Complex I is considerably 

conserved from bacteria to humans, especially at the core subunits (227). 

Assembly of the complex, which occurs by modules named N, Q and P (226-228). 
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Complex I can be inhibited by several types of chemicals, being rotenone the 

prototypical one (229). 

 

 
Figure 15 - The mitochondrial respiratory chain, alternative NAD(P)H dehydrogenases, 
alternative oxidase systems and AIF-family proteins of N. crassa. 
M: mitochondrial matrix; MIM: mitochondrial inner membrane; IMS: intermembrane space; MOM: 
mitochondrial outer membrane; C: cytosol. 

 

Defects in the oxidative phosphorylation system has been extensively linked 

to a plethora of pathological conditions as neurodegenerative disorders like 

Parkinson’s and Alzheimer’s diseases or schizophrenia, type 2 diabetes mellitus, 

Leber hereditary optic neuropathy, myopathies, encephalomyopathies, 

cardiopathies, Charcot-Marie-Tooth disease and particular types of cancer (230). 

In most cases, oxidative phosphorylation malfunction is associated with either a 

combined or isolated deficiency of complex I and normally involves nuclear-

encoded subunits, although mutations in mtDNA-encoded subunits have been 

also identified (230, 231). For example, point mutations in the nuclear genes 

encoding NDUFS7, NDUFS8 and NDUFV1 were found in patients suffering from 

Leigh syndrome, leukodystrophy and myoclonic epilepsy (231). Because the 

proteins encoded by these genes are highly conserved from bacteria to humans, 

our group developed N. crassa strains harboring these disease-associated 

mutations, thus providing an easily controllable model for the study of their 

biological consequences (232). 
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Branched respiratory systems in fungi 

In some fungi, plants, protists and bacteria, the electron transport chain is 

branched into single peptide alternative systems with no proton translocation 

activity that bypass the canonical pathway. The cyanide-resistant alternative 

oxidase (AOX) constitutes a well established detour for complexes III and IV 

whereas type II NAD(P)H dehydrogenases (or simply alternative NAD(P)H 

dehydrogenases) bypass complex I (233, 234). Alternative NAD(P)H 

dehydrogenases are particularly important not only because they oxidize NAD(P)H 

and reduce quinones but also because they serve as entry points for electrons into 

the respiratory chain (14, 15). Their importance is firmly demonstrated in S. 

cerevisiae, where complex I is absent (223) and type II NAD(P)H dehydrogenases 

are the only existing NAD(P)H oxidases (235, 236). These enzymes are 

flavoproteins resistant to classical complex I inhibitors such as rotenone or 

piericidin A and there is no selective and reliable drug to block them so far, 

although inhibition is feasible with diphenyleneiodonium (233, 237, 238). 

Alternative NAD(P)H dehydrogenases usually, but not strictly, contain FAD as the 

sole prostethic group (15, 233, 234). Recently, an in silico approach identified 

putative alternative NAD(P)H dehydrogenases in a few metazoan organisms, but a 

functional verification is still missing (239). 

In N. crassa, four alternative rotenone-insensitive NAD(P)H 

dehydrogenases have been characterized in addition to complex I (Fig. 15 and 

Table 4) (14, 15). They are associated with the inner mitochondrial membrane, but 

while one of them, NDI-1 (240), is localized at the matrix side of the membrane, 

the other three, NDE-1 (241, 242), NDE-2 (243) and NDE-3 (244), are facing the 

intermembrane space. Interestingly, NDE-3 was found to be present not only 

within mitochondria but also in the cytosol (244). 

Plants contain even more type II NAD(P)H dehydrogenases than fungi. 

Seven of these enzymes have been identified in A. thaliana: three external (NDB1, 

NDB2 and NDB4), three internal (NDA1, NDA2 and NDC1) (245) and one 

uncharacterized (NDB3). The mitochondrial import and localization to either side of 

the inner membrane seems to be dependent on motifs in the N’-terminal portion of 

the proteins (246). Interestingly, it was shown that dual targeting to mitochondria 
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and chloroplasts or peroxisomes is possible in some cases, although its functional 

relevance is unknown (247). 

Alternative NAD(P)H dehydrogenases may be organized in supramolecular 

structures, similarly to the respiratory chain, as there is evidence showing that 

these enzymes form a complex with a glycerol-3-phosphate dehydrogenase, two 

L-lactate-dehydrogenases, a few enzymes from the tricarboxylic acid cycle, two 

probable flavoproteins and an acetaldehyde dehydrogenase in yeast (248). In 

Yarrowia lipolytica there is evidence of the association between the alternative 

external NADH dehydrogenase and complex IV, particularly in high energy-

requiring, logarithmic-growth phase cells (249, 250). In N. crassa, there is no 

evidence of the formation of supercomplexes including any of the alternative 

NAD(P)H dehydrogenases (220), but evidence points to some kind of interaction 

between NDE-2 and complex I (243). N. crassa NDE-1 stands out because of its 

unique NADPH selectivity and regulation by pH and Ca2+ (242), the latter feature 

likely related to the presence of a conserved Ca2+-binding domain (241). In plants, 

the external NDB1 oxidizes NADPH in a Ca2+-dependent manner while NDB2 is a 

NADH dehydrogenase stimulated by Ca2+ (251, 252). 

 
Table 4 - Main features of N. crassa alternative NAD(P)H dehydrogenases. 

Protein Topology Substrate 
specificity 

Ca2+ pH Reference(s) 

NDE-1 External Cytosolic NADPH Ca2+-dependent Physiological pH (241, 242) 

NDE-2 External Cytosolic NADH 
and NADPH 

- NADH throughout 
the pH range and 
NADPH at acidic pH 

(243) 

NDE-3 External Cytosolic NADH 
and NADPH 

- NA (244) 

NDI-1 Internal Matrix NADH Ca2+-stimulated? a NA (240, 243) 
a Ca2+ stimulates the oxidation of cytosolic NADH in a Δnde1Δnde2 double mutant, but not in the 
triple mutant Δnde1Δnde2Δndi1, indicating that NDI1 may be stimulated by Ca2+ (243). NDE3 was 
only described later (244). NA: not assessed. 

 

The physiological role of alternative NAD(P)H dehydrogenases is still 

somehow controverse, although it is fairly well established that they confer 

metabolic plasticity allowing cells to adapt to different environmental conditions 

and stresses. They may act as overflow systems regulating cytosolic and 

mitochondrial reducing equivalents (NADH, NADPH) at physiological levels, thus 
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avoiding potential tricarboxylic cycle repression by elevated NADH levels and 

excessive levels of ROS (15, 233, 234, 253). Yeast Ndi1 was shown to reduce 

mammalian complex I-mediated ROS generation (254). In opposition, S. 

cerevisiae alternative NADH dehydrogenases were proposed as potential sources 

of superoxide radicals by some works (255-257). 

In N. crassa, expression of alternative NAD(P)H dehydrogenases genes 

greatly depends on the growth phase (148, 240, 243, 244). It is not possible to 

obtain viable double mutants between NDE-2 and complex I mutants that lack a 

functional enzyme, suggesting that NDE-2 and complex I interact in a yet 

unidentified pathway (243). 

Humans do not posses alternative NAD(P)H dehydrogenases, but some 

investigations were conducted to evaluate the possibility of using these enzymes 

in gene-based therapies. Heterologous expression of the yeast Ndi1 restores 

respiration in complex I-deficient human cells (258) and was also shown to be 

protective in in vivo models of Parkinson’s disease (259, 260), Leber's hereditary 

optic neuropathy (261) and breast cancer (262). These results further highlight the 

importance of understanding the molecular pathways involving type II NAD(P)H 

dehydrogenases. 

 

Mitochondrial respiratory chain, alternative NAD(P)H dehydrogenases 

and PCD 

The permeabilization of the mitochondrial outer membrane and release of 

intermembrane pro-apoptotic molecules clearly places mitochondria in the centre 

of the execution of PCD (39). In recent years it has also become clear that 

components of the respiratory chain are also important regulators of cell death. 

GRIM-19 (for genes associated with retinoid-IFN-induced mortality-19; also 

known as NDUFA13) possesses a dual function as a structural component of 

mitochondrial complex I and as a pro-apoptotic initiator in response to interferon-β 

and retinoic acid (263-265). It was later shown that apparently, not only GRIM-19 

but also NDUFS3 from complex I and other components of the respiratory chain 

regulate interferon-β and retinoic acid-induced cell death by modulating ROS 

production and gene expression (266). Additionally, a 2.7-kilobase virally encoded 

RNA was demonstrated to protect cytomegalovirus-infected human cells from 
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rotenone-induced cell death by modulating the perinuclear relocalization of GRIM-

19 (267). Importantly, GRIM-19 is involved in tumorigenesis (268). NDUFS3 was 

shown to be cleaved after lysine 56 specifically by granzyme A (and not by 

granzyme B), a cell death-inducing protease that is delivered by killer lymphocytes 

(cytotoxic T lymphocytes and natural killer cells) in order to eliminate cells that are 

targeted for destruction (269). Granzyme A is able to access the mitochondrial 

matrix and to interfere with the oxidation of NADH and generation of superoxide 

through the cleavage of NDUFS3. NDUFS1 is a critical mitochondrial substrate of 

caspases during apoptosis (270). Site-directed mutagenesis of the NDUFS1 

cleavage site slows down the loss of the mitochondrial membrane potential 

(ΔΨm), ATP levels, ROS accumulation and phosphatidylserine externalization. It 

was also shown that during apoptosis, the activity of caspase-3 specifically 

disrupts complexes I and II-mediated oxygen consumption and electron transport, 

leading to ROS generation and loss of ΔΨm (271). Silencing of NDUFA6 induces 

apoptosis in HIV-1-infected cells (272). 

Interestingly, it appears that, under caspase inhibition, the development of 

the cell death process is more associated with loss of respiration, particularly at 

the level of complexes I and IV, rather than with the release of apoptogenic 

molecules from the mitochondrion (273). Additionally, osteosarcoma cell lines 

devoid of mtDNA, and, consequently, of functional oxidative phosphorylation and 

ΔΨm, are more resistant to staurosporine-induced cell death than their parental 

cells (274). The process seems to be controlled by the BCL-2 family anti-apoptotic 

member BCL-XL. The anti-apoptotic protein BCL-2 regulates cytochrome c 

oxidase activity, oxygen consumption and mitochondrial respiration in cancer cells 

(275). Complex II has been also studied as a mediator of cell death: the specific 

succinate:ubiquinone oxidoreductase activity of complex II (but not its activity as a 

succinate dehydrogenase) is hindered during apoptosis, resulting in the production 

of superoxide (276). 

In Caenorhabditis elegans, a mitochondrial mutant of the Rieske iron-sulfur 

protein of complex III, defective in oxidative phosphorylation, displays increased 

resistance to hemiasterlin (277). In N. crassa, disruption of nuo9.8, nuo14, 

nuo30.4 and nuo51 (homologues of human NDUFA1, GRIM-19, NDUFS3 and 

NDUFV1, respectively) leads to a high susceptibility to staurosporine (139). In 

contrast, loss of these genes as well as nuo21, nuo21.3c and nuo78 (homologues 
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of human NDUFS4, NDUFS8 and NDUFS1, respectively) confers increased 

resistance to phytosphingosine (113). In C. albicans, 10 out of 12 complex I 

mutants as well as a Δgoa1 mutant with complex I dysfunction display 

hypersensitivity to fluconazole (278, 279). In S. cerevisiae, respiratory-deficient 

cells lacking mtDNA show increased resistance to acetic acid-induced apoptotic-

like cell death (192). Also in yeast, a functional complex V is required for BAX-

induced cell death (280). Interestingly, the BH3-like protein Bxi1 induces apoptotic 

death through the interaction with the mitochondrial carrier protein Mir1 and the 

core subunit of complex III Cor1 (191). Recently, it was shown that yeast complex 

III and cytochrome c are protective against hydrogen peroxide-induced cell death 

(281). In N. crassa, strains devoid of functional complex III are less sensitive than 

the wild type to the herbicide paraquat (149). Also, a strain with a point mutation in 

a valyl tRNA synthetase that leads to severe respiratory deficiency presents 

increased tolerance to hydrogen peroxide (147). 

Remarkably, some works also point to a role of fungal alternative NAD(P)H 

dehydrogenases in cell death. In S. cerevisiae, overexpression of the internal Ndi1 

(considered the yeast AMID homologue), but not of the external Nde1, leads to 

ROS-mediated apoptosis-like cell death, particularly in glucose-rich media (257). 

The authors showed that the disruption of both of these NADH dehydrogenases 

results in lower ROS production and increased chronological life span 

accompanied with reduced fitness. More recently, yeast Ndi1 was also shown to 

be involved in cell death induced by different stimuli like hydrogen peroxide, acetic 

acid and manganese, independently of its oxidoreductase activity (282). During 

the execution of manganese-induced cell death, a N’-terminal portion of Ndi1 is 

cleaved and the protein translocates to the cytoplasm. However, in sharp contrast, 

some reports show that the overexpression of yeast Ndi1 in human cell lines 

prevents rotenone- and paraquat-induced cell death (283, 284). The role of 

alternative NAD(P)H dehydrogenases in the protection or enhancement of ROS 

production is still uncertain, as different works report opposite observations (145, 

250, 254, 255, 284-286). 

In N. crassa, a double mutant devoid of NDE-1 and NDE-2 shows lower 

ROS production and increased catalase activity and resistance to paraquat (145). 

Particularly, NDE-2 appears to play a role in mitochondrial ROS generation. In A. 

nidulans, the expression of genes encoding NAD(P)H dehydrogenases are 
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induced upon exposure to different cell death stimuli, especially farnesol (138). 

Moreover, while the overexpression of NdiA augments the resistance to farnesol, 

the deletion of NdeA results in hypersensitivity to the drug. The latter is likely due 

to the observed increased accumulation of ROS in the presence of farnesol. As a 

complement to this information, reports in yeast show that a ΔNDE1 knockout 

strain is more resistant to artemisinin and dimeric naphthoquinones (287, 288). 

Despite the aforementioned controversy on the role of NAD(P)H 

dehydrogenases during oxidative stress, the current view, based on several works 

in different model organisms, is that these enzymes seem to be activated in 

conditions of excessive oxidative cellular environment, diverging electron transfer 

from the canonical respiratory chain pathway, thus avoiding an overflow of the 

system and deleterious ROS production (250, 285). Importantly, alternative 

NAD(P)H dehydrogenases are homologues of AIF-family proteins, such as AIF 

and AMID, well established as cell death executioners. Indeed, in N. crassa, 

analysis of gene expression profiles of alternative NAD(P)H dehydrogenases and 

AIF-like genes in simple, double and triple deletion strains for members of these 

families of genes showed that compensatory mechanisms occur (145, 148, 244). 

For instance, ndi-1 is upregulated in a Δnde-1Δnde-2 and in a Δnde2 strain, amid 

and amid2 are upregulated in a triple Δndi-1Δnde-1Δnde-2 mutant, nde-1 is 

upregulated in Δnde-3 cells and nde-2 is upregulated in Δndi-1, Δnde-1 and Δnde-

3 single mutants. Thus, we sought to better understand the role of these enzymes 

during PCD in N. crassa. 

 

 

1.4) Calcium in cell life and death 

Introduction 

Calcium (Ca2+) is an ubiquitous and essential intracellular messenger in all 

organisms, from prokaryotes to humans. The ion binds to specific sequence 

regions of a diverse range of proteins, known as EF-hand or EF-hand-like 

domains, and promotes conformational and electrostatic alterations. These 

interactions modulate protein activity and contribute to a cascade of signaling 

events that ultimately defines a Ca2+-mediated cellular response to a stimulus 

(289-292).  
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Excessive of defective levels of intracellular Ca2+ can be fatal and, 

therefore, the regulation of Ca2+ homeostasis is a complex and tightly controlled 

process, accomplished through a fine cooperation between different cellular 

compartments. In order to keep the adequate concentration of intracellular Ca2+, 

cells chelate, compartmentalize or remove the ion using active (pumps and 

transporters) and passive (Ca2+-binding proteins) systems (289-292). In fungi, the 

established resting concentration of cytosolic Ca2+ is 100-350 nM (293-295) 

whereas in animals it is 100-200 nM (296). 

Cells mobilize Ca2+ to the cytosol via the opening of channels in the plasma 

membrane (for Ca2+ influx from the external medium) or in the membranes of 

organelles that act as intracellular stores. Upon a stimulus, intracellular Ca2+ 

signaling is mediated by a transient increase in the concentration of cytosolic Ca2+. 

The progress of a Ca2+ transient through the cytoplasm is defined as a wave 

(297). The amplitude, propagation and duration of Ca2+ waves is stimulus-

dependent (298). Because diffusion is not enough to propagate Ca2+ waves 

through the cytoplasm, after the initial stimulus-induced transient of Ca2+, a 

phenomenon of Ca2+-induced Ca2+ release from intracellular stores occurs (299): 

intracellular Ca2+ stores that are “caught” by the initial part of the Ca2+ wave 

respond by releasing their own Ca2+ that is also diffused, leading to the 

propagation of the signal. After the initiation and propagation of the Ca2+ waves, 

the cytosolic levels of the ion return to their resting state. This occurs thanks to the 

action of Ca2+ pumps and channels in the plasma membrane or in the membrane 

of intracellular organelles. Unique Ca2+-signatures are associated with particular 

Ca2+ transients and encode information to the signaling machinery of the cell, 

leading to specific cellular responses (289-291, 297). 

An outstanding variety of intracellular organelles are able to accumulate 

Ca2+ including the Golgi apparatus, endosomes, secretory granules, lysosomes 

and nuclei, though the classical Ca2+ storehouses are the ER, vacuoles and 

mitochondria (289-291). Remarkably, recent investigations have shed light on the 

molecular identity of the machinery responsible for the transport of Ca2+ into and 

from the mitochondria (reviewed in (300)). In mammalian cells, accumulation of 

Ca2+ by the mitochondrial matrix occurs mainly through the mitochondrial calcium 

uniporter (MCU) at the inner mitochondrial membrane, although there is some 

evidence indicating the presence of supplementary molecules with the ability to 
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move Ca2+ into the mitochondria, namely mRyR type 1, LETM1, and coenzyme 

Q10. The voltage-dependent anion-selective channels (VDACs) are also involved 

in Ca2+ transport across the outer mitochondrial membrane. Indeed, VDAC1 

seems to be accountable for the mitochondrial import of cell death-related Ca2+ 

signals from the ER (301). In mammalian mitochondria, Ca2+ efflux may occur 

through the Na+/Ca2+ exchanger (mNCX). Additionally, the unspecific aperture 

known as the permeability transition pore (mPTP) constitutes a rather non-

physiological but possible alternative route of Ca2+ efflux by mitochondria (300). 

Within this organelle, Ca2+ is able to influence the metabolic state of the cells, 

primarily through the activation of enzymes involved in the Krebs cycle like 

pyruvate dehydrogenase, isocitrate dehydrogenase and oxoglutarate 

dehydrogenase (302, 303). This provokes a rise in NAD(P)H and consequently in 

oxidative phosphorylation. Another link between mitochondrial Ca2+ and 

metabolism was demonstrated in fungi and plants, in which external alternative 

NAD(P)H dehydrogenases are stimulated by Ca2+ (242, 304). 

The best-studied Ca2+-binding moiety of proteins is the classical EF-hand, a 

Ca2+-interacting loop flanked by two helices. The loop contains active Ca2+-binding 

glutamate and aspartate residues (305). However, there are variations to this 

motif, especially at the structural level, and it is now accepted that more than a 

dozen of different types of Ca2+-binding domains exist (306). Particularly, several 

proteins were shown to hold a Dx[DN]xDG pattern, clearly distinct from the 

classical EF-hand because of the variability of structural contexts flanking the 

Ca2+-binding region (307, 308). Though initially identified in bacteria (309), it was 

later perceived that this domain is widespread across all kingdoms (307, 308), 

including a fungal caleosin (308, 310) and a lectin from Psathyrella velutina (307, 

311). 

Genetically-encoded Ca2+ reporters are among the most reliable options for 

the study of intracellular Ca2+ dynamics and such a method was recently 

developed for filamentous fungi using a codon optimization strategy on the 

photoprotein aequorin from the jellyfish Aequorea victoria (312). More specifically, 

aequorin binds Ca2+ and, in the presence of the cofactor coelenterazine, the 

reaction leads to the formation of apoaequorin, carbon dioxide and 

coelenteramide. The energy from this reaction is released as blue light (313). The 
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rate of photon emission is proportional to the levels of Ca2+, allowing the 

determination of Ca2+ concentrations. 

 

Ca2+ in fungal life: its role in the biology of N. crassa and other fungi 

N. crassa is a good model for the study of Ca2+ dynamics as its genome 

sequencing revealed a rich and versatile assortment of molecules involved in Ca2+ 

handling, including channels, pumps and signaling transducers (2, 28, 314, 315). 

So far, about 50 Ca2+-binding proteins have been reported and a substantial 

fraction of them has been functionally studied (Table 5). The N. crassa signaling 

machinery apparently lacks recognizable receptors for ryanodine, cyclic ADP 

ribose and inositol-1,4,5-triphosphate (IP3) (314, 315). Intriguingly, however, is the 

evidence that IP3 is able to activate Ca2+ channels in N. crassa (10, 316) and that 

it is present in the lipid extract of N. crassa mycelia (317). The genome of N. 

crassa also seems to lack an extracellular Ca2+-sensing receptor, as reported for 

animals (318) and plants (319). On the other hand, N. crassa possesses Ca2+/Na+ 

and Ca2+/H+ exchangers whereas these groups of proteins are mutually exclusive 

in animals and plants (314, 315). Importantly, since a substantial fraction of the 

genome remains to be characterized, additional members of Ca2+ machinery may 

exist. 

 
Table 5 - Ca2+ handling machinery of N. crassa. 

Type of protein Brief description Gene Protein 

Ca2+-permeable 
channel 

Ca2+ channel proteins are responsible 
for the transport of Ca2+ across cell 
membranes, both in the plasma 
membrane or in intracellular 
organelles. 

NCU02762 CCH-1 

NCU06703 MID-1 

NCU02219 FIG-1 

NCU11680 YVC-1 

Ca2+- and cation-
ATPase 

Ca2+- and cation-ATPases hydrolyze ATP 
to catalyse the active pumping of Ca2+ 
across biological membranes, reducing 
[Ca2+]

c
. 

NCU03305 NCA-1 

NCU04736 NCA-2 

NCU05154 NCA-3; TRM-9 

NCU03292 PMR-1 

NCU08147 PH-7; ENA-2 

NCU04898   

NCU03818   

NCU05046 ENA-1 

NCU07966 TRM-1 

NCU10143   
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Ca2+/H+ exchanger Ca2+-exchangers exchange positive 
ions across membranes to reduce 
[Ca2+]

c
 to resting levels, transporting 

Ca2+ into intracellular Ca2+-stores or out 
of the cell. In N. crassa data suggests 
that the ATP-driven Ca2+/H+ exchange 
system has a stoichiometric ratio of at 
least Ca2+/2H+ (294), while the 
stoichiometry for Ca2+/Na+ exchangers 
is not known. 

NCU07075 CAX 

NCU00916 TRM-15 

NCU00795 TRM-14 

NCU06366 TRM-18 

NCU07711   

NCU05360   

Ca2+/Na+ exchanger NCU02826 TRM-16 

NCU08490 TRM-20 

Phospholipase C (δ-
type) 

Phospolipase C converts the plasma 
membrane phospholipid 
phosphatidylinositol-4,5-bisphosphate 
(PIP

2
) into the second messengers 

inositol-1,4,5-trisphosphate (IP
3
) and 

1,2-diacylglycerol (DAG). 

NCU06245 PLC-1 

NCU01266 PLC-2 

NCU11415 PLC-3 

NCU02175 PLC-4 

Calmodulin Several Ca2+- and/or calmodulin- 
binding proteins have been reported in 
N. crassa, with several distinct 
functions during Ca2+-mediated 
signaling. 

NCU04120 CMD-1 

Calcineurin catalytic 
subunit 

NCU03804 CNA-1 

Calcineurin catalytic 
subunit/variant 

NCU03833 CNB-1 

Calnexin/calreticulin NCU09265   

Calpactin I heavy 
chain 

NCU04421 ANX-14 

Other Ca2+- and/or 
calmodulin-binding 
proteins 

NCU05225 NDE-1 

NCU02115   

NCU01564 MIC-4 

NCU06948   

NCU04379 CSE-1; NCS-1 

NCU02738 PEF-1 

NCU09871   

NCU01241   

NCU06347   

NCU06617   

NCU03750   

NCU02283 CAMK-2 

NCU09123 CAMK-1 

NCU02814 PRD-4 

NCU09212 CAMK-4 

NCU06650   

NCU02411   

NCU06177 CAMK-3 

NCU04265 INV 

NCU00914 STK-16 

Compiled from references (314, 315). Some of these proteins have not been functional confirmed 
for their Ca2+-binding role. 

