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1. Introduction 
 

The differentiation and cell death processes of fungi got into the focus of the 

mycological research in the last few years. Not surprisingly because: The fungi have great 

economical, industrial, medical and ecological magnitude. The better understanding of the life 

cycle of fungi would lead us to new strategy, which can revolutionize the protection against 

fungal infections and biotechnological applications, then again we can obtain valuable 

information about the cell differentiation of higher eukaryotes through the investigation of 

fungi. 

Many interesting results come to light about the function of the fungal G protein 

signaling pathways in the last few years. These signaling pathways very often have crucial 

role in the life cycle of fungi. They play role in maintaining the vegetative growth, regulation 

of asexual and sexual reproduction, development of stress response (Lee et al., 1994; Hicks et 

al., 1997; Adams et al., 1998; Rosen et al., 1999; Chang et al., 2004; Han et al., 2004a, b; 

Lukov et al., 2005; Yu, 2006), moreover they can play a part in the initialisation of apoptosis 

too (Leiter et al., 2005). 

Instead of Aspergillus nidulans is a popular model organism, we know a little about 

the morphological and physiological changes of carbon starving cultures, and the regulator 

mechanisms beyond them. The role of the G protein mediated signalling pathways in the 

regulation of metabolism of the autolysing, carbon-starving cultures is not clear. And 

although it has a practical importance, the regulation of the autolysis and apoptosis or rather 

their connection is unmapped. 

The aim of my investigations was to get acquainted with the morphological and 

physiological changes and the autolytic and apoptotic processes of carbon starving cultures of 

the Aspergillus nidulans, an Ascomycota filamentous fungus, and the importance of the G 

protein mediated signaling pathways in the above procedures. 
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2. Materials and methods 

 

 We used the following strains in our experiments: 

Code of the 

strain 
Genotype of the strain 

FGSC 26 ** biA1, veA1 

FGSC 1035 * 
yA2, fadA

G203R 

RJH046 * 
argB2, biA1, pyroA4, veA1, ∆flba::argB 

RKH51.117 *** 
pabaA1, yA2 

RKH51.09b *** pabaA1, yA2, ∆rgsA::argB
+ 

RMdgB03 *** pabaA1, yA2,  ∆argB::trpC
+ ∆ganB::argB

+
, trpC801 

RKH52.02 *** pabaA1, yA2, ∆rgsA::argB
+ ∆ganB::argB

+ 

FGSC 1079 ** biA1, pabaA1, pyroA1, ∆brlA, veA+ 

FGSC 744 
��

 fluG1, pabaA1, yA2 

 

 During our investigation we used minimal medium or agar (Barrat et al., 1965) 

supplemented with yeast extract, and if it was necessary we added biotin, pyridoxin or para 

amino benzoic acid to the media. Every 100 ml of the culture media was inoculated with 50 

million spores and was cultivated at 37 oC, 180 rpm. 

 After 30 hours we had started the cultivation 0,005 g/l D,L-dihydrosphingosine and 

0,3 g/l phytosphingosine were added to the cultures in order to investigate the apoptosis. 

 For intracellular activity measurements filtered mycelia were washed by distilled 

water, re-suspended in ice-cold 0.1 M potassium phosphate buffer (pH 7.5) and frozen to –20 

°C. Cell disruption was done with an X-press (AB Biox, Göteborg, Sweden), and the cell 

debris was separated by centrifugation at 10,000 g at 4 °C.  

 The enzyme activities (glucose-6-phosphate dehydrogenase (G6PD), NADP-specific 

isocitrate dehydrogenase (NADP-ID), catalase, superoxide dismutase (SOD), glutathion 

reductase (GR), glutathione peroxidase (GPx) – except γ-glutamil transpeptidase (γGT) 

activity – were measured by rate assay method (Roggenkamp et al., 1974; Chiu et al., 1976, 

Pinto et al., 1984; Oberley et al., 1984; Bruinenberg et al., 1983; Emri et al., 1994). 

The reaction compound contained the followings during γGT measurement: 20 mmol/l 

glycin-glycin, 1 mmol/l γ-glutamil-p-nitroanilide and 50% (v/v) sample. The reaction samples 
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were centrifuged after 1 hour incubation on RT, and the amount of disengaged p-nitroanilide 

was measured by the changes of the absorbance