 

 In tip-growing organisms like N. crassa, Ca2+ is important for 

polarized growth. Hyphal growth has been reported to rely on a tip-high Ca2+ 
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gradient not maintained by extracellular Ca2+ influx (320), but internally derived by 

means of IP3-activated Ca2+ channels (9-11). Evidence has been obtained that IP3 

is generated by a stretch-activated tip-localized phospholipase C which senses 

tension due to hyphal expansion and converts phosphatidylinositol-4,5-

bisphosphate (PIP2) to IP3 and diacylglycerol (DAG) (10, 11). IP3 promotes the 

release of Ca2+ through a large conductance channel associated with the vacuolar 

membrane (10, 316) and a small conductance channel associated with the 

ER/Golgi body system-derived vesicles that accumulate near the hyphal tip (10). 

Only the latter is believed to be involved in the generation of the tip-high Ca2+ 

gradient (10, 321). The accumulation of Ca2+-containing mitochondria at the tip of 

hyphae is significant for the maintenance of a Ca2+-gradient required for the cells 

to grow (322). The existence of a continuous tip-high Ca2+ gradient in growing 

hyphae has recently been challenged (323). In this study, imaging of calcium using 

a genetically encoded calcium reporter expressed in Fusarium and Magnaporthe 

demonstrated that calcium spikes with an irregular frequency occur in growing 

hyphal tips, with the result that the tip-focused gradient appears and disappears in 

hyphae extending at constant rates. 

N. crassa possesses four δ-type phospholipase C molecules (314, 315) 

with conserved domains (Fig. 16). The disruption of plc-1 leads to slow growth and 

aberrant branching (“spreading colonial” growth), although the gene is not required 

for polar growth at the tip (324). Silverman-Gavrila and Lew showed that the 

incubation with phospholipase C inhibitors results in reduced or stopped hyphal 

extension (10). Additionally, sequencing of plc-1 and polymorphism analysis in 

wild isolates of N. crassa revealed a high natural variability (324). Regarding 

phospholipase C signaling, it is important to mention that this pathway, in 

mammalian cells, is the main modulator of transient receptor potential (TRP) 

channels, which are permeable to Ca2+. The TRP channel family comprises 

several subfamilies: classical (TRPC), vanilloid (TRPV), melastatin (TRPM), 

polycystin (TRPP), mucolipin (TRPML) and ankyrin (TRPA) (325). In N. crassa, 

the only known TRP-type channel is YVC-1 (315). In Saccharomyces, the 

homologue of YVC-1 is localized in the vacuolar membrane and is involved in the 

release of Ca2+ to the cytosol (326) after activation by stretch (327) and PIP2 

(328). Recently, an in silico genomic analysis identified additional TRP channel 
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homologues in some fungal pathogens such as Aspergillus, Saccharomyces, 

Candida and Cryptococcus (329). 

 

 
Figure 16 - Domain organization of the four phospolipase C proteins encoded by the N. 
crassa genome. 
PLC-X: Phospholipase C, phosphatidylinositol-specific, X domain; PLC-Y: Phospholipase C, 
phosphatidylinositol-specific, Y domain; C2: C2 Ca2+-dependent membrane targeting domain or C2 
Ca2+-/lipid- binding domain; PLE: Pleckstrin homology domain; EF: EF-hand domain. 

 

Besides its role in tip growth, the fungal Ca2+-signaling machinery has been 

shown to be important for diverse processes, including virulence, circadian 

rhythms, nutrient sensing, cell wall regeneration, chemotropic interaction and cell 

death (330). Some examples are presented here in order to illustrate this diversity 

of roles. The Ca2+-ATPase Pmr1 is required for proper protein glycosylation and 

polarized actin distribution, affecting polarized cell growth and cytokinesis in S. 

pombe (331). The Ca2+ transporter PmcA of A. fumigatus is essential for fungal 

infection through an interaction with the calcineurin signaling pathway (332). 

Similarly, the C. neoformans Ca2+/H+ exchanger Vcx1 is involved in virulence 

(333). The phospholipase C MoPLC1 of Magnaporthe oryzae is required for 

appressorium formation and pathogenicity (334). N. crassa CSE1 is important for 

germling communication and fusion (335). In Beauveria bassiana, an 

entomopathogenic fungus, the CSE1 homologue Bbcsa1 is necessary for early 

penetration steps during host infection (336). Disruption of FIG1 from F. 

graminearum leads to a complete arrest of pertithecia formation, indicating a role 

in sexual development (337). Cch1 and Mid1 are involved in ascospore discharge 

in Giberella zeae (338) and deletion of mid1 causes loss of virulence in Claviceps 

purpurea (339). In S. cerevisiae, Mid1 is required for Ca2+ influx during mating 

(340). 
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The cch-1 and mid-1 genes are present in several different fungi and 

represent two of the best-studied components of the Ca2+-handling machinery. 

Ca2+ uptake from the extracellular milieu may occur through different mechanisms, 

depending on the stimulus. The high-affinity Ca2+ uptake system (HACS) is the 

best described. It comprises the channel Cch1 and the regulatory proteins Mid1 

and Ecm7 (341, 342). The exact role of MID-1 is unclear, as the protein has also 

been reported to behave as a non-selective stretch-activated cation channel in 

some systems (343, 344). The HACS seems to be particularly active in minimal 

media, whereas the low-affinity Ca2+ system (LACS) is more active in nutrient-rich 

media (342). So far, the only known member of the LACS system is the Fig1 

channel, which is involved in mating (337, 345). A glucose-induced Ca2+ influx 

system was recently proposed (346) but its molecular components are unknown. 

In fungi, particularly in N. crassa, the vacuole seems to be the major 

intracellular Ca2+ storage organelle (347). Indeed, using a cell fractionation 

strategy, Bowman and colleagues estimated that 10% of the cell Ca2+ was present 

in a pellet containing cell walls and unbroken cells, while the remainder 90% was 

distributed in three separate cell fractions: a dense organelle fraction containing 

mainly mitochondria and vacuoles and representing approximately 10% of the cell 

Ca2+; a heterogeneous microsomal fraction including ER, Golgi apparatus, nuclei, 

plasma membranes and transport vesicles with approximately 40% of the cell 

Ca2+; and a high-speed supernatant fraction, likely comprising broken vacuoles, 

also with approximately 40% of the cell Ca2+. Mitochondria were estimated to 

contain about 4% of the cellular Ca2+, whereas the ER appears to contain little 

Ca2+, supporting the idea that the vacuoles are indeed the main intracellular Ca2+ 

reservoir (347). Indeed, an early work on N. crassa Ca2+ biology reported that the 

vacuoles are the organelles responsible for sequestering excess amounts of 

cytosolic free Ca2+, likely coupled to the activity of a H+/ATPase (348). A recent 

work proposed that cell wall-bound Ca2+ constitutes 25% of total mycelia Ca2+ in 

N. crassa (349). 
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Ca2+ in fungal death: its role during fungal PCD 

Ca2+ and cell death are intimately connected, especially because of the vital 

role of Ca2+ as an intracellular messenger affecting numerous signaling pathways 

that determine cell fate. Therefore, it is not surprising that cells commonly respond 

to cell death stimuli with flutuations in the intracellular levels of this divalent ion. 

Despite intensive research on the “double-edged sword” nature of Ca2+, the 

protective versus toxic role of the ion regarding cell death stimulation is still under 

debate. On the one hand, transient or stable modifications in the cytosolic levels of 

Ca2+ can operate as survival signals, leading to the activity of anti-death proteins 

or stimulating transcriptional defence responses. Indeed, a mechanism known as 

store-operated Ca2+ entry (SOCE, also designated capacitative Ca2+ entry) occurs 

in the cells (350). In response to Ca2+ depletion in intracellular stores, namely in 

the ER, cells activate plasma membrane channels that promote Ca2+ influx from 

the external medium, which is then used to refill the intracellular organelles and 

restore the homeostatic levels of the ion. This represents one of the Ca2+-

mediated cell survival systems. 

On the other hand, the loss of Ca2+ homeostasis can behave as a pro-death 

signal, since overload or a simple perturbation of the distribution of the ion within 

storage organelles is sufficient to trigger cell death in some systems (292, 350). A 

paradigmatic example of cell damage due to Ca2+ overload is well patent in the 

mitochondrial response when its Ca2+ levels exceed the physiological threshold 

(351). Mitochondria possess low affinity Ca2+ uniporters that allow the 

accumulation of large amount of Ca2+ within their matrix, representing a high 

capacity of Ca2+ storage. Mitochondrial Ca2+ uptake regulates several functions, 

including oxidative metabolism. However, if the amount of sequestered Ca2+ 

exceeds the mitochondrial capacity, the organelle collapses through the opening 

of the megachannel known as the mitochondrial permeability transition pore 

(mPTP). The mPTP releases the excess Ca2+ but also apoptogenic molecules 

such as cytochrome c, triggering the apoptotic cascade. Recently, the mPTP was 

shown to be composed by dimers of the mitochondrial ATP synthase (352). 

Another good example of a pro-death role of Ca2+ is imaged in the activation of the 

calpain-mediated proteolysis of the apoptosis effector AIF (353). 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

66

In yeast species like S. cerevisiae, C. albicans and C. neoformans, cytosolic 

Ca2+ increases are a common feature of the cellular response to a number of 

antifungal stresses (354), including pheromone (355), the plant essential oils 

carvacrol (356) and eugenol (357), amiodarone (355, 358) and ER stress-inducing 

agents like tunicamycin and azole drugs (341, 359), just to enumerate a few 

examples. In N. crassa, a rise in the cytosolic levels of Ca2+ was associated with 

cell death induced by chitosan (121), PAF (126) and PAF26 (142). 
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2. Materials and methods 

Strains, culture media and chemicals 

Standard procedures for the handling of N. crassa cells were employed 

(360). Cells were grown in Vogel’s MM plus 1.5% (w/v) sucrose (13). Agar at 1.5% 

(w/v) concentration was added to obtain solid medium. Conidia were harvested by 

the addition of sterile dH2O, agitation and filtration through cheesecloth in 7-day 

cultures on Vogel’s MM with agar at 26ºC. Wild type (FGSC 2489), wild isolates 

and other strains are available from the Fungal Genetics Stock Center (31) or 

were previously generated in the laboratory and described: deletion strains for 

alternative NAD(P)H dehydrogenases (240, 242-244), nuo51 (361) nuo14 (226), 

nuo78 (362) and the nuo51-expressing strains nuo51 rescue, nuo51 A353V and 

nuo51 T435M (232). The strains used for the genome-wide association study were 

collected in Louisiana, USA and described in (335). A. fumigatus ATCC 46645 and 

C. albicans SC5314 strains were used in some experiments. For A. fumigatus, 

after 5 days of growth in Saboraud’s glucose agar at 37ºC, spore suspensions 

were obtained by gentle agitation with 0.01% (v/v) Tween 80 in sterile dH2O and 

filtration through cheesecloth. For C. albicans, the cells were incubated in yeast 

Winge liquid medium at 30°C, agitated at 200 rpm overnight, harvested by 

centrifugation, and resuspended in phosphate-buffered saline (PBS). 

For experiments employing culture medium without or with excess levels of 

Ca2+, calcium chloride (CaCl2) was omitted from the Vogel’s stock solution and, 

when adequate, added before the experiment. For these experiments the 

concentration of KH2PO4 in the 50x Vogel’s stock solution was limited to 10 mM to 

avoid precipitation with supplemental calcium (126).  

The following chemicals were used: staurosporine (LC Laboratories), 

dimethyl sulfoxide (DMSO), hydrogen peroxide, cinnamic acid, amphotericin B, 

A23187 (calcimycin), ML204, flufenamic acid, xestospongin C, calcium chloride, 

sodium chloride, rotenone, oxaloacetic acid, antimycin A, potassium cyanide, 

oligomycin, carbonyl cyanide m-chlorophenylhydrazone (CCCP), 

diphenyleneiodonium (DPI), GSH and NAC (Sigma-Aldrich), 1,2-bis(ortho-

aminophenoxy)ethane-N,N,N’,N’-tetrasodium (BAPTA), thapsigargin, Ru360, 

lithium chloride (LiCl2) and UCN-01 (Merck Biochemicals), phytosphingosine 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

68

(Avanti Polar Lipids), 4-methyl-4’-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-

thiadiazole-5-carboxanilide (YM-58483 / BTP2) and 2-aminoethoxydiphenyl borate 

(2-APB) (Tocris Bioscience), 1-[6-((17β-3-methoxyestra-1,3,5(10)-trien-17-

yl)amino)hexyl]-1H-pyrrole-2,5-dione (U-73122) (Alexis Biochemicals) and 

bafilomycin A1 (Wako). At least three independent experiments were performed 

for each assay. 

 

Growth assays 

Hyphal growth at 26ºC was obtained by measuring colony elongation over 

time after the inoculation of 20 µl with 5x104 conidia on the center of a large Petri 

dish (14.2 cm diameter) containing solid Vogel’s MM. In some experiments, hyphal 

growth throughout time was measured after inoculation of the same concentration 

of conidia in glass race tubes. 

For growth assessment in liquid Vogel’s MM, 1x104 conidia/ml were 

incubated at 26ºC, 100 rpm, under constant light in 96-well plates (200 µl/well). 

Absorbance at 620 nm (126) or 450 nm (363) was followed during 24 hours and 

the percentage of growth for each condition versus the control was calculated. 

Micrographs were taken on an Olympus CKX41 inverted microscope with Hoffman 

optics and the percentage of germinated cells was calculated using ImageJ (NIH). 

 

Cell death assays 

For the spot assay, nine serial three-fold dilutions were prepared for each 

strain starting with 6.6 x 107 cells/ml, so that the last spot contained approximately 

50 conidia. Five µl from each dilution were spotted separately on plates containing 

glucose-fructose-sorbose medium with agar (GFS) (360) supplemented with the 

appropriate chemicals. Cells were incubated at 26ºC (37ºC for A. fumigatus) and 

pictures taken ~72 hours after inoculation. Sabouraud medium was used for A. 

fumigatus and C. albicans. 

The levels of cell death were determined by flow cytometry after staining 

cells with YOPRO-1 (Life Technologies) or propidium iodide (PI, Sigma-Aldrich). 

An inoculum of 1x106 conidia/ml was incubated for 4 hours in the indicated 

medium at 26ºC (140 rpm, constant light). Staurosporine was added and growth 

resumed for further 2 hours. The cells were harvested by centrifugation, washed 
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twice with PBS and incubated with 0.1 µM YOPRO-1 (samples were kept 20 

minutes on ice before reading) or 2 µg/ml PI (samples were read immediately). For 

each experiment and strain a control without staining was prepared to define 

autofluorescence. When indicated, a pre-treatment of 15 minutes was applied to 

the cells before the addition of staurosporine. Samples were read in a BD FACS 

Calibur or a Beckman-Coulter EPICS XL-MCL and data analyzed with FlowJo 

(Tree Star). 

For the microscopic evaluation of PI uptake, conidia at 2x106 cells/ml were 

grown on 8-well microscope chambers (26ºC, dark, no agitation) and stained with 

5 µg/ml PI to examine cell membrane rupture. After 6 hours of growth, 50 µM 

staurosporine or DMSO was applied and differential interference contrast and 

fluorescence micrographs taken at determined time points using a Nikon TE2000 

microscope (Chroma filter set: excitation 535/50 nm, 565 nm LP dichroic mirror, 

emission 590 nm LP). The percentage of PI-positive cells was quantified using 

ImageJ (NIH). 

 

ROS, mitochondrial mass and membrane potential and cell viability assays 

The production of ROS was measured using the fluorescent probe 

dihydrorhodamine 123 (Sigma-Aldrich). After growing 1x106 conidia/ml for 4 hours 

in the indicated medium at 26ºC, 20 µg/ml dihydrorhodamine 123 and 

staurosporine were added for further 30 minutes. Samples were harvested by 

centrifugation and washed twice with PBS before being resuspended in PBS. 

Mitochondrial mass was measured with nonyl acridine orange (Promokine). 

Conidia at 1x106 cells/ml were grown for 30 minutes in Vogel’s MM, treated with 

staurosporine and cultured for 2 further hours. Cells were washed twice with PBS 

and incubated with 5 µM nonyl acridine orange for 15 minutes at room 

temperature. 

The mitochondrial membrane potential was determined using MitoTracker 

Red (CMXRos, Life Technologies). Conidia at 1x106 cells/ml were grown for 2 

hours in Vogel’s MM at 26ºC and treated for 2 further hours with staurosporine. 

MitoTracker Red at 250 nM was added in the last 30 minutes of culture. Samples 

were harvested by centrifugation and washed twice with PBS before being 

resuspended in PBS. 
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Cell viability was assessed using the fluorescent probe fluorescein diacetate 

(FDA, Sigma-Aldrich). Conidia at 1x106 cells/ml were grown for 1 hour in Vogel’s 

MM, treated with staurosporine and cultured for 4 further hours. Cells were 

washed twice with PBS and incubated with 2 µg/ml FDA for 15 minutes at room 

temperature. 

For each experiment and strain a control without staining was prepared to 

define autofluorescence. When indicated, a pre-treatment of 15 minutes was 

applied to the cells before the addition of staurosporine. Samples were read in a 

BD FACS Calibur or a Beckman-Coulter EPICS XL-MCL and data analyzed with 

FlowJo (Tree Star). 

 

Intracellular Ca2+ measurement with aequorin 

Genetically-encoded Ca2+ reporters are the most reliable option for the 

study of intracellular Ca2+ dynamics and such a method was recently developed 

for filamentous fungi using a codon optimization strategy on the photoprotein 

aequorin (312). The pAB19 vector containing the gene encoding aequorin was 

used to transform N. crassa cells by electroporation with an Eppendorf 

Multiporator (1800 V, 5 ms). Aequorin-expressing conidia were obtained and 

incubated at a concentration of 2x106 cells/ml with 5 µM coelenterazine (Santa 

Cruz Biotechnology) in Vogel’s MM. Aliquots of 100 µl were added to each well of 

white opaque 96-well plates and incubated for 6 hours at 26ºC, in the dark without 

agitation. Then, emitted luminescence (RLU, relative light units) was captured 

throughout time on a Bio-Tek Synergy HT microplate reader. Triplicate to 

hexaplicate experiments were performed. Due to equipment constraints, we were 

unable to convert luminescence data to Ca2+ concentrations. Therefore, a 

normalization of the results was performed to allow comparisons between different 

experiments. The maximum levels of aequorin expression for each strain in each 

experiment were determined in extra wells of the 96-well plates. One-hundred µl of 

3M CaCl2 in 20% ethanol were pipetted to each well and luminescence was 

acquired for 3 minutes. This total emitted luminescence was used to normalize the 

experimental RLU for each strain in each experiment and the obtained values 

were summed to calculate the area under the curve (“area”). The values from 

staurosporine-treated samples were subtracted by the values of control samples to 
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obtain the “staurosporine-induced amplitude of response”. When specified, a pre-

incubation step of 15 minutes with a chemical stimulus was applied before 

staurosporine (or DMSO). In all instances, the volume of chemical added to the 

wells was 10 µl (from an appropriate stock solution), to ensure good 

homogenization. The curves presented here correspond to the average of at least 

three independent experiments. The typical staurosporine-induced Ca2+ signature 

of wild type cells was obtained from 30 independent experiments. 

 

Transmission electron microscopy of pyroantimonate staining of Ca2+ 

Conidial cultures of 2x106 cells/ml were incubated without agitation for 6 

hours, in the dark, at 26ºC, followed by the indicated treatments and time. Cells 

were collected by centrifugation (5000 rpm, 10 minutes), washed twice with 0.2M 

phosphate buffer, resuspended in fixative solution (2.5% glutaraldehyde, 0.1M 

phosphate buffer) and incubated overnight at room temperature. After pelleting by 

centrifugation and resuspending in 0.2 M phosphate buffer, samples were washed 

during 2 hours with the same buffer changing it twice. The samples were further 

washed 3 times for 10 minutes with dH2O and mixed with a 2% (w/v) osmium 

tetroxide, 2% (w/v) potassium pyroantimonate solution for 2 hours. After 

centrifugation, 50% ethanol was mixed for 15 minutes and then 75% ethanol for 30 

minutes. This procedure was repeated for 90%, 95% and twice for 100% ethanol. 

After washing twice for 15 minutes with propylene oxide, the samples were 

infiltrated with propylene oxide:epon resin with increasing concentrations of epon 

(3:1, 1:1 and 1:3) for 1 hour each and finally embedded in epon for 15 minutes at 

60ºC. The inclusion was performed placing the sample in embedding molds with 

epon and incubating for 2 to 3 days at 60ºC for polymerization. Ultrathin section 

with 70 nm were made using a diamond knife, collected in 300 mesh copper grids 

and stained with 3% aqueous solution of uranyl acetate and lead citrate (or uranyl 

acetate alone) for 10 minutes. The grids were observed in a JEOL100 CX II 

electron microscope, operated at 60 kV. 

 

Semi-quantitative real time PCR (qRT-PCR) 

Conidia at a concentration of 1x106 cells/ml were grown in Vogel’s MM for 5 

hours at 30ºC followed by the addition of staurosporine or DMSO and grown for 
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one more hour. Cells were harvested by centrifugation (5000 rpm, 5 minutes) and 

RNA isolation was performed using a PureLink RNA Mini kit (Life Technologies) or 

a ZR Fungal/Bacterial RNA MicroPrep kit (Zymo Research), according to the 

manufacturer’s protocol. One µg of RNA was used for cDNA preparation using the 

SuperScript First-Strand Synthesis System kit (Life Technologies) following the 

provided protocol. A mix containing SYBR Green (Bio-Rad) and specific primers 

(czt-1 FW: GGTGACAACGACGACGAGATGG; czt-1 RV: 

GAGTCCTGGTTAGTTCGCTTACGG; actin FW: 

GGCATCACACCTTCTACAACGAG; actin RV: ATGTCAACACGGGCAATGGC) 

was prepared and amplification done with a Bio-Rad iCycler iQ5. Triplicates were 

obtained in each experiment and threshold cycle values within an interval of ± 0.5 

cycle in the same experiment were accepted. Relative gene expression was 

determined by the 2-ΔΔCt method (364). For the quantifications, actin (NCU04173) 

was used as control and cDNA from the wild type strain not exposed to 

staurosporine as calibrator. For the time-course analysis of the basal expression of 

czt-1 during germination, no calibrator was used and gene expression calculated 

using 2-ΔCt. 

 

Protein sequence analysis 

 The following bioinformatics tools were employed for alignments, 

domain prediction, subcellular localization prediction, phylogenetic tree building 

and Ca2+-binding motifs prediction: NCBI BLAST (365), NCBI PSI-BLAST (366), 

ClustalW2 (367), InterProScan (368), MEMSAT3 (369), TMHMM (370), WoLF 

PSORT (371), Mega5 (213) and CaPS (305). Protein sequences were obtained 

through available databases: Broad Institute Neurospora crassa Database 

(http://www.broadinstitute.org/annotation/genome/neurospora/MultiHome.html), 

MIPS Neurospora crassa Genome Database (mips.helmholtz-

muenchen.de/genre/proj/ncrassa/) and UniProt (http://www.uniprot.org/). 

 

Statistical analysis 

Statistical analysis of the data was performed using SPSS 20 (SPSS Inc.). 

The non-parametric Mann-Whitney test was used for comparisons between two 

groups. P-values ≤ 0.05 were considered statistically significant. 
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High-throughput RNA sequencing (RNA-seq) 

Conidial suspensions at 1x106 cells/ml were incubated in Vogel’s MM for 6 

hours (26ºC, 140 rpm, constant light) followed by the addition of staurosporine (or 

DMSO) for 1 more hour. Cells were harvested using 0.45 µm filters and 

immediately frozen in liquid nitrogen. Total RNA was isolated by the Trizol-Phenol-

Chloroform method. After digestion of 25 µg RNA with TURBO DNAse (Life 

Technologies), mRNA was purified using Dynabeads oligo(dT) magnetic beads 

(Life Technologies). The mRNA was chemically fragmented using the Ambion 

RNA fragmentation kit (Life Technologies). First and second strand cDNA 

synthesis was achieved using appropriate kits (Life Technologies). The illumina 

TruSeq kit was employed to generate the cDNA libraries with indexing adapters 

essentially following the manufacturer’s protocol. After purification of the libraries 

with AMPure XP beads (Roche), the quality of the libraries was analyzed in a 

Agilent 2100 Bioanalyzer. The cDNA libraries were sequenced in a illumina 

HiSeq2000 and single reads of 50 bp were obtained. Sequencing data was 

handled essentially with Tophat, Cufflinks and Cuffdiff (372). Expression levels are 

presented as Fragments/Reads Per Kilobase of transcript per Million mapped 

reads (FPKM/RPKM). The resulting datasets are available at the NCBI GEO 

database (http://www.ncbi.nlm.nih.gov/geo/; series record: GSE52153 and 

GSE53013). CummeRbund (372) was used to generate scatter and volcano plots. 

Functional enrichment of sets of genes was assessed with FunCat (373). 

 

Single nucleotide polymorphism (SNP) identification 

 Maq (374) was used to map RNA-seq reads to the genome 

sequence of N. crassa strain FGSC 2489 (28) and for the identification of SNPs. 

RNA-seq reads that mapped to multiple locations or SNPs located in regions of 

low consensus read quality were eliminated from analysis. Only those that were bi-

allelic were retained, yielding a complete data set of 1.09x106 SNPs. The complete 

SNP set used in this analysis was previously published (335). For markers used 

as input into calculations of genetic association with the staurosporine resistance 

phenotype, we filtered the complete SNP set to retain only sites at which the minor 

allele was present at >10% frequency. 
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Genome-wide association study 

The expression level of czt-1 from the Louisiana population of N. crassa 

wild strains (335, 375) was used as a quantitative proxy for staurosporine 

resistance (please see Results for details). For each strain, the normalized 

expression level of czt-1 (as RPKMs) was compared to the mean for all strains. A 

strain showing higher than average expression of czt-1 (46 strains) was 

considered to have “high” expression of czt-1 and was binned as more resistant to 

staurosporine. Conversely, a strain showing lower than average expression of czt-

1 (67 strains) was considered to have “low” expression of czt-1 and was binned as 

less resistant to staurosporine. Each SNP marker was then tested in turn, from our 

set of SNPs with >10% minor allele frequency, for co-inheritance with qualitative 

determination of “highscore” using Fisher's exact test. Significance values were 

determined using an empirical null distribution of p-values from the observed data. 

For this, we performed 1000 permutations. For each permutation, the phenotype 

category was shuffled relative to the genotypes and the minimum p-value was 

retained. Any nominal p-value larger than a minimum observed permuted p-value 

was considered as a possible false positive and removed from consideration. 
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3. Results 

 

3.1) Staurosporine-induced cell death is accompanied by a 
dynamic transcriptional response in N. crassa 

Staurosporine induces metacaspase-independent cell death in N. 

crassa 

 

Staurosporine induced cell death in N. crassa accompanied by typical 

cellular features such as increased staining with propidium iodide (PI) and 

YOPRO-1 (Fig. 17A-B and (114)), decreased staining with fluorescein diacetate 

staining (Fig. 18A) and colony forming ability (139), increased ROS production 

(Fig. 18B and (139)), loss of ΔΨm (Fig. 18C), mitochondrial mass reduction (Fig. 

18D), impaired germination, DNA fragmentation as assessed by TUNEL staining 

(140), and GSH export (114). 

We tested whether staurosporine-induced cell death in N. crassa is 

dependent on the presence of metacaspases. The genome of N. crassa encodes 

two metacaspases, MCA-1A (NCU09882) and MCA-1B (NCU02400). Both the 

evaluation by YOPRO-1 staining (Fig. 17C) and by the spot assay (Fig. 17D) 

revealed that the levels of staurosporine-induced cell death in wild type cells and 

in cells lacking one or both metacaspases were similar. The metacaspases 

mutants were also tested for sensitivity to other cell death stimuli, more specifically 

phytosphingosine, hydrogen peroxide and actinomycin D. Despite a slight 

increased resistance of the Δmca-1B and Δmca-1AΔmca-1B strains to hydrogen 

peroxide, the overall conclusion is that all these stimuli appear to inhibit the growth 

of N. crassa independently of the action of metacaspases (Fig. 17D). 

In order to investigate the relevance of the increased ROS production upon 

exposure to staurosporine, we measured cell death in cells pre-incubated with the 

ROS scavenger NAC. NAC protected cells from staurosporine-induced cell death, 

as evaluated by YOPRO-1 staining (Fig. 19A) and spot assay (Fig. 19B). This 
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indicates that the production of ROS is necessary for staurosporine-induced cell 

death. 

 

 
Figure 17 - Staurosporine induces metacaspase-independent cell death in N. crassa. 
A- Permeability to PI was analyzed microscopically after treatment with 50 µM staurosporine 
(STS). The left panel (i) shows representative micrographs whereas the right panel (ii) displays the 
percentage of PI-positive cells after 16 hours of treatment. Scale bar: 50 µm. B- YOPRO-1 uptake 
was evaluated by flow cytometry. The left panel (i) shows a representative histogram: DMSO 
(shadowed), 10 µM (solid line) and 20 µM STS (dashed line). Quantifications of YOPRO-1-positive 
cells are shown in the right panel (ii). C- YOPRO-1 staining was assessed in 20 µM STS-treated 
wild type cells and in cells lacking both N. crassa metacaspases (Δmca-1AΔmca-1B). D- The 
sensitivity to staurosporine, phytosphingosine, hydrogen peroxide (H2O2) and actinomycin D of wild 
type, Δmca-1A, Δmca-1B and Δmca-1AΔmca-1B strains was evaluated by spotting conidia in GFS 
supplemented with the indicated concentrations of drugs. 
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Figure 18 - Staurosporine leads to loss of viability, increased ROS production, loss of 
mitochondrial membrane potential and reduced mitochondrial mass. 
In A-D, left panels (i) shows a representative flow cytometry histogram and right panels (ii) the 
respective quantification. A- Cell viability was evaluated by measuring loss of staining with 
fluorescein diacetate in 20 µM staurosporine (STS)-treated wild type cells. (i) DMSO (shadowed); 
20 µM STS (dashed line). B- ROS production was assessed by dihydrorhodamine 123 staining. (i) 
DMSO (shadowed); 20 µM STS for 5 minutes (thin solid line); 20 µM STS for 15 minutes (dashed 
line); 20 µM STS for 30 minutes (bold solid line); (ii) quantification for the 30 minutes-time point. C- 
The loss of ΔΨm was measured with Mitotracker Red. (i) DMSO (shadowed); 20 µM STS (dashed 
line); CCCP at 50 µM (solid line) was used as a control. D- Mitochondrial mass was estimated by 
staining with nonyl acridine orange. (i) DMSO (shadowed); 10 µM STS (dashed line). 

 

 

 
Figure 19 - Staurosporine-induced cell death is ROS-dependent. 
A- Cell death was assessed by staining cells with YOPRO-1. The left panel (i) shows a 
representative histogram (DMSO (shadowed); 20 mM NAC (thin solid line); 20 µM staurosporine 
(STS) (bold solid line); 20 mM NAC plus 20 µM STS (dashed line)) whereas the respective 
quantification is presented in the right panel (ii). B- Modulation of staurosporine-induced cell death 
by NAC was also evaluated by spotting conidia in GFS supplemented with the indicated chemicals. 
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DNA microarray data allows the identification of putative mediators of 

staurosporine-induced cell death 

DNA microarray studies in our group previously identified NCU09141 as the 

gene whose expression is mostly induced by staurosporine (140). Despite being 

annotated in N. crassa genome databases as “probable pyridoxine 4-

dehydrogenase”, we found that the protein encoded by NCU09141 presents 

sequence similarity with β-subunits of human voltage-gated potassium (K+) 

channels (Fig. 20A). Interestingly, NCU02887, annotated as a ”probable K+ 

channel β subunit protein”, is similar to NCU09141 (Fig. 20A) and also highly 

induced by staurosporine (140). Given that NCU09141 and NCU02887 are 

induced by staurosporine and that they present homology to subunits of of 

voltage-gated K+ channels, we tested the effect of combining staurosporine with 4-

aminopyridine, an inhibitor of that type of channels (376). The combination of 4-

aminopyridine and staurosporine resulted in a strong synergistic effect against the 

growth of N. crassa cells, as well as against the growth of the clinically relevant 

pathogens A. fumigatus and C. albicans (Fig. 20B). These results emphasize the 

role of K+ channels during staurosporine-induced cell death and highlight the 

potential of transcriptional profiling for the identification of novel proteins involved 

in cell death. NCU09141 was also shown to be upregulated by phytosphingosine 

(116) and menadione (377). The efflux of K+ is a common characteristic of 

apoptosis (378). Interestingly, an increasingly number of reports has been showing 

that voltage-gated K+ channels-mediated K+ efllux play an important role as a 

counterbalance to Ca2+ influx under certain conditions (379) and Ca2+ influx is an 

important event during staurosporine-induced cell death in N. crassa (see below). 
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Figure 20 - NCU09141 displays sequence similarity to a β-subunit of shaker-related 
subfamily voltage-gated K+ channels and 4-aminopyridine, an inhibitor of such channels, 
acts synergistically with staurosporine. 
A- The protein sequences of N. crassa NCU09141 (Uniprot accession number: Q7S2K8), N. 
crassa NCU02887 (Q7SHL7) and Homo sapiens Kv beta 2 (Q13303-2) were aligned using 
ClustalW. Identical residues are black shaded while conserved substitutions are gray shaded. 
Symbols: * identical residues in all sequences; : conserved substitutions; . semiconserved 
substitutions. B- The spot assay was used to evaluate the sensitivity of N. crassa (wild type and 
ΔNCU09141 strains), A. fumigatus and C. albicans to the combination of the indicated 
concentrations of staurosporine (STS) and 4-aminopyridine (4-AP). 
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The spot assay was also employed to evaluate the sensitivity profile of 

about 40 other deletion strains whose respective genes were induced by 

staurosporine (or phytosphingosine). A few of them revealed altered sensitivity to 

staurosporine in comparison with the wild type strain, more specifically 

ΔNCU03229, ΔNCU06419 and ΔNCU04512 (more resistant), ΔNCU00355, 

ΔNCU05338, ΔNCU06911, ΔNCU09648, ΔNCU04699, ΔNCU04490, ΔNCU06230 

and ΔNCU00605 (slightly more resistant), and ΔNCU08948 (slightly more 

sensitive) (Fig. 21). Table 6 presents the main features of the correspondent 

deleted proteins. These results provide a good hint about genes that seem play a 

role during cell death induction by staurosporine. 

 

 
Figure 21 - Several deletion strains for staurosporine-induced genes present altered 
susceptibility to the drug. 
Conidia from the indicated strains were spotted on GFS medium supplemented with 5 µM 
staurosporine (STS). 
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Table 6 - Summary of the main features of proteins identified by microarray analysis 
(correspondent genes induced by staurosporine) and whose absence confers altered 
sensitivity to staurosporine. 

Gene Protein Description Observations 

NCU03229 TIM-44 Translocase of inner 
mitochondrial 
membrane 44 

Slightly more sensitive to hydrogen 
peroxide than wild type 

NCU06419 MEK-1 Mitogen-activated 
protein kinase 

Also induced by phytosphingosine (116) 
and during HI (70); 
More sensitive to hydrogen peroxide 
and phytosphingosine than wild type 

NCU04512 - Related to 
transcriptional 
corepressor HIR3 

- 

NCU00355 CAT-3 Catalase-3 Repressed during HI (70) 

NCU05338 - - Also induced by phytosphingosine (116) 

NCU06911 - - Repressed during HI (70) 

NCU09648 - Aldehyde 
dehydrogenase 

Repressed during HI (70) 

NCU04699 CHOL-2 Methylene-fatty-acyl-
phospholipid synthase 

Repressed during HI (70) 

NCU04490 - - Also induced by phytosphingosine (116) 

NCU06230 STK-39 Serine/threonine 
protein kinase-39 

Also induced by phytosphingosine (116) 

NCU00605 - ThiF domain-containing 
protein 

- 

NCU08948 - Related to nuclear 
envelope protein NEM1 

Also induced by phytosphingosine 
(116); 
Slightly more sensitive to actinomycin D 
than wild type 

 

 

Transcriptional profiling of staurosporine-induced cell death by RNA 

sequencing reveals that the drug influences different cellular 

pathways 

More recently, we studied the transcriptional response to staurosporine 

using high-throughput RNA sequencing (RNA-seq), which offers a far more 

accurate measurement of gene expression than DNA microarrays (380). One hour 

of treatment with 20 µM staurosporine was sufficient to elicit a dynamic 

transcriptional response, with 28.1% of the genes having their expression 

significantly altered (Fig. 22A). From these, about half were induced (989 genes) 

and half were repressed (1038 genes, Fig. 22B). The results validate our previous 

microarray approach (140), although much more altered genes were now found 
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and the concentration used for the RNA-seq experiments (20 µM) was slightly 

higher than the one used in the microarrays (12.5 µM). 

 
Figure 22 - Summary of the transcriptional response to staurosporine in wild type cells. 
A- The percentage of genes with altered expression upon treatment with staurosporine is 
represented by the white portion of the pie chart. B- Percentage of upregulated (white) and 
downregulated (black) genes. 

 

To understand the biological processes represented by these genes, we 

looked for functional enrichment among induced and repressed genes using 

FunCat. Although several genes are not catalogued by this database, it was 

possible to find a few enriched categories (Table 7). On the upregulation side, 

there was a particular enrichment of ‘vesicular transport’, ‘modification with sugar 

residues’ and ‘fatty acid metabolism’. On the downregulation side, there was a 

very strong enrichment of some categories, namely those related to ‘ribosome 

biogenesis’, ‘rRNA processing’, ‘translation’ and ‘RNA binding’. It seems that the 

protein synthesis machinery is critically impaired by staurosporine. Genes 

encoding mitochondrion-related functions were also enriched in the staurosporine-

repressed set of genes: ‘anaerobic respiration’, ‘aerobic respiration’, ‘electron 

transport’, ‘energy generation’ and ‘mitochondrial transport’. The downregulation of 

genes comprising the ‘respiration’ category indicates that the treatment with 

staurosporine may cause a metabolic shift in the cells. In line with this and the fact 

that staurosporine is a potent ROS inducer, it has been observed in yeast that a 

shift in primary carbon metabolism is the fastest response to oxidative stress and 

that this is associated with defined transcriptional alterations (381). Thus, 

staurosporine elicits a dynamic transcriptional response in N. crassa. 
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Table 7 - Functional category enrichment analysis (FunCat) of genes induced and 
repressed by staurosporine in the wild type strain. 

ID Category P-value 

Induced genes 

01.05.02.07 sugar, glucoside, polyol and carboxylate catabolism 3.25E-05 

01.06.05 fatty acid metabolism 1.63E-05 

14.07.02 modification with sugar residues (eg, glycosylation, 
deglycosylation) 

9.28E-06 

16.17.07 magnesium binding 8.28E-05 

20.09.07 vesicular transport (Golgi network, etc) 1.07E-06 

Repressed genes 

01.03 nucleotide/nucleoside/nucleobase metabolism 1.89E-05 

01.05.13 transfer of activated C- groups 7.38E-08 

02.11 electron transport and membrane-associated energy 
conservation 

1.60E-05 

02.13.01 anaerobic respiration 7.10E-05 

02.13.03 aerobic respiration 1.91E-09 

02.45.15 energy generation (eg, ATP synthase) 4.03E-06 

11.02.01 rRNA synthesis 8.37E-14 

11.02.02 tRNA synthesis 9.50E-06 

11.04.01 rRNA processing 9.03E-46 

11.06.01 rRNA modification 1.22E-07 

12.01 ribosome biogenesis 1.51E-137 

12.01.01 ribosomal proteins 8.44E-105 

12.04 translation 1.50E-65 

12.07 translational control 1.31E-08 

16.01 protein binding 1.38E-23 

16.03.03 RNA binding 1.70E-32 

20.01.15 electron transport 1.56E-05 

20.09.04 mitochondrial transport 1.97E-12 

42.16 mitochondrion 8.43E-08 
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3.2) Calcium is a crucial player during staurosporine-induced cell 
death 

Staurosporine induces a well defined Ca2+-signature derived from 

extracellular and internal Ca2+ stores 

After six hours of culture, wild type N. crassa cells expressing the codon-

optimized bioluminescent cytosolic free Ca2+ ([Ca2+]c) reporter aequorin (312) were 

incubated with 20 µM staurosporine and luminescence was monitored over time. 

Staurosporine induced a well defined cytosolic Ca2+-signature of [Ca2+]c changes 

(Fig. 23A). The signature includes two major Ca2+ peaks which we identified as “A” 

and “B” and a third broad increase in cytosolic Ca2+ (“C”). “A” occurs immediately 

upon addition of staurosporine and lasts for approximately 20 minutes and “B”, 

having the highest amplitude, occurs after 35-40 minutes and lasts for 

approximately 80 minutes. UCN-01, a natural stereoisomer of 7-

hydroxystaurosporine currently in clinical trials for cancer treatment (177), also 

provokes an immediate peak of [Ca2+]c although the overall Ca2+ signature is 

different from that caused by staurosporine (Fig. 23B). Other cell death-inducing 

drugs, namely phytosphingosine (113, 114, 116) and amphotericin B (117) did not 

cause noticeable modifications in Ca2+ levels, at least at the concentrations tested 

(Fig. 23C). 

In N. crassa, free Ca2+ is stored in different intracellular organelles and in 

the cell wall and its distribution depends on the growth phase (321, 347, 349). We 

aimed to identify the source(s) of Ca2+ that give rise to the staurosporine-induced 

[Ca2+]c signature in the cytosol and started by looking at the contribution of 

extracellular Ca2+. Pre-incubation with the membrane-impermeant Ca2+ chelator 

BAPTA resulted in complete abolition of the staurosporine Ca2+-signature (Fig. 

24A, i-ii and 24F-G). BAPTA added at different time points after incubation with 

staurosporine (15, 40 or 180 minutes) abolished the subsequent elevations in 

[Ca2+]c (Fig. 24A, iii-v). This indicates that Ca2+ influx occurs continuously 

throughout the staurosporine-induced Ca2+-signature. 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

85

 
Figure 23 - Staurosporine induces a well-defined intracellular Ca2+ response. 
A- Aequorin-expressing wild type cells grown for 6 hours were incubated with 20 µM staurosporine 
(STS) and the time-course emission of luminescence was monitored over time. The cytosolic STS 
Ca2+-signature contained two major Ca2+ transients (phases “A” and “B”) and a third broad [Ca2+]c 
increase (“C”) and represents an average of 30 independent experiments, each with 3 to 6 
replicates. The “staurosporine-induced amplitude of response” was calculated after subtracting the 
DMSO curve from these data and is shown in subsequent figures for reference. B,C- The Ca2+ 
response was also obtained after treatment of cells with 20 µM UCN-01 (B), 10 µg/ml 
phytosphingosine (PHS) or 1 µg/ml amphotericin B (ampho B) (C). 

 

Since staurosporine induces cell death in N. crassa (114, 139, 140), Ca2+ 

influx could arise from non-specific entry due to plasma membrane 

permeabilization. However, the percentage of PI-positive cells, indicative of 

permeabilized cells, was lower than 10% during the initial three hours following 

staurosporine treatment (Fig. 24B, i-ii). Moreover, the transient [Ca2+]c peaks (“A” 

and “B”) suggests that uncontrolled, non-specific Ca2+ influx into the cell, which 

would result in a steady increase in [Ca2+]c, does not occur. The third phase (“C”) 

of the Ca2+-signature is more compatible with such a situation. We conclude from 
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these experiments that Ca2+-permeable channels in the plasma membrane are 

involved in generating the [Ca2+]c transients during phases “A” and “B” and 

suggest that they may represent important signaling events in staurosporine-

induced cell death. 

The contribution of the ER to the staurosporine-induced Ca2+ signature was 

evaluated by treating cells with the ER-selective Ca2+-ATPase inhibitor 

thapsigargin. Thapsigargin causes the depletion of ER Ca2+ and prevents Ca2+ 

sequestration by this organelle (382). Pre-treatment with thapsigargin changed the 

signature of the Ca2+ response to staurosporine and peak “A” was absent (Fig. 

24C and 24F-G). Since Ca2+ in the ER is likely depleted by thapsigargin before the 

addition of staurosporine, this result is consistent with Ca2+ release from the ER 

contributing to peak “A”. However, inhibition of the ER Ca2+-ATPase resulted in an 

increase in the amplitude of “B” compared with the untreated control suggesting 

that ER Ca2+-ATPase activity plays a significant role in sequestering Ca2+ during 

this second phase of [Ca2+]c increase. The amplitude of the prolonged [Ca2+]c 

elevation during phase “C” was also increased in thapsigargin pre-treated cells 

indicating that continued Ca2+-ATPase activity may also be required during this 

period. 

In N. crassa, the vacuoles are responsible for the sequestration of Ca2+ 

under stress conditions to avoid the toxic accumulation of Ca2+ in the cytosol 

(348). We used bafilomycin A1 to assess whether the complex and heterogeneous 

vacuolar system in N. crassa (347) plays a role as a Ca2+-store during the 

staurosporine-induced Ca2+-signature. Bafilomycin A1 has previously been used to 

inhibit Ca2+ uptake by vacuoles and smaller acidic vesicles by blocking H+-ATPase 

activity, which results in disruption of the proton gradient required for Ca2+ uptake 

by the vacuolar Ca2+/H+ exchanger (383). The presence of bafilomycin A1 resulted 

in a [Ca2+]c increase in peaks “A” and “B” but not during peak C following 

staurosporine treatment (Fig. 24D and 24F-G). These results are consistent with 

the vacuolar system playing a role in sequestering Ca2+ during phases ‘”A” and “B” 

of the staurosporine-induced Ca2+ response but, in contrast to the ER, 

extinguishes its Ca2+ sequestering capacity after peak “B”. 
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Figure 24 - The staurosporine-induced Ca2+-signature results from Ca2+ influx into the 
cytosol from the extracellular medium and from internal Ca2+ stores. 
A- Influence of BAPTA on the Ca2+-signature after aequorin-expressing wild type cells were treated 
with 20 µM staurosporine (STS): (i) no BAPTA control, (ii-v) 4 mM BAPTA was applied at the 
indicated time points (arrows). The figure represents the staurosporine-induced amplitude of 
response. B- Membrane permeabilization as a readout of cell death was examined by staining with 
PI: (i) representative micrographs of cells stained with PI after incubation for 180-minutes with 
DMSO (control) and 20 µM STS, scale bar: 50 µm, (ii) time course quantification of the percentage 
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of PI-positive (dead) cells. C-E- Influence of 10 µM thapsigargin (C), 0.6 µM bafilomycin A1 (D) and 
50 µM Ru360 (E) on the STS-induced Ca2+-signature response in aequorin-expressing wild type 
cells. F-G- Quantification (in arbitrary units) of the [Ca2+]c transients “A” and “B”, respectively, in (A), 
(C)-(E). *, p-value < 0.05. 

 

 

Mitochondria are also involved in Ca2+ sequestration. In mammalian cells, 

Ca2+ uptake by mitochondria occurs mainly through the MCU system. Pre-

incubation with the MCU-specific inhibitor Ru360 (385) converted the 

staurosporine-induced [Ca2+]c peaks “A” and “B” into a single peak and abolished 

the extended increase in [Ca2+]c of phase “C” (Fig. 24E-G). These results suggest 

that mitochondria play a role in the sequestration of Ca2+ during phases “A” and 

”B”. Altogether, our results point to a complex and dynamic response to 

staurosporine wherein cells mobilize Ca2+ from and to the extracellular medium, 

ER, vacuoles/acidic organelles and mitochondria. 

 
Figure 25 - Microscopic analysis of intracellular Ca2+ distribution in N. crassa. 
A-D- Wild type cells treated with DMSO (A-B) or 20 µM staurosporine (C-D) for 150 minutes were 
processed for pyroantimonate staining of Ca2+ and samples observed by transmission electron 
microscopy. In A and C, samples were stained with uranyl acetate alone whereas in B and D lead 
citrate was also used for staining in order to improve the visualization of mitochondrial details. m: 
mitochondria; ve: electron-dense vesicles; V: vacuoles. 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

89

To further characterize the Ca2+ response during cell death in N. crassa, we 

analysed Ca2+ distribution by pyroantimonate precipitation and transmission 

electron microscopy. After six hours of culture, Ca2+ was predominantly localized 

in the mitochondria (Fig. 25), consistent with previous findings (322). There was 

also Ca2+ staining within electron-dense vesicles. Treatment with staurosporine 

resulted in the appearance of vacuoles with pyroantimonate-Ca2+ precipitation 

(Fig. 25), which is consistent with the intracellular Ca2+ response to staurosporine 

in the presence of bafilomycin A1 (Fig. 24D). We were not able to observe 

cytosolic or ER staining, which one would expect based on the staurosporine-

induced Ca2+ profiles (Fig. 23A and 24C). This can be explained by the fact that 

soluble cytosolic Ca2+ may be lost during the precipitation or prefixation procedure 

or because the cytosolic concentration of Ca2+ may be below the sensitivity 

threshold of this technique (386). 

 

 

Staurosporine activates phospholipase C- and IP3-mediated 

recruitment of Ca2+ 

Phospholipase C converts PIP2 into IP3 and DAG. IP3 acts as a second 

messenger and by binding to its receptor results in Ca2+ mobilization from 

intracellular stores whereas DAG activates PKC (387). In N. crassa, IP3 has been 

reported to promote the release of Ca2+ from the ER (10) and vacuole (10, 316). 

We measured [Ca2+]c dynamics in response to staurosporine treatment in cells 

pre-treated with the phospholipase C-selective inhibitor U-73122 (388). The [Ca2+]c 

response over the entire 5 hour time-course was greatly suppressed (Fig. 26A and 

26F-G), consistent with a significant requirement for phospholipase C during this 

response. Lithium (LiCl2) inhibits inositol monophosphatase, preventing the 

synthesis of phosphoinositides and reducing phospholipase C activity due to the 

absence of adequate levels of PIP2 to be hydrolysed into IP3 and DAG (389). LiCl2 

in the presence of staurosporine significantly reduced the [Ca2+]c peaks during 

phases “A” and “B” and almost completely abolished the [Ca2+]c increase of phase 

“C” (Fig. 26B and 26F-G). These effects on [Ca2+]c were very similar to those 

resulting from the effects of  the IP3 receptor selective inhibitor xestospongin C 

(390) (Fig. 26C and 26F-G). This suggests that LiCl2 and xestospongin C act by 
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preventing IP3 formation and consequent release of [Ca2+]c from internal stores 

which seem to participate early on but lasting throughout the entire [Ca2+]c 

response to staurosporine.  

 
Figure 26 - Staurosporine activates phospholipase C- and IP3-mediated recruitment of 
Ca2+. 
A-E- Influence of pre-treatment with different inhibitors on the Ca2+-signature after aequorin-
expressing wild type cells were treated with 20 µM staurosporine (STS): 10 µM U-73122 (A), 10 
mM LiCl2 (B), 10 µM xestospongin (C), 50 µM 2-APB (D) and 10 µM YM-58483 (E). F-G- 
Quantification (in arbitrary units) of the [Ca2+]c transients “A” and “B”, respectively, in (A)-(E). *, p-
value < 0.05. 

 

We also tested the effect of 2-APB which has been previously shown to 

block an IP3 receptor-like channel and hyphal growth in N. crassa (10). 2-APB 

blocked most of the [Ca2+]c response to staurosporine, exhibiting a stronger 

inhibitory effect than xestospongin C (Fig. 26D and 26F-G). Although 2-APB may 

be blocking IP3 receptor-activated Ca2+ release, it is likely that its effect results 
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from the inhibition of TRP channels, as previously claimed (391), which explains 

the different effects when compared with the selective IP3 receptor blocker 

xestospongin C. Altogether, these results strongly indicate that staurosporine 

promotes the activity of phospholipase C and that the recruitment of Ca2+ from 

intracellular stores requires the generation of IP3. 

Since Ca2+ influx from the extracellular space can be triggered by the 

depletion of IP3-sensitive Ca2+ stores, we evaluated if SOCE (350) was triggering 

the Ca2+-release-activated Ca2+ channel (CRAC). We added the CRAC selective 

inhibitor YM-58483 (392) before incubation with staurosporine and observed that 

the beggining of the [Ca2+]c peak “A” is present, probably corresponding to the IP3-

activated intracellular store depletion phase, while the second part of the same 

peak is significantly reduced (Fig. 26E-G). Phase “C” was also decreased in YM-

58483-pre-treated cells. Thus, it seems that the staurosporine-induced Ca2+ 

response in N. crassa includes the process of SOCE which has not been reported 

in filamentous fungi. 

 

 

PLC-2 regulates staurosporine-induced cell death and polarized 

hyphal growth 

We examined the sensitivity to staurosporine of the deletion strains for the 

four predicted phospholipase C genes of N. crassa (314, 315, 393). Interestingly, 

whereas Δplc-1 (ΔNCU06245) and Δplc-3 (ΔNCU09655) strains were slightly 

more resistant than wild type, Δplc-2 (ΔNCU01266) was substantially more 

resistant (Fig. 27A). We confirmed the increased resistance to staurosporine of 

Δplc-2 cells by measuring the levels of apoptosis with the YOPRO-1 marker (50). 

Treatment with staurosporine led to a significant increase in the percentage of 

apoptotic cells in the wild type but not in the Δplc-2 deletion strain (Fig. 27B). A 2-

hour treatment with staurosporine caused ~23.4% apoptosis in wild type and 

~9.9% in Δplc-2 cells. In the absence of PLC-2, the [Ca2+]c -response to 

staurosporine was nearly abolished altogether (Fig. 27C-E), paralleling the 

response of wild type cells pre-treated with the phospholipase C inhibitor U-73122 

(Fig. 26A). These results indicate that phospholipase C is required for 
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staurosporine-induced cell death and support the conclusion that Ca2+ signaling is 

important during the process. 

 
Figure 27 - PLC-2 is required for the Ca2+-signature and cell death induced by 
staurosporine and is implicated in N. crassa hyphal development. 
A- The sensitivity profiles of deletion strains for the four N. crassa phospholipase C genes 
evaluated by spotting conidia on GFS medium containing 2.5 µM staurosporine (STS). B- The 
levels of apoptosis in wild type and Δplc-2 cells detected by staining with YO-PRO1 and the 
positive cells measured by flow cytometry. *, p-value < 0.05 for the comparison 50 µM STS versus 
DMSO on each strain; #, p-value < 0.05 for the comparison of STS-treated wild type versus Δplc-2 
cells. C- Cytosolic levels of Ca2+ were measured in aequorin-expressing Δplc-2 cells after 
treatment with 20 µM STS. D-E- Quantification (in arbitrary units) of the [Ca2+]c transients “A” and 
“B”, respectively, in (C). * , p-value < 0.05. F- Growth of wild type and Δplc-2 strains was followed 
during 24 hours by measuring absorbance at 450 nm. G- Representative micrographs of wild type 
and Δplc-2 strains at 8 hours and 24 hours after inoculation in liquid Vogel’s MM. The percentage 
of germinated cells is indicated on the upper right corner (mean ± SEM). Note the presence of 
several ungerminated conidia in 24 hour-cultures of Δplc-2 (arrows). Scale bar: 100 µm. *, p-value 
< 0.05. 
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Deletion of plc-2 resulted in very poor growth in liquid medium (Fig. 27F). 

After 8 hours of culture, almost all wild type cells had germinated (95.8%) and 

normal hyphal elongation was observed (Fig. 27G). In contrast, Δplc-2 cells 

underwent greatly reduced germination (39.7%). The difference was also evident 

after 24 hours of growth: whereas the wild type strain was fully developed with 

99.9% germination and long, branched and fused hyphae, the Δplc-2 knockout 

mutant only underwent 58.5% germination and possessed a few elongated, 

branched hyphae with little fusion evident. The presence of some germinated 

hyphae in Δplc-2 knockout cultures may be explained by the redundant activity of 

the other phospholipase C genes, as previously suggested (324). 

 

 

Staurosporine activates a putative TRP channel involved in Ca2+ influx 

from the external medium 

 Since the staurosporine Ca2+ signature seems to only partially involve 

SOCE (Fig. 26E), we further investigated the mechanism of Ca2+ influx 

responsible for the [Ca2+]c phases “A” and “B”. So far, two Ca2+ uptake systems 

have been established in fungi: the high- and the low-affinity Ca2+ uptake system 

(HACS and LACS, respectively). At the molecular level, HACS comprises the 

CCH-1 and MID-1 channel (342) whereas the channel counterpart in LACS is FIG-

1 (345). 

A drastic increase in the [Ca2+]c peaks “A” and “B” was observed in Δcch-1 

cells (ΔNCU02762) exposed to staurosporine (Fig. 28A and 28C-D). This was also 

mainly due to extracellular Ca2+ uptake because it was prevented by pre-treatment 

with the Ca2+ chelator BAPTA (Fig. 28A and 28C-D). The [Ca2+]c response in the 

Δfig-1 mutant (ΔNCU02219) was more similar to the wild type, despite a slight 

[Ca2+]c amplitude increase in phase “B” and a decrease in phase “C” (Fig. 28B-D). 

These data strongly suggest that Ca2+ uptake during staurosporine-induced cell 

death involves channel activity distinct from that of the CCH-1/MID-1 high-affinity 

system or the FIG-1 low-affinity system. This unknown influx system was 

stimulated by staurosporine especially in the absence of CCH-1. Remarkably, 

complete abolition of the staurosporine [Ca2+]c signature was observed when 

Δcch-1 cells were pre-treated with 2-APB (Fig. 28A and 28C-D), which is known to 
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inhibit the IP3 receptor but also TRP channels (391). As previously reported (394), 

we were unable to generate a Δmid-1 strain expressing aequorin at sufficient 

levels for [Ca2+]c measurement. MID-1 (NCU06703) is considered to be a 

regulatory partner of CCH-1 (342, 395, 396) although there are reports of MID-1 

behaving as a non-selective stretch-activated cation channel (343, 344). 

Nonetheless, the knockout of mid-1 phenocopied the cch-1 deletion, as both 

strains showed defects such as reduced aerial hyphae, conidiation (Fig. 29A) and 

mycelial extension rate (Fig. 29B), consistent with both proteins acting together. 

 

 
Figure 28 - Staurosporine-induced Ca2+ influx occurs via an uptake system distinct from 
the high- and low-affinity Ca2+ systems. 
A-B- The Ca2+-signature in response to 20 µM staurosporine (STS) was compared in aequorin-
expressing wild type and Δcch-1 (A) or Δfig-1 (B) cells. Influence of pre-treatment with 4 mM 
BAPTA and 50 µM 2-APB on Δcch-1 STS-induced Ca2+-signature is shown in (A). C-D- 
Quantification (in arbitrary units) of the [Ca2+]c transients “A” and “B”, respectively, in (A)-(B). *, p-
value < 0.05 for the comparison of Δcch-1 versus wild type; #, p-value < 0.05 for the comparison of 
BAPTA and 2-APB pre-treated Δcch-1 cells versus Δcch-1 with STS alone. E- The sensitivity of 
Δcch-1 and Δmid-1 strains evaluated by spotting conidia on GFS medium containing 2.5 µM STS 
(E). 
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Figure 29 - Deletion of cch-1 and mid-1 results in abnormal development of aerial 
hyphae, conidiation, growth rate and an increased susceptibility to staurosporine and 
CaCl2. 
A- Wild type, Δcch-1 and Δmid-1 cells grown in solid Vogel’s MM for 7 days. B- Growth of wild type, 
Δcch-1 and Δmid-1 cells over 24 hours by measuring absorbance at 450 nm. C- Percentage of 
growth inhibition caused by a 24-hour treatment with 2.5 µM staurosporine, as determined by 
measuring absorbance at 450 nm. D- The levels of staurosporine-induced apoptosis in wild type, 
Δcch-1 and Δmid-1 detected by staining with YO-PRO1 and determining the percentage of positive 
cells by flow cytometry. E- The growth of wild type, Δcch-1 and Δmid-1 in the presence of 20 mM 
CaCl2 evaluated by the spot assay. 

 

Given the accentuated Δcch-1 [Ca2+]c signature during phases “A” and “B” 

in response to staurosporine (Fig. 28A), we assessed the susceptibility of Δcch-1 

and Δmid-1 cells to staurosporine and observed that both are hypersensitive to the 

drug (Fig. 28E). This is corroborated by the analysis of the inhibitory effect of 

staurosporine on growth in liquid culture (Fig. 29C) and YOPRO-1 staining to 

measure apoptosis (Fig. 29D). The absence of CCH-1 and MID-1 also causes 

decreased tolerance to excess levels of Ca2+ (Fig. 29E). Deletion of fig-1 resulted 

in a slight increase in susceptibility to staurosporine (Fig. 30A). Thus, the 
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upregulation of a Ca2+ influx system in the absence of CCH-1 (and possibly MID-1) 

is correlated with increased cell death. 

 
Figure 30 - Staurosporine sensitivity profile of Δfig-1 and Δyvc-1 mutant strains. 
Sensitivity of Δfig-1 (A) and Δyvc-1 (B) strains was evaluated by spotting conidia on GFS medium 
containing 2.5 µM staurosporine (STS). 

 

In animals, Ca2+ influx can be mediated by TRP channels, known to be 

regulated by the phospholipase C pathway (325). Because of the importance of 

phospholipase C during the response to staurosporine, we hypothesized a TRP 

channel involvement in Ca2+ influx from the extracellular medium. The presence of 

flufenamic acid, a non-selective blocker of some TRP channels (397), nearly 

abolished the staurosporine-induced [Ca2+]c signature (Fig. 31A and 31E-F). 

[Ca2+]c measurements in the presence of ruthenium red, a classical inhibitor of the 

MCU and a pan-inhibitor of TRP channels (391), also resulted in strong 

suppression of the [Ca2+]c response to staurosporine (Fig. 31B and 31E-F). This is 

in agreement with the fact that pre-incubation with 2-APB, an IP3 receptor inhibitor 

but also a blocker of TRP channels (391), potently reduced the [Ca2+]c response to 

staurosporine (Fig. 26D). 

Because our data provides evidence that phospholipase C is activated by 

staurosporine and that the consequent depletion of PIP2 is an activation factor for 

a specific TRP channel, TRPC4 (398), we analysed the [Ca2+]c response to 

staurosporine in the presence of ML204, a specific antagonist of TRPC4 and 

TRPC5 (399). With this inhibitor, the [Ca2+]c peaks associated with phases “B” and 

“C” were significantly reduced (Fig. 31C and 31E-F). The effect of ML204 was not 

as drastic as the other TRP inhibitors and this might be explained by the fact that it 

is very selective against mammalian TRPC4 and TRPC5 (399) and no obvious 

sequence homologues are present in N. crassa. Altogether, the differences in the 

[Ca2+]c response to staurosporine-induced cell death in the presence of flufenamic 

acid, ruthenium red, 2-APB, ML204, BAPTA and U-73122, together with the 
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deficient Ca2+ response of the Δplc-2 mutant strain, suggests that staurosporine 

induces the opening of a TRP-like channel regulated by phospholipase C. 

 
Figure 31 - Staurosporine activates a TRP-like channel responsible for extracellular Ca2+ 
influx. 
A-C- The Ca2+-signatures in response to 20 µM staurosporine (STS) in aequorin-expressing wild 
type cells after pre-treatment with different Ca2+ modulating drugs: 100 µM flufenamic acid (A), 100 
µM ruthenium red (B) and 50 µM ML204 (C). D- The Ca2+-signatures in response to 20 µM STS in 
aequorin-expressing Δyvc-1 cells. E-F- Quantification (in arbitrary units) of the [Ca2+]c transients “A” 
and “B”, respectively, in (A)-(D). *, p-value < 0.05. 

 

So far, the only TRP channel reported in N. crassa is YVC-1 (NCU07605 or 

NCU16725 in a recent annotation) (314, 315). The initial part of the staurosporine-

induced [Ca2+]c signature was similar in wild type and Δyvc-1 cells (phases “A” and 

“B”), despite of a decrease in [Ca2+]c  during phase “C” (Fig. 31D-F). The growth of 

Δyvc-1 was inhibited by staurosporine similar to that of the wild type strain (Fig. 

30B). A role for this protein in extracellular Ca2+ uptake would not be anyway 

expected, since the YVC-1 yeast homologue is localized in the vacuolar 
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membrane (326). Altogether, our pharmacological and genetic approach points to 

a Ca2+-permeable channel with properties of a TRP-like channel that is distinct 

from YVC-1, and which is the mediator of Ca2+ influx from the extracellular 

medium during staurosporine-induced cell death. 

 

 

Extracellular Ca2+ availability impacts staurosporine-induced cell 

death and intracellular Ca2+ signaling 

 We wanted to further understand the relevance of extracellular Ca2+ 

for the N. crassa response to staurosporine. We hypothesized that the response to 

staurosporine of cells growing with different Ca2+ concentrations would vary, since 

Ca2+ influx from the extracellular medium occurs in response to the drug. We 

prepared a culture medium, designated ‘0 Ca2+’, by removing CaCl2 from Vogel’s 

MM. Little amounts of Ca2+, as impurities from the other reagents in the solution 

allowed N. crassa to grow well in such conditions (Fig. 32A, middle panel). In 

contrasting experiments, we supplemented Ca2+-free medium with an excess of 20 

mM CaCl2 (we designated this medium ’20 mM CaCl2’), which represents an 

approximately 30 fold (but not toxic) increase when compared with the 0.68 mM 

concentration of CaCl2 in standard Vogel’s MM (13) (Fig. 32A, lower panel). We 

inoculated wild type cells on the centre of Petri dishes containing standard, 0 Ca2+ 

or 20 mM CaCl2 solid Vogel’s MM supplemented with staurosporine and measured 

radial growth during a 104 hours time course. The drug inhibited growth in all 

media (Fig. 32A-C). However, the inhibitory effect was amplified in the absence of 

Ca2+ (e.g., ~39% of inhibition after 32 hours of treatment with 1 µM staurosporine 

in 0 Ca2+ versus ~14% in standard MM). On the other hand, growth inhibition was 

partially blocked in 20 mM CaCl2 medium (e.g., ~37% of inhibition after 32 hours of 

treatment with 2.5 µM staurosporine in 20 mM CaCl2 versus ~65% in standard 

MM). In GFS medium the outcome of modifying the extracellular concentration of 

Ca2+ is similar: in 0 Ca2+ medium the effects of staurosporine were exacerbated 

whereas in the presence of 20 mM CaCl2, growth inhibition was partially blocked 

(Fig. 32D). Enhancement and suppression of inhibition of growth by 0 Ca2+ and 20 

mM CaCl2, respectively, was not reproduced in cells treated with phytosphingosine 
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(Fig. 33), in agreement with the fact that this compound does not cause alterations 

in the levels of cytosolic Ca2+ (Fig. 23C). 

In order to check cell death, we analysed YOPRO-1 and PI staining by flow 

cytometry. A 2-hour treatment with staurosporine in standard MM resulted in ~22% 

and ~17% of YOPRO-1 and PI positive cells, respectively (Fig. 32E-F). In 0 Ca2+ 

medium, these levels were augmented to ~40% and ~34%, respectively. In 

contrast, the percentage of YOPRO-1- and PI-positive cells was reduced to ~15% 

and ~6%, respectively, in 20 mM CaCl2 medium. 

The production of ROS (Fig. 18B) is an essential event during the response 

of N. crassa to staurosporine, as the addition of antioxidants blocks cell death (Fig. 

19A-B). We asked if the availability of Ca2+ in the culture medium influenced 

cellular ROS production induced by staurosporine. While in standard MM cells 

stressed for 30 minutes with staurosporine displayed a ~4.2 fold-increase in ROS 

accumulation, the equivalent accumulation was ~10.4 and ~1.3 in 0 Ca2+ and 20 

mM CaCl2 media, respectively (Fig. 32G). Given the importance of ROS formation 

for cell death provoked by staurosporine, this Ca2+-ROS dependence is likely 

related to the distinct cell death phenotypes in the different culture media. 

To further stress the modulatory effect of altering the levels of Ca2+ in 

staurosporine-induced cell death, we combined the drug with the Ca2+ chelator 

BAPTA and the Ca2+ ionophore A23187 (calcimycin) in GFS plates with standard 

MM. As expected, extracellular Ca2+ blockage with BAPTA synergized whereas 

elevation of intracellular Ca2+ with A23187 antagonized the effects of 

staurosporine (Fig. 32H). Pre-incubation with BAPTA significantly enhanced 

apoptotic levels induced by staurosporine, whereas they were partially inhibited by 

A23187, as measured by YOPRO-1 staining (Fig. 32I). Altogether, these data 

consistently indicates that the absence of Ca2+ enhances staurosporine-induced 

cell death, whereas excess (but not toxic) concentrations of Ca2+ partially prevent 

it. 
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Figure 32 - Extracellular Ca2+ protects cells from staurosporine-induced growth inhibition, 
cell death and ROS production whereas Ca2+ limitation renders cells hypersensitive to the 
drug. 
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A-C- Wild type conidia were inoculated on the centre of a Petri dish containing Vogel’s MM with 
different concentrations of Ca2+ and 2.5 µM staurosporine (STS). Growth at 32h (A), throughout 
time (B) and the percentage of growth in STS-treated cells versus control (C) are shown. In (A), the 
growth rate (mm/h) is indicated in the lower right corner of the panels. *, p-value ≤ 0.05. D- Wild 
type conidia were spotted in GFS medium supplemented with different concentrations of Ca2+ and 
5 µM STS and incubated for 3 days. E-F- Cell death following treatment of the cells with 20 µM 
staurosporine in the indicated liquid culture media was assessed by flow cytometry measurements 
of YOPRO-1- (E) or PI- (F) positive cells by flow cytometry. *, p-value ≤ 0.05 for the comparison 
STS versus DMSO on each media; #, p-value ≤ 0.05 for the comparison between media after the 
treatment with STS. G- Accumulation of ROS in cells treated with 20 µM staurosporine in the 
indicated liquid culture media was examined by staining with DHR123 and calculating the fold 
increase in ROS production versus DMSO. *, p-value ≤ 0.05. H-I- Growth inhibition and cell death 
in 2.5 µM STS-treated cells in the presence of BAPTA or A23187 was assessed by spotting wild 
type cells in GFS medium (H) or growing them in standard liquid medium followed by staining with 
YO-PRO1 (I) *, p-value ≤ 0.05 for the comparison STS versus DMSO; #, p-value ≤ 0.05 for the 
comparison between STS alone and BAPTA+STS. 

 

 

 
Figure 33 - Extracellular Ca2+ does not affect N. crassa sensitivity to phytosphingosine. 
Serial dilutions of wild type cells were spotted in GFS medium containing 8 µg/ml phytosphingosine 
(or ethanol as control) and different concentrations of CaCl2, as indicated. 

 

As shown, staurosporine induces a three-step cytosolic Ca2+ response 

comprising signals “A”, “B” and “C” in N. crassa cells (Fig. 23A). In the absence of 

Ca2+ (0 Ca2+ medium), the Ca2+ response to staurosporine was compromised, with 

an almost disappearance of peaks “A” and “B” (Fig. 34A-B). In medium with 20 

mM CaCl2 there was a strong boost on peak “A”, while peak “B” remained similar 

to standard MM. This is in agreement with our observations that extracellular Ca2+ 

uptake is important during the whole extent of the Ca2+ response (Fig. 24A). The 

differences observed in the staurosporine-induced cytosolic Ca2+ profile in 0 Ca2+ 

medium (Fig. 34A; the initial part of the response is supressed but cytosolic Ca2+ 

increases after 2 hours of treatment) versus standard medium treated with BAPTA 

(Fig. 24A; complete abolition of the Ca2+ signals), indicate that the Ca2+ present in 

the impurities of the other reagents composing the 0 Ca2+ culture medium is taken 
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by the cells. Nevertheless, this only occurs in a later stage of the response (signal 

“C”). 

 
Figure 34 - Extracellular Ca2+ availability affects intracellular Ca2+ dynamics in response 
to staurosporine. 
A- Aequorin-expressing wild type cells were cultured for 6 hours in the indicated media and after 
the addition of 20 µM staurosporine (STS), luminescence was followed throughout time and STS-
induced amplitude of response calculated. B- Quantification (in arbitrary units) of the [Ca2+]c 
transients “A” and “B”, respectively, in (A). *, p-value < 0.05. 
 

 

Distinct transcriptional programs are associated with extracellular 

Ca2+ availability in staurosporine-treated cells 

Treatment with 20 µM staurosporine lead to significant alterations in the 

expression of ~28% of the N. crassa genes (1921 genes), as observed by RNA-

seq studies (Fig. 22A). The extent of this transcriptional response was amplified in 

the absence of Ca2+ (~36% of genes are altered by the drug (2749 genes)), and 

markedly suppressed by the excessive concentration of 20 mM CaCl2 (~6% of 

altered genes (454 genes)) (Fig. 35A-B). In standard medium, the fraction of 

induced and repressed genes was almost the same (Fig. 22B). In 0 Ca2+ medium, 

43.1% of the altered genes were upregulated whereas 56.9% where 

downregulated. Remarkably, in the presence of excessive Ca2+ most of the altered 

genes were repressed (~68%). 

We analysed the distribution of the individual genes induced and repressed 

by staurosporine in the different culture media using Venn diagrams. In 0 Ca2+, 

792 (66.8%) of the induced genes were specific to this condition while in 20 mM 

CaCl2 they were 67 (46.2%) (Fig. 35C). Among repressed genes, 875 (56.0%) and 

157 (50.8%) genes were specific to 0 Ca2+ and 20 mM CaCl2 media, respectively 
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(Fig. 35D). Only minor fractions of the altered genes (30 induced and 74 

repressed) were common to all conditions. 

 
Figure 35 - Overview of the transcriptional response to staurosporine in minimal media 
containing different concentrations of Ca2+. 
A-B- The percentage of genes with altered expression (i) and the fraction of induced and repressed 
genes (ii) were calculated for the specific culture medium: 0 Ca2+ medium (A) and 20 mM CaCl2 
medium (B). C-D- Venn diagrams were used to assess the amount of Ca2+-specific staurosporine-
induced (C) and -repressed genes (D). General statistics for Ca2+-specific transcriptional responses 
are presented. 

 

FunCat was used to examine the enrichment of functional categories in the 

different gene sets. Specifically in standard MM, staurosporine induced the 
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expression of genes included in several functional categories like ‘lipid, fatty acid 

and isoprenoid metabolism’, ‘protein modification’, ‘vesicular transport’ or ‘cell 

export and secretion’ (Table 8). In 0 Ca2+-specific induced genes, there was no 

outstandingly strong functional enrichment, though some categories within the 

‘Metabolism’ super-category showed statistical significance. Among the 20 mM 

CaCl2-specific induced genes, there was an enrichment of ‘rRNA processing’ 

genes. 
 

Table 8 - Functional enrichment analysis (FunCat) of genes induced by staurosporine in 
specific culture media. 

ID Category P-value 

Standard MM 

01.06 lipid, fatty acid and isoprenoid metabolism 5.03E-06 

14.01 protein folding and stabilization 1.05E-04 

14.07 protein modification 7.33E-06 

14.07.02 modification with sugar residues (eg, glycosylation, 
deglycosylation) 

8.58E-07 

20.01.03 C-compound and carbohydrate transport 8.20E-04 

20.01.13 lipid/fatty acid transport 1.58E-04 

20.09 transport routes 2.15E-05 

20.09.07 vesicular transport (Golgi network, etc) 2.81E-07 

20.09.16 cellular export and secretion 9.91E-05 

0 Ca2+ 

01.20.01.09 metabolism of aminoglycoside antibiotics 0.0065 

01.25 extracellular metabolism 0.0080 

01.25.11 extracellular aminosaccharide degradation 0.0065 

20 mM CaCl
2
 

11.04 RNA processing 3.94E-05 

11.04.01 rRNA processing 1.84E-04 

 

The most interesting Ca2+ concentration-specific differences were found 

among the downregulated genes. In staurosporine-treated standard medium, cells 

strongly repressed genes involved in ‘Protein synthesis’, particularly those related 

with ‘ribosomal biogenesis’ and ‘translation’, as well as genes involved in ‘electron 

transport’, ‘aerobic respiration’ or ‘energy generation’ (Table 9). In the absence of 

Ca2+, staurosporine lead to the downregulation of genes included in numerous 

enriched categories. These encompass various groups within the ‘Metabolism’ 

super-category such as ‘metabolism of the aspartate family’, ‘purine 

nucleotide/nucleoside/nucleobase metabolism’, ‘phosphate metabolism’ and 
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‘tetracyclic and pentacyclic triterpenes metabolism’. Also, there was a specific 

repression of genes involved in ‘Cell cycle and DNA processing’ and 

‘Transcription’, namely ‘mRNA synthesis’ and ‘mRNA processing’. Categories 

related to stress responses like ‘Protein fate’, ‘unfolded protein response’, ‘cellular 

sensing and response to external stimulus’, ‘cell growth’, ‘anti-apoptosis’ were also 

repressed. Finally, while in standard MM there was a downregulation of ‘aerobic 

respiration’ genes, in 0 Ca2+ other bioenergetic pathways were repressed: 

‘glycolysis and gluconeogenesis’ and ‘pentose-phosphate pathway’. These data 

indicate that a highly complex transcriptional program is established by 

staurosporine-treated cells growing in the absence of Ca2+ that results in the 

repression of several genes related with an anti-stress response. It seems that, 

when Ca2+ is limited, staurosporine causes the downregulation of cellular defences 

and this is probably related to the high cellular susceptibility to the drug. The set of 

genes specifically repressed in 20 mM CaCl2 is also enriched in some functional 

categories such as ‘amino acid metabolism’ and ‘electron transport’. There was no 

extraordinarily strong enrichment of FunCat categories in Ca2+-unspecific (that is, 

similarly altered in the different media) staurosporine-induced and -repressed 

genes, though some categories present statistical significance, like ‘metabolism of 

alkanes, alkenes, alkanals, alkanols’ and ‘siderophore-iron transport’, respectively. 

The former is consistent with the alkanoid nature of staurosporine. 

 
Table 9 - Functional enrichment analysis (FunCat) of genes repressed by staurosporine in 
specific culture media. 

ID Category P-value 

Standard MM 

02.11 electron transport and membrane-associated energy 
conservation 

1.05E-08 

02.13 respiration 2.46E-10 

02.13.03 aerobic respiration 3.27E-09 

02.45 energy conversion and regeneration 1.54E-05 

02.45.15 energy generation (eg, ATP synthase) 6.43E-09 

12.01 ribosome biogenesis 1.75E-34 

12.01.01 ribosomal proteins 3.74E-40 

12.04 translation 4.61E-28 

16.01 protein binding 3.14E-11 

16.03.03 RNA binding 6.12E-05 

20.01.15 electron transport 5.26E-05 
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20.09.04 mitochondrial transport 0.0002 

34.01.01.03 homeostasis of protons 9.98E-05 

0 Ca2+ 

01.01 amino acid metabolism 1.19E-06 

01.01.06 metabolism of the aspartate family 2.75E-05 

01.03 nucleotide/nucleoside/nucleobase metabolism 1.63E-06 

01.03.01 purine nucleotide/nucleoside/nucleobase metabolism 6.05E-05 

01.03.16.01 RNA degradation 0.0002 

01.04 phosphate metabolism 4.61E-07 

01.05.02.04 sugar, glucoside, polyol and carboxylate anabolism 0.0032 

01.05.05.04 C- compound anabolism 0.0061 

01.05.09.04 aminosaccharide anabolism 0.0056 

01.06 lipid, fatty acid and isoprenoid metabolism 2.16E-05 

01.06.06.11 tetracyclic and pentacyclic triterpenes (cholesterin, steroids and 
hopanoids) metabolism 

7.56E-06 

02.01 glycolysis and gluconeogenesis 0.0007 

02.07 pentose-phosphate pathway 0.0011 

10 cell cycle and DNA processing 2.35E-07 

11.02 RNA synthesis 1.74E-08 

11.02.03 mRNA synthesis 7.29E-07 

11.04 RNA processing 3.07E-07 

11.04.03 mRNA processing (splicing, '-, '-end processing) 3.84E-05 

14 protein fate (folding, modification, destination) 8.30E-06 

18 regulation of metabolism and protein function 4.69E-05 

20.01.10 protein transport 9.40E-05 

20.03 transport facilities 5.89E-05 

20.09 transport routes 2.83E-11 

30 cellular communication/signal transduction mechanism 6.17E-05 

32.01.07 unfolded protein response (eg, ER quality control) 1.34E-05 

34.11 cellular sensing and response to external stimulus 1.39E-06 

40.01 cell growth / morphogenesis 8.94E-06 

40.10.02.01 anti-apoptosis 0.0026 

42.01 cell wall 8.82E-06 

42.04 cytoskeleton/structural proteins 3.62E-05 

43.01.03.05 budding, cell polarity and filament formation 5.28E-05 

20 mM CaCl
2
 

01.01 amino acid metabolism 1.20E-05 

01.01.03 assimilation of ammonia, metabolism of the glutamate group 0.0003 

01.06 lipid, fatty acid and isoprenoid metabolism 0.0006 

01.07 metabolism of vitamins, cofactors, and prosthetic groups 0.0043 

01.20.37.01 metabolism of thioredoxin, glutaredoxin, glutathione 0.0010 

02.11 electron transport and membrane-associated energy 
conservation 

9.03E-05 

20.01.15 electron transport 0.0001 
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Altogether, RNA-seq analysis of the fungal reaction to staurosporine in 

media containing different concentrations of Ca2+ revealed that the drug triggers 

very distinct transcriptional responses. This is probably related to differences in 

staurosporine-induced cell death levels in the different media. 

 

 

Lack and excess of Ca2+ results in basal alterations in gene 

expression 

The transcriptional response to the lack or excess of Ca2+ alone was 

analysed by comparing gene expression in 0 Ca2+, 20 mM CaCl2 and standard 

MM. The fraction of genes with altered expression in 0 Ca2+ and 20 mM CaCl2 

compared with standard MM was 3.9% and 1.8%, respectively (Fig. 36A-B), 

corresponding to 281 and 129 genes, respectively. While half of the genes altered 

in 0 Ca2+ were induced and half were repressed, in 20 mM CaCl2 most of the 

altered genes were upregulated (71.3%). Most of the genes were specifically 

induced or repressed depending on the particular culture medium: 97.2% and 

97.1% for 0 Ca2+, respectively, and 95.7% and 89.2% for 20 mM CaCl2, 

respectively (Fig. 37A-B). Not surprisingly, categories related to ‘ion transport’, 

‘homeostasis of cations’ and ‘homeostasis of anions’ were enriched in the set of 

induced genes in the absence of Ca2+ (Fig. 37A), which is possibly linked to a 

cellular attempt to recover proper conditions of osmolarity. Consistently, these 

categories were also significantly enriched among the repressed genes in the 

presence of 20 mM CaCl2 (Fig. 37B). Lack of Ca2+ also seems to be associated to 

a metabolic adaptation of the cells, since there was enrichment in induction of 

genes of the ‘Metabolism’ super-category, like ‘amino acid metabolism’, ‘nitrogen, 

sulfur and selenium metabolism’ and ‘anaerobic respiration’. The presence of 20 

mM CaCl2 caused the induction of genes related to ‘electron transport’ and 

‘vesicular transport’. The category ‘pH stress response’ was enriched in the sets of 

0 Ca2+-induced genes and 20 mM CaCl2-repressed genes. 
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Figure 36 - Overview of the N. crassa transcriptional response to limited or excess of 
Ca2+. 
The percentage of genes with altered expression (i) and the fraction of induced and repressed 
genes (ii) was calculated for 0 Ca2+ (A) and 20 mM CaCl2 medium (B), when compared with 
standard MM. 

 

 
Figure 37 - Functional enrichment analysis of the transcriptional response to the lack or 
excess of Ca2+. 
The transcriptional response to the absence or excess of Ca2+ was investigated by building Venn 
diagrams showing the distribution of genes with induced (A) or repressed (B) expression in 0 Ca2+ 
and 20 mM CaCl2 medium. Functional enrichment analysis for the specific sets of genes with 
altered expression is presented. 
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We looked for alterations in the expression of known Ca2+ channels, Ca2+-

ATPases, Ca2+-exchangers, Ca2+-dependent signaling molecules and other Ca2+ 

binding proteins (314, 315) (Fig. 38A-G). NCU11680, NCU04736 and NCU07075, 

encoding the TRP channel YVC-1, the Ca2+-ATPase NCA-2 and the Ca2+/H+ 

antiporter CAX, respectively, were repressed in the absence of Ca2+. NCU04265, 

encoding the invertase enzyme was induced in the absence of Ca2+. Remarkably, 

the induction of invertase, encoding an enzyme that hydrolyses extracellular 

sucrose into glucose and fructose, is a marker of the process of carbon catabolite 

repression. Invertase gene and activity are induced when the levels of glucose and 

fructose drop below a threshold (400, 401) or when cells are transferred to a 

carbon-free medium (402). This further points to an intracellular metabolic 

remodeling when cells are deprived of Ca2+. NCU08147, encoding the Ca2+-

ATPase stress-related ENA-2 was repressed in the presence of 20 mM CaCl2. 

Finally, NCU05046 and NCU07966, encoding ENA-1 and TRM-1, respectively, 

were induced by 0 Ca2+ and repressed in 20 mM CaCl2 medium. 

 

 
Figure 38 - Expression levels of selected genes encoding components of the Ca2+-
machinery in the different culture media. 
The genes NCU11680 (A), NCU04736 (B), NCU07075 (C), NCU04265 (D), NCU08147 (E), 
NCU05046 (F) and NCU07966 (G) are represented. 
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Identification of putative novel components of the N. crassa Ca2+-

handling machinery 

We found that 188 genes with unknown function (‘hypothetical proteins’) 

had altered expression in 0 Ca2+ or 20 mM CaCl2 medium. We screened the 

respective protein sequences for the presence of Ca2+-binding motifs using CaPS 

(305) and identified 6 candidates (NCU01697, NCU08524, NCU06116, 

NCU07582, NCU06607 and NCU03647). The former 4 showed altered expression 

in 0 Ca2+ and the other 2 in the presence of 20 mM CaCl2. 

We could not find any strong homology link between NCU06116 and other 

known proteins, even around the predicted Ca2+-binding motif. Likewise, although 

the sequence of NCU03647 presents some conserved regions, we could not find 

any obvious homology to Ca2+-binding proteins. Also, the CaPS tool only 

predicted, for NCU03647, the loop region of the EF-hand domain but not any of 

the two helices that typically flank it. The EF-hand loop region alone was predicted 

for NCU01697 but no strong homology to other known proteins was found. For 

NCU07582, the EF-hand loop and the entering helix were predicted. Iterative PSI-

BLAST searches for distant protein relationships found some similarity between 

NCU07582 and the stress sensor and component of the cell wall integrity pathway 

WSC2 from species of the Saccharomyces genus (403). However, WSC2 does 

not seem to bind Ca2+ and the fact that the predicted Ca2+-binding pattern in 

NCU07582 lacks the exiting helix after the EF-hand loop does not argue in favour 

of a Ca2+-binding role for this protein. Thus, although preliminary experiments 

showed that deletion strains for NCU06116, NCU03647 and NCU07582 display 

increased susceptibility to Ca2+ stress (data not shown), we discarded these and 

NCU01607 (because the respective deletion strain did not show alterations in 

susceptibility to Ca2+ stress) from additional studies. 

Of the remaining candidates with a predicted “EF-hand-like” motif, 

NCU08524 was repressed in Ca2+-free medium whereas NCU06607 was induced 

by 20 mM CaCl2 (Fig. 39A). It is now recognized that multiple variations to the 

canonical EF-hand domain exist and it was proposed that a EF-hand-like motif 

represented by the expression Dx[DN]xDG occurs in all kingdoms, including fungi 

(307, 308). We aligned the predicted Ca2+-binding motif of NCU08524 and 

NCU06607 with proteins containing the Dx[DN]xDG motif (307). A good match 
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was found between NCU08524 and the rhamnogalacturonan lyase YesW from 

Bacillus subtilis (Fig. 39B). A specific group of Dx[DN]xDG-containing proteins 

known as the ‘calcium blades’ is characterized by the presence of β-strands 

flanking the Ca2+-binding motif (307). Consistently, analysis of the secondary 

structure of NCU08524 shows the presence of strands flanking the DxDxDG 

domain. PSI-BLAST searches revealed homology relationships between 

NCU08524 and a fucose-specific lectin from Macrophomina phaseolina (Table 

10), and a fungal lectin from Psathyrella velutina was recently described as a 

calcium blade containing the Dx[DN]xDG motif (307). 

 
Figure 39 - Identification of putative novel Ca2+-binding proteins. 
A- Expression levels of NCU08524 and NCU06607 in 0 Ca2+, standard MM and 20 mM 
CaCl2 media. *, p-value ≤ 0.05. B-C- Sequence alignments of the EF-hand-like domain of 
NCU08524 and YesW from B. subtilis (accession number: O31526; PDB code: 2z8r) (B) 
and NCU06607 and calmodulin from P. tetraurelia (accession number: P07463; PDB 
code: 1exr) (C). Experimentally confirmed residues binding Ca2+ in YesW and calmodulin 
are in bold; β-strands and α-helices are shaded in light and dark grey, respectively 
(crystallographically confirmed for YesW (404) and calmodulin (405) and predicted with 
MEMSAT3 (369) for NCU08524 and NCU06607). D- The percentage of growth versus the 
control of wild type, ΔNCU08524 and ΔNCU06607 strains stressed with BAPTA, growing 
in 0 Ca2+ or 20 mM CaCl2 medium or treated with 4% (w/v) NaCl was determined by 
following absorbance at 450 nm. *, p-value ≤ 0.05. E- The spot assay was used to 
examine the sensitivity of ΔNCU08524 and ΔNCU06607 to 5 μM staurosporine (STS). 

 

A good alignment match was found for the predicted Ca2+-binding motif of 

NCU06607 and a calmodulin from Paramecium tetraurelia (Fig. 39C), which 

possesses the Dx[DN]xDG motif and binds Ca2+ (308). PSI-BLAST searches using 
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NCU06607 revealed distant similarity to bacterial hemolysin-type calcium-binding 

protein from Thalassospira xiamenensis and von Willebrand factor A from 

Halococcus salifodinae (Table 10). In humans, the A2 domain of von Willebrand 

factor is known to bind Ca2+ and this favours stabilization of the protein (406). 

There is a strong bias in the localization of proteins possessing the Dx[DN]xDG 

motif towards the cell surface or secretion (307) and, in agreement with this, a 

plasma membrane localization together with a transmembrane domain was 

predicted for NCU08524 whereas NCU06607 has a predicted extracellular 

localization (Table 10). 

 
Table 10 - Protein sequence features of the two putative novel Ca2+-binding proteins 
NCU08524 and NCU06607. 

Protein Ca2+-

binding 

motif a 

CD b TMD c SL d Homology e 

NCU08524 491- 

DKDQDG

NKTSIEE -

503 

Fucose-

specific 

lectin 

1 PM: 18; 

Nu: 4; Mi: 

2; Cy: 1 

Fungal fucose-specific lectin (M. 

phaseolina) [7E-07; 2] 

Serine/threonine kinase PKN13 (C. 

apiculatus) [1E-03; 2] 

NCU06607 208- 

DVDEDGL

LRRAED -

220 

No hits 0 Ex: 25 Hemolysin-type calcium-binding 

protein (T. xiamenensis) [3E-08; 2]; 

FecR (C. stagnale) [2E-07; 2]; 

von Willebrand factor A (H. salifodinae) 

[3E-07; 2]; 

Cell surface antigen Sca13 (R. bellii) 

[6E-07; 2] 

Halomucin (H. walsbyi) [1E-06; 2] 

Antigen Cs44 (C. sinensis) [1E-04; 2] 

a Ca2+-binding motifs were predicted with CaPS (305). b Conserved domains were predicted with 
InterProScan (368). c The number of transmembrane domains was predicted with TMHMM 2.0 
(370). d Subcellular localization was predicted with WoLF PSORT (371); PM: plasma membrane; 
ER: endoplasmic reticulum; Nu: nuclear; Mi: mitochondria; Cy: cytosol; Ex: extracellular; Go: Golgi 
apparatus; the value in front of each prediction corresponds to the score (the higher the score, the 
more reliable is the prediction). e Homology was predicted with PSI-BLAST (366); the value in front 
of each prediction (between square brackets) corresponds to the E-value and the PSI-BLAST 
iteration number. 
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The growth of ΔNCU08524 and ΔNCU06607 was compared with the wild 

type strain under different conditions of Ca2+ availability. Both mutants showed 

increased susceptibility to the addition of the Ca2+ chelator BAPTA in standard MM 

and to growth in 0 Ca2+ medium (Fig. 39D). ΔNCU06607 also showed significantly 

reduced growth in the presence of 20 mM CaCl2 when compared with the wild 

type. The observed differences were not merely due to an unspecific osmotic 

stress, since the wild type and knockout strains were similarly affected by the 

addition of 4% (w/v) NaCl. ΔNCU06607 was slightly more sensitive to 

staurosporine, suggesting that the respective protein is involved in the fungal 

response to the drug (Fig. 39E). 

In summary, the RNA-seq dataset led us to two putative novel components 

of the N. crassa Ca2+-handling machinery. Because they show only distant 

similarity to characterized proteins, as found using PSI-BLAST, this is likely the 

reason why they were not spotted before as Ca2+-binding molecules. Some of 

these similar proteins were experimentally confirmed as Ca2+-binding proteins. 

 

 

Functional respiratory chain and ROS generation are required for the 

staurosporine-induced Ca2+ response 

Previous data from our group suggested that the mitochondrial respiratory 

chain seems to play an important role during cell death in N. crassa (113, 139, 

149) and Ca2+ is a crucial mediator of staurosporine-induced cell death (as shown 

above). Thus, we assessed whether the modulation of the activity of the 

respiratory chain affects the staurosporine Ca2+-signature. We measured the 

[Ca2+]c alterations caused by staurosporine in cells pre-incubated with specific 

inhibitors of the different enzymatic complexes of the mitochondrial respiratory 

chain. In the presence of the complex I inhibitor rotenone, staurosporine induced a 

different Ca2+ profile: peak “A” was severely reduced, peak “B” disappeared and 

the prolonged signal “C” began earlier (Fig. 40A and 40E-F). A similar profile was 

observed with cells pre-incubated with the complex IV inhibitor KCN (220) (Fig. 

40C and 40E-F). DPI is a modulator of flavoenzymes, targeting complex I, 

NAD(P)H oxidases and alternative NAD(P)H dehydrogenases, and inhibits mainly 

NADPH rather than NADH oxidation (407-409). In the presence of 
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diphenyleneiodonium, the Ca2+ response to staurosporine was also significantly 

altered, with reduced peaks “A” and “B” (Fig. 40A and 40E-F). 

 
Figure 40 - Normal activity of the mitochondrial respiratory chain and ROS generation are 
required for the staurosporine-induced Ca2+-signature. 
A-D- Influence of pre-treatment with different compounds on the Ca2+-signature after aequorin-
expressing wild type cells were treated with 20 µM staurosporine (STS): 20 µM rotenone, 50 µM 
DPI (A), 2 mM oxaloacetic acid, 10 µM antimycin A (B), 2 mM potassium cyanide (KCN), 1 µM 
oligomycin, 5 µM CCCP (C), 10 mM GSH and 20 mM NAC (D). E-F- Quantification (in arbitrary 
units) of the [Ca2+]c transients “A” and “B”, respectively, in (A)-(D). *, p-value < 0.05. 

 

When complex II was inhibited with oxaloacetic acid there was a reduction 

on the amplitude of peak “B” while peak “A” was not affected (Fig. 40B and Fig. 

40E-F). Inhibition of complex III with antimycin A completely altered the profile of 

the Ca2+ response to staurosporine, as most of the signal was lost and there was a 
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late increase in cytosolic Ca2+ (Fig. 40B and 40E-F). Inhibition of F1-F0 ATP 

synthase (complex V) with oligomycin drastically impaired the staurosporine Ca2+-

signature (Fig. 40C and 40E-F). When mitochondria were depolarized with CCCP, 

Ca2+ signals were totally abolished (Fig. 40C and 40E-F). 

Given the involvement of the respiratory chain (a major ROS generator) and 

that staurosporine strongly provokes oxidative stress (Fig. 18B) required for cell 

death to occur (Fig. 19A-B), we asked whether this was associated with the Ca2+ 

response. In the presence of the antioxidants GSH or its precursor NAC in 

concentrations that effectively block ROS accumulation (139), the Ca2+ response 

to staurosporine was robustly suppressed (Fig. 40D-F), suggesting its dependence 

on ROS accumulation and that ROS production precedes Ca2+ influx. To rule out 

the possibility that this was a GSH- and NAC-specific effect, we also evaluated the 

staurosporine Ca2+-signature in cells pre-incubated with a different type of 

antioxidant, trolox (a vitamin E derivative), which also resulted in a substantial 

blockage of the signal (Fig. 41). All inhibitors of the respiratory chain as well as the 

ROS scavengers alone did not cause substantial alterations in Ca2+ (data not 

shown). These data indicate that normal activity of the mitochondrial respiratory 

chain and ROS generation are required for the staurosporine-induced Ca2+ 

response. 

 
Figure 41 - ROS generation is important for the staurosporine-induced Ca2+ response. 
Influence of pre-treatment with 1 mM trolox on the Ca2+-signature after aequorin-expressing wild 
type cells were treated with 20 µM staurosporine (STS). 
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Alternative NAD(P)H dehydrogenases and subunits of complex I are 

important mediators of staurosporine-induced cell death 

The external alternative NAD(P)H dehydrogenases of N. crassa NDE-1 

oxidizes NADPH on a Ca2+-dependent basis (242). We hypothesized that NDE-1 

could mediate the effects of staurosporine and evaluated the Ca2+ response in the 

deletion strain. Although peak “A” was present, peak “B” was almost absent on 

Δnde-1 cells (Fig. 42A and 42G-H), suggesting the involvement of NDE-1 in the 

regulation of Ca2+ dynamics. 

Since the 51 kDa and 14 kDa subunits of the mitochondrial complex I 

(NUO51 and NUO14, respectively) seem to be involved in the response to 

staurosporine (139, 226), Ca2+ dynamics was also analysed on the respective 

knockout cells. Peak “A” was significantly reduced on Δnuo51 cells, whereas peak 

“B” was almost absent, similarly to Δnde-1 cells (Fig. 42B and 42G-H). In a strain 

lacking NUO14, the fungal homologue of human GRIM-19, involved in cell death 

and cancer development (268), the Ca2+ response was nearly abolished (Fig. 42C 

and 42G-H). The Δnuo51 and Δnuo14 knockout cells do not hold complex I activity 

although deletion of nuo51 does not prevent assembly of the complex (226, 361). 

Spot assays revealed that nde1-, nuo51- and nuo14-deleted cells were 

hypersensitive to staurosporine (Fig. 42I, i). 

The staurosporine-induced Ca2+-signature of a strain lacking NUO78, the 

78 kDa subunit of complex I (226), which is not hypersensitive to staurosporine 

(139) also lacked peak “B” and reduced signal “C” (Fig. 42D and 42G-H). 

Remarkably, a double knockout strain lacking both NUO51 and NDE-1 

(Δnuo51Δnde-1) is only slightly more sensitive to staurosporine than wild type, 

although the Ca2+-signature induced by the drug is different from wild type, since it 

presents a reduction in signals “B” and “C” (Fig. 42E and 42G-H). Overall, our 

results point to a novel regulatory role of intracellular Ca2+ dynamics for 

mitochondrial enzymes involved in cellular respiration, namely complex I and the 

Ca2+-dependent external non-proton pumping NAD(P)H dehydrogenase NDE-1. 
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Figure 42 - NDE-1, mitochondrial complex I and MCU are involved in the N. crassa 
response to staurosporine. 
A-F- The Ca2+-signature in response to 20 µM staurosporine (STS) was compared in aequorin-
expressing wild type and Δnde-1 (A), Δnuo51 (B), Δnuo14 (C), Δnuo78 (D), Δnuo51Δnde-1 (E) and 
Δmcu (F) cells. G-H- Quantification (in arbitrary units) of the [Ca2+]c transients “A” and “B”, 
respectively, in (A)-(F). *, p-value < 0.05. I- The sensitivity of the indicated strains evaluated by 
spotting conidia on GFS medium containing 2.5 µM STS. 
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NUO51 is highly conserved from bacteria to mammals, including similarity 

with the human NDUFV1 (232). Point mutations in NDUFV1 are causative of 

mitochondrial disease, namely progressive leukodystrophy and 

encephalomyopathy (410) and N.  crassa strains mimicking mutations in NDUFV1 

found in a clinical context were generated (232). We evaluated intracellular Ca2+ 

alterations induced by staurosporine in two strains harboring the A353V and 

T435M mutations on NUO51 (equivalent to the A341V and T423M human 

mutations, respectively (410)). Both point mutations resulted in a decrease in the 

amplitude of all staurosporine-induced Ca2+ signals (Fig. 43A-C). Compared to 

wild type, both the A353V and T435M strains were more resistant to staurosporine 

(Fig. 43D) and slighty more resistant to hydrogen peroxide and actinomycin D (Fig. 

44). 

 

 
Figure 43 - N. crassa models of human disease present abnormal Ca2+ dynamics and 
increased survival in the presence of staurosporine. 
A- The Ca2+-signature in response to 20 µM staurosporine (STS) was compared in aequorin-
expressing wild type, Δnuo51, nuo51 A353V and nuo51 T435M cells. B-C- Quantification (in 
arbitrary units) of the [Ca2+]c transients “A” and “B”, respectively, in (A). *, p-value < 0.05. D- The 
sensitivity of the indicated strains evaluated by spotting conidia on GFS medium containing 2.5 µM 
STS. 
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Figure 44 - Disease-related mutant strains A353V and T435M are more resistant than 
wild type to hydrogen peroxide and actinomycin D. 
The spot assay on GFS plates supplemented with hydrogen peroxide and actinomycin D was used 
to test the sensitivity of the indicated mutant strains. 

 

Due to the effect of inhibiting ER and vacuolar sequestration of Ca2+ on the 

wild type staurosporine Ca2+-signature (Fig. 24C-D), we decided to perform 

identical experiments in cells lacking nde-1. In the Δnde-1 mutant, thapsigargin 

blocked peak “A” due to depletion of Ca2+ of the ER preventing its contributing to 

the cytosolic signal (Fig. 45A-B), as in the wild type (Fig. 24C and 24F-G). 

Bafilomycin A1, by blocking the vacuolar uptake of Ca2+, slightly augmented the 

signal in the cytosol, although in the bafilomycin A1 plus staurosporine profile, 

peaks “A” and “B” were roughly joined (Fig. 45A-B). Also as in the wild type, pre-

incubation with thapsigargin and bafilomycin A1 led to a drastic accumulation of 

cytosolic Ca2+ during peak B (Fig. 24D and 24F-G). It is important to emphasize 

that when exposed to staurosporine alone and compared with wild type, Δnde-1 

cells lacked peak “B” almost completely. Therefore, the fold increase in the levels 

of cytosolic Ca2+ caused by staurosporine in Δnde-1 cells in the presence of 

thapsigargin and bafilomycin A1 is much higher than in wild type (Fig. 45C). In 

Δnuo51 knockout cells, the response to staurosporine was modulated by 

thapsigargin and bafilomycin A1 like in Δnde-1 cells (Fig. 46A-B). Pre-treatment 

with these inhibitors resulted in increased levels of cytosolic Ca2+ compared with 

staurosporine alone, namely in peak “B”. This may suggest that these Ca2+ 

buffering pathways may be upregulated in the Δnde-1 and Δnuo51 mutants. 

We also measured the accumulation of ROS after treatment with 

staurosporine in Δnde-1 cells. In the wild type strain, a 30-minutes incubation with 

the drug lead to a ~4.2 fold increase in the formation of ROS relatively to the 

control (Fig. 45D). Under the same conditions, the fold increase in ROS production 

in Δnde-1 knockout cells was significantly higher (~6.6). The higher levels of ROS 

induced by staurosporine can be explained by reduced antioxidant capacity or 

because of a putative upregulation of ROS production in the absence of NDE-1. 
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Figure 45 - The absence of NDE-1 leads to abnormal Ca2+ fluxes in internal stores and 
increased ROS accumulation. 
A- Cytosolic levels of Ca2+ and the amplitude of response were measured after the addition of 
staurosporine (STS) in aequorin-expressing Δnde-1 cells pre-incubated with thapsigargin and 
bafilomycin A1. B- Quantification (in arbitrary units) of the [Ca2+]c transients “A” and “B” in (A). *, p-
value < 0.05. C- The fold increase in the cytosolic levels of Ca2+ in thapsigargin- and bafilomycin 
A1-pre-treated cells versus staurosporine alone was calculated for the wild type and Δnde-1 
strains. D- Wild type and Δnde-1 cells were grown for 4 hours followed by a 30-minute treatment 
with staurosporine and the accumulation of ROS measured by dihydrorhodamine 123 staining. i) 
representative histograms and ii) quantification of the fold increase in ROS in staurosporine-treated 
samples versus the control. *, p-value < 0.05. 

 

 
Figure 46 - NUO51 deletion results in altered Ca2+ fluxes in intracellular stores. 
A- Cytosolic levels of Ca2+ and the amplitude of response were measured after the addition of 
staurosporine (STS) in aequorin-expressing Δnuo51 cells pre-incubated with thapsigargin and 
bafilomycin A1. B- Quantification (in arbitrary units) of the [Ca2+]c transients “A” and “B” in (A). *, p-
value < 0.05. 
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In N. crassa, four alternative NAD(P)H dehydrogenases (NDI-1, NDE-1, 

NDE-2 and NDE-3) associate with the inner mitochondrial membrane. We 

examined the sensitivity to staurosporine of a collection of viable double and triple 

knockout strains for those genes. Several of these strains presented a sensitivity 

profile distinct from the wild type (Fig. 47). Apart from the aforementioned effect of 

the deletion of NDE-1, whereas the individual deletion of NDE-2 and NDE-3 

resulted in a slight increase in sensitivity and resistance, the individual lack of NDI-

1 did not influence tolerance to staurosporine. Interestingly, a combined removal of 

two or three of these enzymes resulted in moderate to high susceptibility to 

staurosporine in comparison with the wild type strain. The results support the 

conclusion that these alternative respiratory systems are important mediators of 

cell death induced by staurosporine and provide valuable hints for future 

investigations on the role of these enzymes during cell death. 

 
Figure 47 - Disruption of alternative NAD(P)H dehydrogenases leads to altered resistance 
to staurosporine. 
The spot assay on GFS plates supplemented with STS was used to test the sensitivity of the 
indicated mutant strains for different alternative NAD(P)H dehydrogenases genes. 

 

 

The genome of N. crassa encodes a mitochondrial Ca2+ uniporter that 

is involved in the response to staurosporine 

Mammalian uptake of Ca2+ by mitochondria is executed mainly by the MCU 

(411, 412). An in silico study on the evolutionary diversity of this molecule across 

kingdoms pointed out a putative homologue in N. crassa, encoded by NCU08166 

(384). Mammalian MCU possesses a conserved domain that encompasses two 

transmembrane regions intercalated by an acidic loop (411). In line with this, 
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residues 325 to 381 of N. crassa NCU08166 were predicted to include a double 

transmembrane region (Fig. 48A) and show high level of conservation with human 

MCU (Fig. 48B), including in residues shown to be crucial for protein activity (412). 

The staurosporine-induced Ca2+-signature in a Δmcu strain displayed a slight 

increase in peak “A”, whereas signals “B” and “C” were reduced in comparison 

with wild type (Fig. 42F-H), suggesting a possible involvement of this putative 

homologue of the mammalian MCU in the N. crassa response to staurosporine. 

We cannot rule out that other proteins can function as mitochondrial Ca2+ 

importers in the absence of MCU. Indeed, preliminary assays in isolated 

mitochondria from Δmcu cells suggest that some mitochondrial Ca2+ uptake can 

occur even in the absence of the protein (data not shown). The deletion of mcu did 

not affect the sensitivity to staurosporine (Fig. 42I, ii). Despite the fact that our 

results still raise some questions that need to be addressed, mitochondrial Ca2+ 

dynamics seem to be implicated in the mechanism of action of staurosporine. 

 
Figure 48 - Comparison between topological and sequence features of NCU08166 and 
human MCU. 
A- Transmembrane domain prediction, with MEMSAT (369), of the NCU08166 region that 
comprises residues 325 to 381 (Uniprot accession number: Q7S4I4). B- Sequence of alignment of 
the same region of NCU08166 with its homologue region in the human MCU protein (Q8NE86). 
Arrows indicate residues that were shown to be required for the Ca2+ uptake function of the human 
MCU (412). 
 

 

Several members of the Ca2+ handling machinery are involved in the 

fungal response to staurosporine 

To further substantiate the crucial role of Ca2+ during the N. crassa 

response to staurosporine and to identify mediators of the process we assayed the 

drug sensitivity profile of approximately 50 deletion strains for members of the 

Ca2+ machinery. Deletion of genes encoding phospholipase C enzymes, especially 

PLC-2, resulted in resistance to staurosporine (Fig. 27A-B), while strains lacking 
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the Ca2+ channels CCH-1 and MID-1 (Fig. 28E and 29B-D) and the alternative 

NADPH dehydrogenase NDE-1 (Fig. 42I, i) were hypersensitive. Several other 

deletion strains, including Ca2+-permeable channels, Ca2+-ATPases and other 

Ca2+ binding molecules involved in cellular signaling presented a resistance 

phenotype dissimilar from the wild type strain (Fig. 49). A resistance phenotype 

was particularly strong in knockout mutants for genes encoding the Ca2+-ATPases 

NCA-2 and PMR-1. The deletion of other Ca2+-ATPases, namely ENA-1, ENA-2 

and NCU10143 also led to increased resistance. The disruption of the signaling 

molecules calmodulin, CAMK-4, and CSE-1 augmented resistance, whereas 

knockout of STK-16 and PRD-4 resulted in increased susceptibility to 

staurosporine. Table 11 summarizes the result of the screening of knockout 

strains. The deletion strains for NCU05360, NCU03804, NCU03833, NCU09871, 

NCU06347, NCU06617, NCU02411 and NCU09265 were not tested due to strain 

unavailability or their heterokaryotic nature. This data further stresses the 

importance and complexity of the fungal response to staurosporine, implicating 

numerous Ca2+-related proteins of different function and subcellular localization. 

 
Figure 49 - Several members of the Ca2+ handling machinery are involved in the fungal 
response to staurosporine. 
Conidia from the indicated strains were spotted on GFS medium supplemented with staurosporine 
(STS) and incubated for 3 days. 
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Table 11 - Ca2+-related knockout strains exhibiting increased sensitivity or resistance to 
staurosporine when compared with the wild type. 

Strain Gene Classification Phenotype 

ΔNCU02762 cch-1 Ca2+-permeable channel SS 

ΔNCU06703 mid-1 Ca2+-permeable channel SS 

ΔNCU04736 nca-2 Ca2+-ATPase RR 

ΔNCU05046 ena-1 Ca2+-ATPase R 

ΔNCU08147 ena-2; ph-7 Ca2+-ATPase S 

ΔNCU10143 - Ca2+-ATPase R 

ΔNCU03292 pmr-1 Ca2+-ATPase RR 

ΔNCU06245 plc-1 Phospholipase C (δ-type) R 

ΔNCU01266 plc-2 Phospholipase C (δ-type) RR 

ΔNCU09655 plc-3 Phospholipase C (δ-type) R 

ΔNCU03750 - Calmodulin R 

ΔNCU04379 cse-1 Ca2+ and/or CaM binding protein R 

ΔNCU09212 camk-4 Ca2+ and/or CaM binding protein R 

ΔNCU00914 stk-16 Ca2+ and/or CaM binding protein S 

ΔNCU02814 prd-4 Ca2+ and/or CaM binding protein S 

ΔNCU05225 nde-1 Ca2+ and/or CaM binding protein SS 

Legend (relative to the wild type): SS: much more sensitive; S: slightly more sensitive; SS: much 
more resistant; R: slightly more resistant. 
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3.3) CZT-1 regulates cell death and natural drug resistance 

NCU09974/czt-1 is involved in resistance to staurosporine, 

intracellular Ca2+ dynamics and ROS accumulation 

Previous DNA microarrays studies in our laboratory identified a group of 

staurosporine-induced genes (140). Among them, NCU09974 is a highly induced 

gene that encodes an uncharacterized protein, and so we tested the sensitivity of 

a ΔNCU09974 deletion strain to staurosporine. We inoculated the wild type and 

the deletion strain for NCU09974 (ΔNCU09974) on solid Vogel’s MM 

supplemented with staurosporine and observed that the latter was much more 

affected by the drug (Fig. 50A-B). The same sensitivity to staurosporine was 

observed when ΔNCU09974 was grown in liquid Vogel’s MM (Fig. 50C-D) or 

spotted on GFS plates (Fig. 50E), indicating that NCU09974 is a key player in 

resistance to staurosporine-induced cell death. 

 
Figure 50 - Deletion of NCU09974/czt-1 confers sensitivity to staurosporine. 
A, B- Conidia from the wild type and ΔNCU09974 strains were inoculated on the center of Petri 
dishes containing solid Vogel’s MM supplemented with staurosporine (STS) or DMSO. Radial 
growth at 48h (A) and throughout time (B) is shown. C, D- Growth of the strains on liquid Vogel’s 
MM followed by measuring absorbance at 620 nm (C) and percentage of growth inhibition caused 
by STS (D). *, p-value <0.05. E- Sensitivity of wild type and ΔNCU09974 strains to STS was tested 
by spotting conidia in GFS medium. F - Relative expression of NCU09974 was quantified by qRT-
PCR after exposing wild type cells for to STS, hydrogen peroxide (H2O2), phytosphingosine (PHS) 
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and amphotericin B (AmphoB) for 1 hour. G- Diagram showing the main predicted sequence 
features of CZT-1. H- czt-1 expression was evaluated by qRT-PCR in wild type, Δmek-1 and Δplc-2 
strains. I- Time-course relative expression of czt-1 as quantified by qRT-PCR during germination of 
wild type conidia at 26ºC. 

 

Previous microarray data indicated that expression of NCU09974 is 

stimulated by exposure to staurosporine (140) and phytosphingosine (116). 

Indeed, qRT-PCR experiments showed that the gene was not only upregulated by 

staurosporine and phytosphingosine, but also after the oxidative stress insult with 

hydrogen peroxide or by the antifungal amphotericin B (Fig. 50F). Furthermore, 

expression of NCU09974 was also induced upon exposure to menadione (413) 

and by two novel cell death-inducing compounds currently under characterization 

in our group (data not shown). 

 
Figure 51 - Sensitivity profile of the wild type and ΔNCU09974 strains to different drugs. 
Conidia were spotted in GFS medium supplemented with phytosphingosine (PHS) (A), cinnamic 
acid (B) and amphotericin B (AmphoB) (C). 

 

The sensitivity of ΔNCU09974 to several other chemical compounds was 

tested with the spot assay. Inhibition of growth of ΔNCU09974 was similar to wild 

type when the strains were treated with actinomycin D, hydrogen peroxide, 

deoxycholic acid, acetic acid, ethanol, paraquat, imidazole, cycloheximide, 

dithiothreitol, 8-hydroxyquinoline, diphenyleneiodonium, menadione, antimycin A, 

oligomycin or caffeine (data not shown). However, ΔNCU09974 was slightly more 

sensitive than wild type to phytosphingosine and cinnamic acid (Fig. 51A-B) and 

more resistant to amphotericin B (Fig. 51C). These data indicate that NCU09974 is 
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activated by cell death stimuli and its absence is especially crucial for the 

response to staurosporine, likely because of specific pathways activated by this 

drug. 

 
Figure 52 - Maximum likelihood tree illustrating the phylogenetic relationship between 
CZT-1 and some of its homologues in other fungi. 
A maximum likelihood phylogenetic tree was built using the Dayhoff method on a ClustalW2 (367) 
multiple alignment. The bootstrap test (1000 replications) was applied. Different classes of 
Ascomycota are represented (one species per class): Sordariomycetes/Neurospora crassa 
(accession numbers: XP_958092.1/CZT-1, XP_956755.1, XP_963196.1, XP_961763.2, 
XP_958079.1, XP_956668.2, XP_963413.1, XP_960386.2, XP_965578.1, XP_962712.1), 
Eurotiomycetes/Aspergillus fumigatus (XP_748055.1, XP_748597.2, XP_753220.1, XP_753228.1, 
XP_755158.1, XP_750744.2, XP_731545.1, XP_747522.1, XP_749547.1, XP_750130.1, 
XP_748878.1, XP_752465.1, XP_750890.1), Dothideomycetes/Bipolaris maydis (EMD85979.1, 
EMD89951.1, EMD85481.1, EMD85477.1, EMD85268.1, EMD89852.1, EMD88518.1, 
EMD95829.1, EMD95706.1), Pezizomycetes/Tuber melanosporum (XP_002837388.1, 
XP_002837833.1, XP_002836586.1, XP_002835261.1), Leotiomycetes/Botrytis cinerea 
(CCD52164.1, CCD44932.1, CCD46036.1, CCD55051.1, CCD49406.1, CCD46800.1, 
CCD43955.1, CCD46617.1), Saccharomycetes/Saccharomyces cerevisiae (EDV09221.1) and 
Schizosaccharomycetes/Schizosaccharomyces pombe (XP_001713074.1, NP_592804.2, 
NP_595127.1, NP_596765.1, NP_588248.3, NP_595318.2, NP_595131.1, NP_595321.1). CZT-1 
is highlighted with a yellow-shaded box. 
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Conserved domain prediction on the protein sequence of CZT-1 showed the 

presence of a Zn2/Cys6 DNA-binding domain, characteristic of zinc cluster 

transcription factors, near the N’-terminal part of the protein and a ‘fungal specific 

transcription factor domain’ in the middle of the molecule (Fig. 50G). The function 

of this fungal-specific ‘transcription factor domain’ in this family of proteins is 

unclear. Between these two domains, an ‘uncharacterized transcriptional 

regulatory protein’ domain was found. A transmembrane segment was also 

robustly predicted by several tools. Since NCU09974 displays typical features of 

zinc cluster transcription factors and our results implicate it as a mediator of the 

fungal response to cell death, we named it CZT-1 (Cell death-activated Zinc 

cluster Transcription factor). 

In order to analyse phylogenetic relationships between CZT-1 and its 

homologues in other fungi, we built a maximum likelihood tree (Fig. 52). There was 

strong homology between CZT-1 and members of the Pezizomycotina, whereas 

homology was weaker for members of the Saccharomycotina and 

Taphrinomycotina. Within the same species, it appears that there are two types of 

zinc cluster proteins: some with strong homology to CZT-1 and others with weak 

homology. Specific CZT-1 sequence features suggest that it may belong to a novel 

divergent subfamily of zinc cluster transcription factors. 

Because of the important role played by CZT-1 during staurosporine-

induced cell death and since the absence of mek-1 (Fig. 21) and plc-2 (Fig. 27A) 

resulted in increased tolerance to staurosporine, we evaluated the expression of 

the transcription factor in Δmek-1 and Δplc-2 deletion strains. The absence of both 

genes led to an increase in the expression of czt-1 (Fig. 50H; ~5.4 folds for Δmek-

1 and ~3.5 for Δplc-2). This suggests that the signaling molecules MEK-1 and 

PLC-2 may be upstream of czt-1, regulating its expression. The time-course 

expression of czt-1 during N. crassa germination in liquid Vogel’s is shown in Fig. 

50I. czt-1 showed a maximum level of expression after 8h, in accordance with 

microarray data that included czt-1 in the list of differentially expressed genes 

during asexual development of N. crassa (414). Parameters such as aerial hyphae 

elongation, conidial production, growth rate and germination were not affected by 

the deletion of czt-1 (Fig. 53A-F). 

Exposure of N. crassa to staurosporine elicited a response that includes 

defined alterations in intracellular Ca2+ levels (Fig. 23A) and increased ROS 
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production (Fig. 18B). We compared these parameters in wild type and Δczt-1 

strains. We expressed the Ca2+ reporter probe aequorin (312) in the cytosol of 

both strains and compared Ca2+ dynamics upon treatment with staurosporine. The 

Δczt-1 mutant showed a Ca2+ profile distinct from the wild type (Fig. 54A). The 

initial peak of cytosolic Ca2+ (immediately after addition of staurosporine, lasting 20 

minutes) was increased in Δczt-1 cells whereas the highest peak, at around 60 

minutes after drug treatment was nearly abolished when CZT-1 is absent. The last 

part of the cytosolic Ca2+ response (from about 3 hours after addition of 

staurosporine) was also amplified in the Δczt-1 mutant. Thus, CZT-1 seems to 

regulate the mobilization or sequestration of the ion by the Ca2+ storage 

compartments. 

 
Figure 53 - Growth, hyphal extension and conidiation are not affected by the deletion of 
czt-1. 
A- Pictures of Vogel’s MM with agar-containing flasks growing for 7 days with wild type or Δczt-1 
cells. B, C- Aerial hyphae elongation (B) and conidiation (C) were measured after 4 or 7 days of 
growth in Vogel’s MM with agar. In (C), NAC was used as a control, since the generation of ROS is 
important for conidial production (415). D, E- Growth was evaluated by following the extension of 
wild type and Δczt-1 cells in race tubes incubated at different temperatures (D) and calculating the 
respective growth rate (E). F- The percentage of germinated cells was determined microscopically 
as the fraction of cells presenting the typical conidial anastomosis tubes or an hyphal appearance. 
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Figure 54 - CZT-1 is a zinc cluster transcription factor involved in the regulation of Ca2+ 
dynamics and ROS accumulation. 
A- After 6 hours of growth in liquid Vogel’s MM, intracellular Ca2+ levels were followed in aequorin-
expressing wild type and Δczt-1 cells upon treatment with staurosporine (STS) or DMSO. B- 
Accumulation of ROS was assessed with dihydrorhodamine 123 by staining cells grown in liquid 
Vogel’s MM for 4 hours and treated with STS or DMSO for 30 minutes. *, p-value <0.05. 

 

We observed that the Δczt-1 mutant accumulates more ROS than wild type 

upon insult with staurosporine. ROS accumulation increased about 3 times in the 

wild type and 5.5 times in the knockout mutant (Fig. 54B). This function of CZT-1 

in the control of ROS accumulation is in agreement with its induction by hydrogen 

peroxide (Fig. 50F). These data suggest a function for CZT-1 in the control of ROS 

accumulation, although it is unclear if it acts at the level of ROS production or 

detoxification. 

 

Natural variation to drug resistance in N. crassa 

Two natural and divergent populations of N. crassa from the region of the 

Caribbean basin were recently described based on SNP search after whole-

transcriptome sequencing (375). We examined the expression levels of czt-1 in 

111 strains from one of these populations (the subtropical Louisiana population) 

and also on the wild type laboratory strain (FGSC 2489). We observed a minimum, 

maximum and median RPKM of 10.14, 125.06 and 29.19, respectively (Fig. 55), 

demonstrating that there is variation in the expression of this gene within a single 

population of wild isolates. We looked for biogeographic correlations between the 

expression of czt-1 and the collection place of the wild strains and although we did 

not achieve strong statistical significance but considering the relatively small size 

of the population, some interesting associations were found. This includes a 

tendency towards high expression of czt-1 and, consequently, resistance to 
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staurosporine, for strains collected in Iowa, LA or Elizabeth, LA, east and north of 

Lake Charles, respectively (Fig. 56). 

 
Figure 55 - Expression levels of czt-1, expressed as RPKM, in N. crassa wild strains 
collected in the Louisiana state, USA. 
The wild type laboratory strain FGSC 2489 is shown for reference. The dashed line represents the 
median RPKM. 
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Figure 56 - Correlation between czt-1 expression and the collection place, within the 
Louisiana state of the USA, of the wild isolates of N. crassa discussed in the text. 
Each collection place is identified with a spot. A gradient from red (low czt-1 expression) to yellow 
(high czt-1 expression) is represented. 

 

We recently observed that CZT-1 influences the expression of NCU09975 

which encodes the multidrug resistance-related pump ABC-3 (140). Activation of 

CZT-1 may lead to the upregulation of abc-3, so we hypothesized that wild isolates 

of the Louisiana population with higher levels of czt-1 would also have higher 

expression of abc-3. We divided the strains in four groups based on the RPKM 

values for czt-1 (<25, 25-50, 50-75 and >75) and considered the respective RPKM 

for abc-3. There is a clear correlation between the expression of these two genes 

(Fig. 57A-B), arguing in favour of a regulatory role of CZT-1 on abc-3. Since the 

lack of czt-1 (Fig. 50A-E) or abc-3 (140) leads to hypersensitivity to staurosporine, 

we hypothesized that, conversely, overexpression of both would lead to drug 

resistance. This would also support the conclusion that the hypersensitivity of 

Δczt-1 cells (Fig. 50A-E) is indeed due to the lack of CZT-1. In order to test this, 

we selected some strains representing the four groups of czt-1 RPKMs and 

assessed their sensitivity to staurosporine. Indeed, wild isolates with higher levels 

of expression of czt-1 and abc-3 showed increased resistance to the drug (Fig. 

57C), arguing in favour of a specific role of CZT-1. FGSC 1693 is an exception, 

presumably due to alterations in other genes with a role in tolerance to 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

133 

staurosporine. Some of these strains also showed different sensitivity to oxidative 

stress with hydrogen peroxide (Fig. 57D). More specifically, JW160 and JW161 

were slightly more resistant to hydrogen peroxide, while JW193 and FGSC 1693 

were more sensitive. These data indicate that there is natural variation in drug 

resistance among N. crassa wild isolates. 

 
Figure 57 - CZT-1 controls resistance to cell death in wild isolates of N. crassa. 
A- Expression levels of abc-3 in wild strains. The strains were separated in 4 groups based on czt-
1 expression (<25; 25-50; 50-75 and >75 czt-1 RPKM). B- Correlation between the expression 
levels of czt-1 and abc-3 in a scatter plot. C- Staurosporine (STS) sensitivity of wild strains 
representing each of the 4 groups presented in (B) was tested by the spot assay on GFS media 
supplemented with the drug. The laboratory strain FGSC 2489 was used as a reference. The 
expression levels of czt-1 and abc-3 in each strain are indicated. D- The sensitivity of the same 
strains to hydrogen peroxide (H2O2) was also assessed by the spot assay. 
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Figure 58 - Genome-wide association studies (GWAS) links CZT-1 to novel putative 
mediators of cell death in N. crassa. 
A- Manhattan plot depicting the results of a GWAS between the expression of czt-1 and the 
presence of SNPs in the Louisiana population of wild isolates. The dots are the -log of the p-value 
from the Fisher's exact test for each SNP. Because the strongest associations have the smallest p-
values, their negative logarithms are the greatest. The horizontal axis represents the seven 
chromosomes of N. crassa. The red line is the significance cut-off as determined by permutation 
tests. B- A second GWAS found an association between a SNP (A/G) in czt-1 and the expression 
of tah-3. C- Correlation between the expression levels of czt-1 and tah-3 in a scatter plot. D- The 
spot assay on GFS plates supplemented with STS was used to test the sensitivity of deletion 
strains for the genes identified by the GWAS. 
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Genome-wide association studies (GWAS) allow the analysis of phenotypic 

traits whose variation is determined by genotypic differences (416). GWAS 

normally associate traits to quantitative loci, based on SNP analyses. Given the 

correlation between expression of czt-1 and resistance to staurosporine, the 

former was used as a quantitative proxy for drug resistance in a GWAS using the 

cDNA-sequenced Louisiana population of wild isolates. Six genes with SNPs 

significantly associated with the expression of czt-1 were identified (Fig. 58A and 

Table 12). Of them, NCU08791 and NCU12058 encode CAT-1 and AMID-2, which 

are known to be involved in the detoxification of ROS during oxidative stress (417) 

and in the execution of mammalian cell death (196), respectively. A more detailed 

analysis of all genes showed that the genotype at each SNP locus was 

significantly associated with altered expression of the respective gene (Fig. 59 and 

Table 12). 

 
Table 12 - Genes with a single nucleotide polymorphism (SNP) associated with increased 
expression of czt-1 in the Louisiana population of wild isolates. 

Gene Gene 
name 

Annotation / Domains SNP 

Linkage 
group 

Locus Genotype 

NCU03273 - NF-X1 finger transcription 
factor; contains a R3H 
domain 

I 5150086 A, G 

NCU02959 - homologue to RNA-binding 
proteins from other fungi 

I 8577711 C, T 

NCU08791 cat-1 catalase; antioxidant system III 5113141 C, T 

NCU06609 - contains a R3H domain IV 1796142 A, G 

NCU06977 - homology with a subunit of 
the F0 portion of the 
mitochondrial ATP synthase 

IV 4746463 A, G 

NCU12058 amid-2 apoptosis-inducing factor-
homologous mitochondrion-
associated inducer of death 
2 

VII 4179144 A, G 

a For all SNPs, a specific allele at the indicated position is associated with increased expression of 
the respective gene. 
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Figure 59 - Box plots showing the relationship between the two found nucleotides for 
each SNP identified by the GWAS and the expression of the respective gene. 

 

We also performed the reverse GWAS, i.e., we looked at expression of 

genes linked to SNPs cis to czt-1. We identified a SNP (A/G) in czt-1 that was 

significantly linked to the expression of NCU03686/tah-3 (Fig. 58B). The 

expression of tah-3 (also designated lah-3) correlated well with the expression of 

czt-1 (Fig. 58C). TAH-3 is also a Zn2/Cys6 binuclear cluster transcription factor as 

czt-1 and has been reported to be required for fungal tolerance to a harsh 

environment caused by an argon plasma jet (418). 

The results of both GWAS pointed out genes that, because of their genetic 

association with czt-1, may underlie the natural resistance phenotype observed for 

the wild strains. Therefore, we next tested the sensitivity profile of the knockout 

strains for the genes identified by the GWAS (except for ΔNCU06609, 

unavailable). The Δtah-3 deletion mutant was more sensitive to staurosporine than 

wild type, whereas ΔNCU03273, ΔNCU02959, ΔNCU06977 and Δcat-1 were 

slightly more resistant (Fig. 58D, upper panel). This further implicates these 

molecules in the cell death response to staurosporine and in the resistance 

conferred by CZT-1. The deletion strain for amid-2 is not particularly sensitive or 

resistant to the drug (Fig. 58D, lower panel), probably due to redundant functions 
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of its paralog proteins, like amid and AIF (148). Altogether, our data points to the 

existence of natural variation to drug resistance in wild isolates of N. crassa and to 

the relevance of the CZT-1 transcriptional regulator. The genes that interact 

genetically with CZT-1, indicated by the GWAS, likely contribute to the resistance 

phenotype of the strains. 

 

Transcriptional profiling of staurosporine-treated wild type versus 

Δczt-1 

We analysed transcriptional patterns of the czt-1 deletion strain. 

Considering basal expression, 8.5% of the genes were altered in the Δczt-1 strain 

in comparison with wild type, corresponding to 605 genes (Fig. 60A, left panel). 

From these, 58.5% were induced whereas 41.5% were repressed (Fig. 60B, left 

panel). Enrichment analysis shows, for instance, that, since the mutant showed 

induction of these genes, CZT-1 negatively regulates ‘phosphate metabolism’ and 

‘cAMP/cGMP mediated signal transduction’ (Table 13). On the other hand, it 

seems that CZT-1 is controlling positively the expression of genes involved in 

‘respiration’ and ‘alcohol fermentation’. 

 
Figure 60 - Summary of the transcriptional response to staurosporine in wild type and 
Δczt-1 cells. 
A- The percentage of genes with altered expression is represented by the white portion of the pie 
chart. The left panel represents the basal gene expression altered in the Δczt-1 mutant versus wild 
type; the other panels represent staurosporine (STS) altered genes in wild type and Δczt-1, 
respectively. B- Comparison between the percentage of upregulated (white) and downregulated 
(black) genes. 
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Table 13 - Functional category enrichment analysis (using FunCat) of genes induced and 
repressed basally in the Δczt-1 strain. 

ID Category P-value 

Induced genes 

01.04 phosphate metabolism 7.37E-05 

11.02.03.04 transcriptional control 8.31E-06 

30.01.09.07 cAMP/cGMP mediated signal transduction 3.70E-05 

36.25.01.13 olfaction 4.57E-05 

Repressed genes 

02.13 respiration 3.78E-05 

02.16.01 alcohol fermentation 1.72E-05 

 

The response provoked by staurosporine in the Δczt-1 mutant was more 

active than in wild type (Fig. 61), with 45.5% of the genes depicting altered 

expression (Fig. 60A, right panel). Roughly half of these genes were induced and 

half were repressed (Fig. 60B, right panel). The transcriptional response to 

staurosporine was partially independent of CZT-1 (Fig. 62A-B, note the number of 

shared genes). However, it is also true that CZT-1 is a major regulator of the 

genetic response to staurosporine, given that more than 1000 genes were only 

induced or repressed in the mutant strain and not in the wild type (Fig. 62A-B). 

 
Figure 61 - Volcano plots illustrate the amplification of the response to staurosporine in 
Δczt-1 versus the wild type strain. 

 

A FunCat enrichment analysis for each group is represented in the Venn 

diagrams on Fig. 62A and 62B, for induced and repressed genes, respectively. 

Upon treatment with staurosporine, only wild type cells were able to induce genes 

involved in several ER-related functions, such as ‘protein folding and stabilization’, 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

139 

‘modification with sugar residues (eg, glycosylation, deglycosylation)’, ‘ER to Golgi 

transport’ and ‘cellular export and secretion’ (Fig. 62A), suggesting a ER-mediated 

stress response that is not induced in Δczt-1. Actually, the ‘protein folding and 

stabilization’ category was significantly repressed in the mutant (Fig. 62B). This 

suggests that CZT-1 affects ER processes which, given the role of the ER as a 

Ca2+ storage organelle, may be related to the differences in Ca2+ dynamics 

observed in the deletion strain (Fig. 62B). 

 
Figure 62 - CZT-1 controls genes involved in ER and mitochondrial functions. 
A, B- Venn diagrams showing the number of staurosporine-induced (A) and -repressed (B) genes 
specifically in the wild type or in the Δczt-1 mutant. FunCat functional enrichment analysis (373) for 
each set of genes is indicated. a, no highly enriched category was found. 

 

Signal transduction seems to be impaired in the deletion strain considering 

its inability to induce genes in the ‘second messenger mediated signal 

transduction’ category, in opposition to the wild type (Fig. 62A). Within this 
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category, the wild type enrichment analysis included the ‘polyphosphoinositol 

mediated signal transduction’ subcategory (p-value = 0.0016), which seems to be 

regulated by CZT-1. Notably, phosphoinositol-mediated signaling pathways control 

Ca2+ release from the ER (387) and this result may correlate with the altered Ca2+ 

dynamics observed in the mutant (Fig. 54A). As described above, wild type cells 

downregulated genes involved in the mitochondrial electron transport after 

treatment with staurosporine (Fig. 62B and Table 7). Interestingly, this was not the 

case in czt-1 knockout cells (Fig. 62B). 

We looked if there were differences in expression in wild type versus Δczt-1 

strain for the genes identified by the GWAS (Fig. 58A). At basal conditions, Δczt-1 

showed significant downregulation of cat-1 and upregulation of tah-3 (Fig. 63A). 

Upon treatment with staurosporine, amid-2 was induced in the wild type but not in 

the mutant; NCU06977 was induced in Δczt-1 but not in the wild type; tah-3 was 

repressed in the mutant but not in the wild type; cat-1 was induced in both strains, 

although more extensively in Δczt-1 (Fig. 63B). The alteration in the expression of 

cat-1 is in agreement with the fact that staurosporine induces ROS formation, 

which is increased in Δczt-1 (Fig. 54B). We also looked at expression alterations in 

the amid-2 paralogues, namely amid and aif: amid expression was repressed only 

in the mutant whereas aif was induced in both strains. The staurosporine-provoked 

expression profile for all these genes corroborate their role in cell death and 

expression differences observed in Δczt-1 suggest that they are under the control 

of the transcription factor. 

 

 
Figure 63 - RNA-seq data support the involvement of genes identified by the GWAS in 
staurosporine-induced cell death. 
A, B- The expression of NCU03273, NCU02959, cat-1, NCU06609, NCU06977, amid-2 and tah-3, 
indicated as FPKMs was compared between wild type and Δczt-1 strains in control samples (A) or 
between staurosporine (STS)- and DMSO-treated samples (B). *, p-value <0.05. 



 

CHAPTER I  
Mediators of cell death in Neurospora crassa 

141 

CZT-1 regulates the expression of multiple ABC transporters 

Genes encoding members of the ABC (ATP-binding cassette)-transporter 

family are induced in response to drug treatments and confer resistance to 

numerous compounds in a process designated multidrug drug resistance or 

pleotropic drug resistance (419). We compiled a list of genes encoding ABC 

transporters from the FunCat database and checked their expression in the RNA-

seq dataset. Under basal conditions, there was an upregulation of some of these 

genes in Δczt-1 cells (Fig. 64A), including NCU02544, NCU03591, NCU07546, 

NCU08056/atrf, NCU10009/atrf-2, NCU07276 and NCU09975/abc-3. The latter 

plays a crucial role during the response of N. crassa to staurosporine since it was 

observed that the cells pump the drug out to the extracellular medium through 

ABC-3 (140).  

 
Figure 64 - CZT-1 controls genes encoding ABC transporters. 
A- The levels of expression (in FPKMs) of the indicated ABC transporter-encoding genes were 
compared between wild type and Δczt-1 strains under basal conditions. B- Expression of abc3, cdr-
4, NCU07546 and NCU08382, indicated as FPKMs was compared between wild type and Δczt-1 
strains treated with staurosporine or DMSO. *, p-value <0.05. 
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The staurosporine-stimulated induction of abc-3 (NCU09975) in the wild 

type but not in Δczt-1 cells was observed in our RNA-seq data (Fig. 64B, i). Upon 

treatment of wild type cells with staurosporine, not only abc-3, but other ABC 

transporter genes were induced. These include NCU05591/cdr-4 (Fig. 64B, ii), 

NCU07546 (Fig. 64B, iii) and NCU08382 (Fig. 64B, iv). CDR-4 was shown to be 

involved in resistance to azoles in N. crassa (420). Cells lacking CZT-1 were 

unable to induce these genes, indicating that the expression of several ABC 

transporters is CZT-1-dependent. Altogether, our data shows that the novel 

transcription factor CZT-1 is an important regulator of cell death and controls the 

genetic response to staurosporine in N. crassa. 
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4. Discussion 

 

Our results further confirmed that staurosporine, an archetypal cell death 

inducer of therapeutic interest, triggers PCD in N. crassa as deduced by different 

morphological and biochemicals signs: loss of viability, permeability to the early 

apoptosis and late apoptosis/necrosis markers YOPRO-1 and propidium iodide, 

respectively, increased and indispensable ROS production, loss of ΔΨm, DNA 

fragmentation (140), GSH export (114), activation of multidrug resistance proteins 

(140) and altered intracellular Ca2+ signaling. 

 

 

4.1) The role of Ca2+ and mitochondrial bioenergetics during 
staurosporine-induced cell death 

Activation of a TRP-like calcium channel in the plasma membrane 

and calcium release from intracellular stores during phospholipase C-

mediated cell death 
Staurosporine activates a complex and dynamic intracellular response 

involving the movement of Ca2+ from the external medium and intracellular storage 

reservoirs to the cytosol. At the molecular level, this is promoted by a putative 

novel TRP-like channel and a phospholipase C protein (probably PLC-2) that 

trigger a Ca2+ response with a characteristic [Ca2+]c signature. Some reports have 

shown an increase in [Ca2+]c in response to staurosporine (353, 421-425), but the 

underlying mechanisms remained largely unknown. Recent work showed that 

staurosporine, as well as its clinically relevant analogue PKC412, induces Ca2+ 

influx through the hyperpolarization-activated cyclic nucleotide-gated channel 

HCN2 in lung cancer cells and neurons (421). No HCN2 homologues are known in 

N. crassa. 

Our data indicate that staurosporine triggers the activation of phospholipase 

C by a yet unknown mechanism. Possible phospholipase C activation 

mechanisms include stretch (426), interaction with G-protein-coupled receptors 

(427) and liberation from phosphorylation by PKC (428). Given that staurosporine 
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is a powerful inhibitor of PKC (174), it is tempting to propose that it is the 

alleviation of the phosphorylation of phospholipase C by PKC that prompts the 

onset of the response. Anyhow, as a consequence of its activation, phospholipase 

C hydrolyses PIP2 with three outcomes: depletion of PIP2, generation of DAG and 

generation of IP3, that all affect the activity of TRP channels (325). First of all, the 

depletion of PIP2 controls TRP proteins, though the mode of regulation depends 

on the specific identity of the channel: in animals, the depletion of PIP2 inhibits 

TRPC3, TRPC6 and TRPC7 (429) whereas it activates TRPC4 (398). Other 

channels, like TRPC5 and TRPV1 were shown to be both negatively and positively 

regulated by PIP2 depletion, depending on the cellular environment (325). Our 

results support the hypothesis that phospholipase C depletes PIP2 and this causes 

the opening of a channel behaving like TRPC4. Indeed, TRPC4 was shown to be 

inhibited by PKC (430) and we found that the selective TRPC4 antagonist ML204 

partially reduces the [Ca2+]c response to staurosporine. In the presence of 

staurosporine, PKC is inhibited (174) and this would relieve and open a TRPC4-

like channel. PIP2 depletion also affects TRPV1 (431), but the existing data is 

conflicting on whether the reduction in PIP2 activates or inactivates the channel 

(325). Secondly, the generation of DAG may not have a significant role in our 

system, because DAG activates PKC, which is blocked by staurosporine alone 

(174). We cannot exclude that DAG is acting directly on TRP channels as shown 

before (430, 432). Nonetheless, it was shown that this PKC-independent direct 

interaction of DAG with TRP channels is protein specific and does not occur in 

members of the family such as TRPC4 and TRPC5 (430). If indeed there is a 

TRPC4-like channel involved in staurosporine-induced cell death, it is more likely 

that PIP2 depletion is the major regulatory mechanism. In accordance with our 

results, inositol starvation triggers ER-mediated cell death in fission yeast (433). 

The generation of IP3 after treatment with staurosporine led to the mobilization of 

Ca2+ from internal stores, in line with the observation that during part of the 

response the ER contributes to the increase in [Ca2+]c. 

In N. crassa, treatment with the antifungal peptide PAF (126) or with the 

bacterial metabolite 2,4-diacetylphloroglucinol (394) led to Ca2+ influx from the 

external medium in a CCH-1-independent manner. Ca2+ influx induced by 2,4-

diacetylphloroglucinol was also shown to be independent of FIG-1, while this was 

not tested for PAF. Cell survival-associated Ca2+ uptake, mediated by an 
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unidentified channel, was shown to occur in parallel with Ca2+ entry via Cch1-Mid1 

in yeast treated with tunicamycin, an ER stress agent (359). There is thus 

evidence for the presence of fungal Ca2+ uptake systems in addition to the so far 

characterized HACS (CCH-1 and MID-1) and LACS (FIG-1) mechanisms (337, 

341, 342, 345, 395, 396). Here we describe a putative Ca2+-channel in the plasma 

membrane with the pharmacological properties of a TRP protein. This represents 

a novel mechanism for Ca2+ influx in fungi and it is conceivable that it may be 

involved in the some or all of these aforementioned responses. The only TRP 

channel so far described in N. crassa is YVC-1 (314, 315), although a few proteins 

were recently proposed as putative homologues of the mammalian TRP channels 

in pathogenic fungi (329). It is not plausible that YVC-1 is the channel activated by 

staurosporine because the respective knockout mutant does not show major 

differences from the wild type in terms of the [Ca2+]c response to staurosporine 

and furthermore yeast YVC-1 is localized in the vacuole (326). The TRP Ca2+ 

uptake system seems to be more active in the absence of CCH-1. Possibly as a 

consequence of this upregulation in Ca2+ uptake, cells lacking CCH-1 (and MID-1) 

die more than the wild type when treated with staurosporine as shown by the 

growth and death assays. This is consistent with the observation that Δcch-1 and 

Δmid-1 cells are less tolerant to high levels of Ca2+. In line with our results, lack of 

CCH-1 and MID-1 renders S. cerevisiae and C. neoformans cells very sensitive to 

ER stress with tunicamycin or azole drugs (341, 359, 434). 

 

 

Extracellular Ca2+ modulates staurosporine-induced cell death and 

triggers unique transcriptional programs 

We show that controlling the amount of Ca2+ available in the extracellular 

milieu is enough for a robust modulation of the effects of staurosporine. Cell death 

is strongly enhanced by Ca2+ limitation whereas it is partially supressed in 30-

times excess of Ca2+. A similar behavior was observed in S. cerevisiae cells 

treated with miconazole or terbinafine, inhibitors of ergosterol biosynthesis (435), 

suggesting the presence of common stress-responsive pathways in the two fungi, 

even when the stimuli have apparently distinct targets. Supplementation of the 

medium with high Ca2+ concentrations (20 mM CaCl2 as used in our study) 
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protected N. crassa cells from PAF-induced toxicity. Interestingly, treatment with 

PAF, an antifungal protein from P. chrysogenum, also disturbs intracellular Ca2+ 

homeostasis. (185). Thus, our results substantiate the view that Ca2+ is an 

important player during cell death in N. crassa.  

The effects of staurosporine in media containing different amounts of Ca2+ 

are remarkably paralleled by distinct intracellular Ca2+ dynamics, in line with our 

results that show that extracellular Ca2+ uptake is required for the development of 

the cytosolic Ca2+ signature induced by the drug. In the presence of 20 mM CaCl2, 

the massive Ca2+ transient immediately after staurosporine addition might be a 

pro-survival event regulating signaling pathways involved in cell defence. In 

medium lacking Ca2+, the initial part of the staurosporine-induced cytosolic Ca2+ 

response is completely abolished and cells become more susceptible to the drug. 

This supports the suggestion that the Ca2+ signaling events that occur during 

approximately 2 hours after addition of the drug (peaks “A” and “B”) have a pro-

survival role. However, the intracellular response to staurosporine is very complex 

and direct conclusions on the susceptibility of the cells based solely on the 

intracellular Ca2+ profile, although tempting, are not possible. For instance, the 

Δplc-2 mutant shows increased resistance to the drug though the intracellular Ca2+ 

response is nearly obliterated. Thus, it seems that events downstream of the 

cytosolic changes in Ca2+ levels ultimately define cell fate in response to 

staurosporine. 

The N. crassa transcriptional response to staurosporine is robustly reduced 

in the presence of 20 mM CaCl2 when compared with standard MM, whereas 

limited extracellular Ca2+ causes alterations in an increased number of genes. 

Thus, different concentrations of extracellular Ca2+ not only lead to distinct 

intracellular Ca2+ dynamics, ROS accumulation and levels of cell death, but also 

seems to be coupled to unique transcriptional profiles. It appears that when 

treated with staurosporine in the absence of Ca2+, cells turn off a diverse array of 

biological processes, because we discovered several enriched functional 

categories in the set of 0 Ca2+-specific repressed genes. This includes the 

enriched repression of genes involved in cell cycle, signal transduction, cell 

growth, anti-apoptosis, cellular polarization, protein fate and the unfolded protein 

response. It is possible that this inactivation of various intracellular pathways 
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explains the inability of cells to cope with the staurosporine insult and consequent 

increased cell death. 

Alterations in gene expression are caused simply by extracellular Ca2+ 

limitation or overload alone. Clearly, N. crassa translates changes in extracellular 

Ca2+ into a transcriptional response. This likely results from the homeostatic 

adaptation to the abnormal Ca2+ environment, i.e., the observed differences in 

gene expression might be triggered after the uptake or release of Ca2+ to balance 

the intracellular levels of the ion. Alternatively, these alterations may be secondary 

to the activity of a surface-localized Ca2+ sensor. Although a sequence homologue 

of the extracellular Ca2+-sensing receptor of animals and plants (318, 319) has not 

been found so far in N. crassa, we cannot exclude that a functional homologue 

exists. It could sense the lack and excess of Ca2+ in the extracellular milieu and 

trigger a signaling mechanism that would culminate in alterations in gene 

expression, similarly to the animal and plant Ca2+-sensing receptor. Given the 

predicted cell surface localization of the two putative novel Ca2+-binding proteins 

NCU08524 and NCU06607 and the growth phenotype of the respective knockout 

mutants under Ca2+ stress, it is tempting to speculate that they could play role in 

Ca2+ sensing. NCU08524 and NCU06607 possess the Ca2+-binding Dx[DN]xDG 

motif, but the exact role of this motif is currently elusive. 

 

 

NDE-1, mitochondrial complex I, MCU and staurosporine-induced cell 

death 

We identified mitochondrial proteins with respiratory activities that mediate 

cell death induced by staurosporine and whose respective knockout mutants 

present abnormal Ca2+ dynamics in response to the drug. This includes the 

NADPH dehydrogenase NDE-1 and the complex I subunit NUO51. A previous 

report has shown that patient-derived fibroblast cells harboring two point mutations 

in NDUFV1, the human nuo51 homologue, and in other genes for complex I 

subunits present altered Ca2+ homeostasis, including a decrease in the basal 

levels of cytosolic and ER Ca2+ as well as a reduced response to bradykinin (436, 

437). It was proposed that the reduced ΔΨm and consequent defective energetic 

outcome due to the mutations leads to an insufficient supply of ATP to Ca2+-
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ATPases required for proper Ca2+ dynamics to occur. Additionally, an increase in 

intracellular Ca2+ and defective mitochondrial buffering of Ca2+ was observed in 

cells with a mutation on the mitochondrial-specific leucine tRNA from patients 

suffering from mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 

episodes (MELAS) syndrome (438). 

We show that a properly working respiratory chain and the accumulation of 

ROS are required for the staurosporine-induced Ca2+ response. It was shown that 

the drug causes a shift in the redox balance of the cells to a more oxidative 

intracellular environment driven by the depletion of GSH (114). This facilitates the 

oxidation of intracellular elements like lipids and proteins, modulates redox 

signaling and ultimately is toxic to the cells. Replenishment of the glutathione pool 

by the exogenous addition of GSH (139) or NAC (114) restores cell viability, 

highlighting the importance of the accumulation of ROS during staurosporine-

induced cell death. Our results indicate that the antioxidant effect of these 

molecules prevent the progress of the cytosolic Ca2+ signaling events triggered by 

staurosporine. 

Importantly, the non-proton pumping and rotenone-insensitive NDE-1 

protein possesses a Ca2+-binding domain (241) and its activity is Ca2+-dependent 

(242). It is conceivable that NDE-1 may sense the mitochondrial levels of Ca2+ or 

act as a regulatory partner of a Ca2+-permeable channel like MCU. We 

emphasized the role of NDE-1, but our data also suggest the involvement of the 

other alternative NAD(P)H dehydrogenases during cell death. Mechanisms of 

compensation occur when cells are deficient in one or more alternative NAD(P)H 

dehydrogenases: double knockout strains for NDE-2 or NDI-1 and complex I are 

unviable (240, 243) and the absence of NDE-2 affects the activity of NDE-3 (244). 

In addition, expression analyses revealed that deletion strains for some of these 

enzymes present altered levels of the genes encoding other members of the family 

(145, 148). The lack of NDE-1 causes upregulation of nde-2 (148), which is 

engaged in the production of ROS (145), consistent with increased ROS formation 

in the Δnde-1 mutant after treatment with staurosporine. 

Alternative NAD(P)H dehydrogenases probably have a regulatory role as 

redox sensors. Different points of view in different organisms converge in the 

concept that the activation of these enzymes is favoured in situations of substrate 

overflow or low energy requirement in order to prevent unnecessary electron 
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transfer through the canonical pathway (234, 250, 285). Uncoupled electron flux 

by the alternative system avoids excessive use of the respiratory chain and the 

concomitant production of ATP and ROS, the latter with presumably deleterious 

effects. In agreement with this, examples exist showing that S. cerevisiae Ndi1 

overexpression in mammalian cells prevents cell death and oxidative stress 

resultant from chemical and genetic inhibition of complex I (254, 284). Quite 

surprisingly, other works show that yeast Ndi1 promotes apoptosis (257, 282) and 

the external alternative NADH dehydrogenases of S. cerevisiae were proposed to 

be a potential source of superoxide radicals (255). Also, amiodarone-induced cell 

death in S. cerevisiae comprises a rise in the cytosolic levels of Ca2+ which causes 

a burst in respiration attributed to an external NADH dehydrogenase, increased 

ΔΨm and ROS production (355). S. cerevisiae lacks complex I and the alternative 

system is different from other fungi because there is an apparent specificity for 

NADH (236, 439). From our data, NDE-1 seems to protect from excessive ROS 

accumulation induced by staurosporine and it was shown that mitochondria from 

the Δnde-1 mutant produces slightly more ROS than wild type when supplied with 

NADH, rotenone or paraquat (145). In A. nidulans, knockout of the nde1 

homologue ndeA renders cells very sensitive to farnesol and this is associated 

with an increased accumulation of ROS (138). This remarkably parallels the 

phenotype of the N. crassa Δnde-1 deletion strain after exposure to staurosporine. 

 

 

Involvement of the N. crassa Ca2+-handling molecular machinery in 

the response to staurosporine 

The screening of Ca2+-handling mutant strains for sensitivity to 

staurosporine revealed a number of proteins likely to be involved in the cell death 

response to the drug. Although further studies are needed to contextualize them in 

the mechanisms of action of the drug, it is probable that NCA-2, a Ca2+-ATPase 

whose respective knockout cells are very resistant to staurosporine, is pumping 

the excess of cytosolic Ca2+ to the vacuoles or extracellular space (347, 440). The 

knockout strain for PMR-1, a Golgi-localized Ca2+-ATPase (441), is also very 

resistant to staurosporine and in yeast, ΔPMR1 knockout cells accumulate much 

less Ca2+ in the ER (442). Lack of these functions in Δnca-2 and Δpmr-1 cells is 
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likely related to the phenotype of the strains upon treatment with staurosporine, as 

both the ER and the vacuoles play an important role during the fungal response to 

staurosporine. It is plausible that the lack of NCA-2 or PMR-1 results in an 

increased accumulation of Ca2+ in the cytosol and this is consistent with the 

observations that high levels of Ca2+ (below a toxicity threshold) protect against 

the effects of staurosporine. Other Ca2+-related deletion strains present altered 

resistance to staurosporine, including Δcse-1, Δcamk-4 and Δstk-16. Knockout of 

cse-1 leads to impaired germling communication and fusion (335) as well as 

increased sensitivity to UV irradiation and Ca2+ (443). Thus, increases in the 

cytosolic levels of Ca2+ after treatment with staurosporine could explain the 

increased susceptibility of Δcse-1 cells. In line with our results, a previous study 

has shown that disruption of camk-4 results in resistance to benomyl, while 

disruption of stk-16 leads to increased sensitivity to fludioxonil, sodium chloride 

and benomyl (444). 

 

 

PLC-2 is required for normal hyphal development 

The N. crassa genome encompasses four putative phospholipase C (δ-

type) genes (314, 315, 393). Of them, only PLC-1 was previously characterized 

and seems to be involved in aspects of cell morphogenesis not involving polarized 

hyphal growth (324). We observed that the absence of plc-2 leads to aberrant 

spore germination and that it plays an important role in hyphal growth. Evidence 

has been previously presented from studies on N. crassa that support IP3-

mediated mobilization of Ca2+ from intracellular ER/Golgi-derived vesicles being 

involved in the maintenance of the tip-high Ca2+ gradient reported to be required 

for hyphal elongation (10). Our results suggest that PLC-2 might be the main 

phospholipase C engaged in this process. Recent observations in other 

filamentous fungi, however, have questioned the presence, and thus requirement, 

of a constant tip-high [Ca2+]c gradient in continuously growing hyphae (323). The 

authors showed that transient [Ca2+]c spikes occur in growing hyphal tips instead, 

but their role in hyphal elongation and whether PLC-2 is important in generating 

these spikes, is as yet unclear. Other studies have shown that deletion of 
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phospholipase C genes in M. oryzae results in defects in other morphogenetic 

processes such as appressorium formation and conidiation (334, 445). 

 

 

4.2) CZT-1 is a novel transcription factor controlling cell death 
and natural drug resistance 

The protein encoded by NCU09974, now termed CZT-1, was not 

considered before in transcription factor-related works in N. crassa, likely because 

only a recent genome annotation added a few extra exons to the gene that include 

a Zn2/Cys6 DNA-binding domain. We show that CZT-1 is a crucial mediator of the 

fungal response to staurosporine both in laboratory strains as well as in wild 

isolates of N. crassa. Transcriptional profiling of the Δczt-1 mutant suggests that 

CZT-1 controls the expression of several genes, affecting diverse processes and 

organelles, including the mitochondria and the ER. This regulatory role is in 

accordance with the transcription factor-related sequence features of CZT-1. The 

presence of a conserved Zn2/Cys6 DNA-binding domain at the N’-terminal portion 

of CZT-1 positions this protein in the zinc cluster family of transcription factors, 

which was found exclusively in fungi, namely in the Ascomycota phylum (446). 

CZT-1 homologues from BLAST searches correspond mostly to uncharacterized 

proteins in diverse fungi, including human pathogens such as A. fumigatus or crop 

pathogens like M. oryzae or Fusarium sp. Within the same species, it appears that 

there are two types of zinc cluster proteins: some with strong homology to CZT-1 

and others with weak homology. Specific CZT-1 sequence features suggest that it 

may belong to a novel divergent subfamily of zinc cluster transcription factors. 

Thus, we consider that our data on the functions of CZT-1 has a broad interest 

and can be the basis of future studies on the role of this uncharacterized group of 

proteins that may have an important role in antifungal responses and drug 

resistance in clinical or economic relevant fungi. 

A large number of zinc cluster transcription factors regulate drug resistance, 

consistent with our observations on the role of CZT-1. Multidrug resistance is 

highly conserved and commonly activated by microbes or cancer cells upon 

exposure to cellular insults. It is the consequence of the extrusion of drugs by cells 

overexpressing pumps of the ABC transporter family or the major facilitator 
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superfamily (446). In C. albicans, the zinc cluster transcription factor Tac1 controls 

the expression of the ABC transporter genes CDR1 and CDR2, which mediate 

resistance to azole drugs (447). In S. cerevisiae, some of these regulators, 

including Pdr1, Pdr3, Yrr1 and Stb5, interact as homodimers and heterodimers in 

order to accomplish their regulatory functions (448, 449).  

Stb5 is an oxidative stress-induced transcription factor that regulates 

multidrug resistance (450) as well as the expression of genes in the pentose 

phosphate pathway affecting NADPH production (451). This may parallel to some 

extent the role of CZT-1 in N. crassa, since the lack of the protein results in a 

higher accumulation of ROS upon insult with staurosporine. Indeed, the deletion of 

czt-1 results in altered expression of several components of the oxidative stress 

detoxification machinery, both basally and after addition of the drug (data not 

shown). In addition, CZT-1 is necessary for the induction of ABC-3, and the ABC-3 

homologue in M. grisea is important for cell survival during oxidative stress (452). 

This may also contribute to the increased levels of ROS in Δczt-1 cells. Our results 

indicate that gene regulation by CZT-1 affects other intracellular events, 

particularly Ca2+ signaling. RNA-seq analyses show that diverse genes encoding 

molecules intervening in intracellular Ca2+ handling are altered in czt-1 mutant 

cells (data not shown). 

We observed that the lack of czt-1 seems to be particularly important for the 

response to staurosporine compared to other tested stimuli (the lack of czt-1 

results in a small increase in sensitivity to phytosphingosine and cinnamic acid and 

resistance to amphotericin B). On the other hand, we tested the susceptibility of 

Δczt-1 to a limited number of drugs and therefore the possibility that CZT-1 is 

essential to provide resistance to other stresses is an open subject. Indeed, the 

expression of czt-1 is induced by a number of compounds and CZT-1 controls 

different ABC transporters, which are mediators of multidrug resistance. Thus, it is 

tempting to speculate that the observed variation in resistance to staurosporine for 

the wild isolates of the fungus may have implications in the response to certain 

conditions present in their natural habitats. 

Natural variation to oxidative stress and drug resistance has been shown in 

other fungi. In S. cerevisiae, clinical and soil isolates from the Pennsylvania (USA) 

tolerate ROS accumulation better than human-associated brewery and vineyard 

strains, soil isolates from North Carolina or fruit populations indicating that 
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response to oxidative stress is an adaptive feature (453). Recently, a GWAS 

associated a quantitative trait nucleotide in RDS2 to increased survival upon 

oxidative stress in a clinical isolate of S. cerevisiae versus a laboratory reference 

strain (454) and RDS2 encodes a zinc cluster transcription factor (450). In the 

plant pathogen B. cinerea, three natural populations of field isolates from 

vineyards in France and Germany exhibiting different mechanisms of fungicide 

resistance were identified (455). In one of these populations, all strains had 

mutations in a zinc cluster transcription factor-encoding gene, mrr1, causing 

overexpression of the ABC transporter AtrB. Resistance to sterol demethylation 

inhibitors and strobilurins in field isolates of Penicillium digitatum and 

Mycosphaerella graminicola, respectively, was also described (456, 457). Our 

work on a subtropical wild population of N. crassa (335, 375) further supports that 

natural variation to drug tolerance occurs and seems to be mediated by zinc 

cluster transcription factors. A GWAS on this population pointed to putative loci 

involved in the process, including the oxidative stress- and cell death-related 

proteins CAT-1 and AMID-2, respectively. 

We showed that expression of different ABC transporters is CZT-1-

dependent. This is likely to be related to the drug resistance regulatory role of the 

transcription factor. Since the inactivation of czt-1 leads to deficiency in several 

drug efflux pumps, it may be a good target to overcome drug resistance. This 

suggestion makes it relevant to characterize, in future studies, the role of CZT-1 

and its homologues in pathogenic organisms. 
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1. Introduction 

 

Albeit an oversimplification, it can be stated that tumorigenesis results from 

an unbalance between cell death and proliferation and deficiency in PCD is an 

hallmark of cancer development (458). It is estimated that more than a half of the 

neoplasms have defects in the apoptotic machinery, from regulators to 

executioners (459). For instance, mutations in the tumor suppressor gene TP53 

encoding the transcription factor p53, which regulates several forms of cell death, 

are commonly found in different types of cancer (460). Thus, modulation of cell 

death in cancer cells can be a powerful strategy for therapy. Indeed, most of the 

chemotherapeutic agents currently used or in clinical trials for cancer treatment act 

by inducing apoptosis (459). 

Previous work from our group has demonstrated that the combination of 

staurosporine with either the mitochondrial complex I inhibitor rotenone or the 

protein tyrosine phosphatase and ATPase inhibitor sodium orthovanadate results 

in a synergistic growth inhibitory effect against N. crassa, A. fumigatus and C. 

albicans (139, 140). Thus, it became of particular interest to study the effects of 

these combinations of drugs as well as to characterize their molecular 

mechanisms in a cancer cell model. For this purpose, we decided to use thyroid 

cancer cell lines with different genetic backgrounds, as thyroid papillary carcinoma 

is the most common endocrine malignancy (461). 

We were able to mimic the synergistic interaction between staurosporine 

and rotenone in thyroid cancer cells and observed that it involves enhanced cell 

death. The characterization of the mechanisms of rotenone indicated that in 

addition to its role as a complex I inhibitor, the drug acts as an anti-mitotic agent. 

Rotenone triggered a plethora of cellular events, including mitotic catastrophe, 

mitotic slippage, cell death and cellular senescence, in which p53 played a pivotal 

role. Using cancer cells devoid of mtDNA we confirmed that the cell death-

inducing ability of rotenone is ROS-independent and uncoupled to its action in the 

mitochondria. The mechanisms of sodium orthovanadate on thyroid cancer cells 

were also studied. Our data indicates that sodium orthovanadate induces typical 

features of cell death, including including DNA fragmentation, loss of ΔΨm, ROS 
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production and activation of caspase-3. We also showed that sodium 

orthovanadate interferes with the PI3K/Akt/mTOR signaling pathway. Three 

publications resulted from this work and are presented in the following pages. 
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Concluding remarks 

 

Simple organisms can be very useful as models for the study of complex 

biological processes, provided that they possess the necessary molecular 

machinery to execute them. In the absence of that machinery, an organism may 

be useful as well, as it can be used as a “clean model” to study the mechanisms of 

specific molecules. With respect to PCD, evidence is accumulating that shows that 

fungi, namely filamentous species, undergo regulated forms of death (46-48). This 

study confirms that the filamentous Neurospora crassa has such an ability, despite 

the fact that much of its molecular mechanisms involved in cell death are still 

unclear. The work presented in this dissertation addresses part of this lack of 

knowledge. 

In this study, staurosporine was used as the main cell death stimulus. The 

drug is a widely used tool in cell death research and a prototype for anticancer 

drugs (177). Thus, characterization of its mechanism of action may impact future 

studies on the fundamental aspects of cell death signaling and on the 

development of therapeutic treatments for fungal infections and cancer. A 

substantial part of this work was devoted to the role of Ca2+ dynamics during 

staurosporine-induced cell death. We observed that staurosporine triggers well 

defined alteration in the levels of cytosolic Ca2+ that involve internal Ca2+ 

reservoirs such as the ER, vacuoles and mitochondria as well as Ca2+ uptake from 

the extracellular medium. In line with the latter, we showed that staurosporine-

induced cell death is robustly modulated by the amount of extracellularly available 

Ca2+, as it affects intracellular events like Ca2+ signaling or ROS production. At the 

molecular level, we emphasized the role of phospholipase C as a pivotal player 

during staurosporine-induced cell death. In the absence of PLC-2, one of the four 

phospolipase C genes encoded by the N. crassa genome, cells exhibit increased 

survival and the staurosporine-induced Ca2+ signature is abolished. Additionally, 

we found that PLC-2 is important for proper hyphal development. Our results with 

specific inhibitors of the phospholipase C-IP3 signaling pathway suggest the 

existence of an IP3 receptor in N. crassa, despite the fact that in silico predictions 

have failed to identify such a protein so far (314, 315). We were able to prove that 

a Ca2+ influx mechanism distinct from the hitherto reported high-affinity (CCH-
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1/MID-1) and low-affinity (FIG-1) Ca2+ uptake systems. Our pharmacological 

approach indicates that, in response to staurosporine, one (or more) channel(s) 

with properties of the transient receptor potential family is (are) activated to 

perform Ca2+ influx. 

We characterized the role of a novel zinc cluster transcription factor, herein 

termed CZT-1 (Cell death-activated Zinc cluster Transcription factor), that is 

induced during staurosporine-induced cell death. CZT-1 controls the expression of 

several proteins that influence different organelles, such as the mitochondria and 

the ER, as well as different cellular activities, including Ca2+ signaling and ROS 

accumulation. Through its transcriptional regulation, CZT-1 confers resistance to 

staurosporine-induced cell death in laboratory strains and in wild isolates of N. 

crassa. 

In order to assess the transcriptional response to stauroporine in a high-

throughput manner, we employed the recent RNA-seq technology. The results of 

these experiments contributed not only to the understanding of the molecular 

pathways involved in the fungal response to staurosporine, but we also anticipate 

that our RNA-seq dataset will be useful as a resource for investigations on 

different aspects of fungal biology. For example, a few genes with altered 

expression in culture medium lacking Ca2+ that may function in cell fusion were 

revealed (Palma-Guerrero J, Gonçalves AP, unpublished results). 

A model illustrating the mechanisms involved in staurosporine-induced and 

phospholipase C-mediated cell death is presented in Fig. 65. We propose that 

after the increase in the [Ca2+]c caused by continuous Ca2+ influx from the external 

medium and release of Ca2+ from the ER, the vacuoles readily sequester the 

excess of cytosolic Ca2+, which may have deleterious effects to the cells. This 

sequestration can occur by means of a Ca2+/H+ antiport system that can be 

indirectly blocked by disruption of the membrane proton gradient when the 

vacuolar H+-ATPase is inhibited with bafilomycin A1 (383, 462). Sequestration of 

Ca2+ through this system seems to eventually saturate, since bafilomycin A1 does 

not block the “C” phase of the staurosporine-induced Ca2+ signature. Interestingly, 

recent reports demonstrated that the vacuolar H+/ATPase is a central mediator of 

cell death in fungal (463, 464) and cancer (465) cells. In S. cerevisiae, cells 

lacking vacuolar ATPase activity are very sensitive even to brief elevations of 



 

Concluding remarks and future perspectives 201 

[Ca2+]c (466). In future studies, it will be interesting to determine the role of the 

vacuolar H+-ATPase in N. crassa cell death. 

Mitochondrial fluxes of Ca2+ also seem to be involved in the response to 

staurosporine. The initial alteration in cytosolic Ca2+ accumulation profile when the 

MCU is inhibited with Ru360 suggests that mitochondria play an early role in Ca2+ 

sequestration. However, Ca2+ peaks “B” and “C” are reduced in the presence of 

Ru360, suggesting that mitochondria are not restricted to sequestration but also 

release Ca2+ directly to the cytosol or the ER through the so-called microdomains 

of contact between the two organelles (289). Interestingly, thapsigargin-treated 

cells generated an opposite response to those treated with Ru360 because the 

amplitudes of the [Ca2+]c transients are higher during phases ‘B” and “C”. These 

results can be explained by the hypothesis that mitochondria and ER exhibit Ca2+ 

crosstalk over long periods by transporting Ca2+ ions between them. The apparent 

paradoxical conclusion that the ER is releasing Ca2+ through an IP3-activated 

channel but sequestering the ion at the same time (especially during phase “B”, 

see the staurosporine-induced cytosolic [Ca2+]c transient in thapsigargin-treated 

cells) could then be explained by a tunneling mechanism by which the ER can 

load with Ca2+ via contact spots between mitochondria and ER and almost 

instantaneously release Ca2+ from regions of the ER rich in IP3-activated channels 

(467). Extracellular Ca2+ uptake continues throughout the whole length of the 

response to staurosporine, as deduced from the experiments involving treatment 

with the Ca2+ chelator BAPTA at different times. 

Our model also illustrates that the extent of staurosporine-induced cell 

death is controlled by the activity of the staurosporine-exporting ABC transporter 

ABC-3 (140). The expression of ABC-3 is in turn controlled by the transcription 

factor CZT-1, which also regulates other ABC transporters, as well as intracellular 

Ca2+ signaling and ROS accumulation. ROS accumulation, which is facilitated by 

the efflux of GSH, is required for staurosporine-induced cell death (114, 139). 

Within mitochondria, alternative NAD(P)H dehydrogenases (particularly NDE-1) 

and specific subunits of the mitochondrial complex I (particularly NUO51, NUO14, 

NUO30.4 and NUO9.8 (139)) are important mediators of staurosporine-induced 

cell death. NDE-1 regulates ROS accumulation and favours cell survival in the 

presence of staurosporine. NDE-1 binds Ca2+, required for its NADPH oxidase 

activity (241, 242), and could possibly behave as a mitochondrial Ca2+ sensor. 
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Figure 65 - Proposed model for the action of staurosporine in N. crassa. 
See text for details. M: mitochondria; ER: endoplasmic reticulum; V: vacuoles; ROS: reactive 
oxygen species; GSH: reduced glutathione; C I: mitochondrial complex I; SOCE: store-operated 
Ca2+ entry. 

 

Using cancer cell lines, the mechanisms of action of staurosporine, sodium 

orthovanadate and rotenone were characterized. In particular, our results indicate 

that rotenone, albeit normally used as mitochondrial complex I inhibitor, is also a 

potent mitotic disruptor. In thyroid cancer cells, we observed that rotenone triggers 

a wide range of effects including mitotic catastrophe, mitotic slippage and cellular 

senescence. The tumor suppressor protein p53 is especially involved in these 

rotenone-induced processes, especially in the extensive cell death that occurs 

following a polyploidy state. 

 

 

 

 

 



 

Concluding remarks and future perspectives 203 

Future perspectives 

 

Our group is very interested in studying how the mitochondrion is involved 

in N. crassa cell death. Given that intracellular Ca2+ is a crucial mediator of 

staurosporine-induced cell death, a mitochondria-targeted version of the Ca2+ 

reporter aequorin has meanwhile been developed and recently transformed into a 

few strans. The mitochondrial targeting of aequorin (mitoAeq) was already 

confirmed by western blots of mitochondrial and cytosolic cellular fractions and by 

functional assays. Preliminary experiments indicated that wild type mitoAeq-

expressing cells accumulate Ca2+ in the mitochondria upon treatment with 

staurosporine. More experiments need to be performed in order to correlate 

mitochondrial and cytosolic Ca2+ dynamics in staurosporine-treated cells. Relevant 

deletion strains such as those lacking the mitochondrial proteins NDE-1 and MCU 

are among the strains transformed with mitoAeq and we intend to understand if 

the altered cytosolic staurosporine-induced Ca2+ signatures on these strains are 

associated with abnormal mitochondrial Ca2+ fluxes. Another aspect of our work 

was the identification of a cell surface channel with properties resembling those of 

the TRP channels. Although our pharmacological approach indicates that a TRP-

like channel promotes the influx of Ca2+ from the external medium, we were not 

able to determine the molecular identity of such a protein. However, we have now 

a few candidate genes that can be screened for deficiency in Ca2+ influx in 

response to staurosporine. 

We observed that expression of different ABC transporters is CZT-1-

dependent. This is likely related to the drug resistance regulatory role of the 

transcription factor. Since inactivation of czt-1 leads to deficiency in several drug 

efflux pumps, it may be a good target to overcome drug resistance. This 

suggestion makes it relevant to characterize, in future studies, the role of CZT-1 

and its homologues in pathogenic organisms. Sequence homology analyses 

suggest that CZT-1 belongs to a novel and divergent subfamily of zinc cluster 

transcription factors. Because of the conservation between CZT-1 and 

uncharacterized proteins from human and crop pathogens it will be interesting to 

extend the characterization of these molecules. 
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Overall, along the way of this PhD project, other remaining “loose ends” 

deserve deeper investigation in the future. For example, we performed screenings 

of numerous deletion strains for sensitivity to cell death-inducing drugs and several 

strains with a phenotype distinct from the wild type have been identified. Since 

these strains lack putative mediators of cell death, it would be certainly interesting 

to perform additional studies in order to clarify how are these elements implicated 

in the molecular mechanisms of PCD in N. crassa. 
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Table S1 in the Supplemental material lists mRNA profiling results and functional 

annotations. Microarray data have been deposited at the NCBI gene expression 

and hybridization array data repository (GEO, http://www.ncbi.nlm.nih.gov/geo/, 

accession No. GSE32451).  
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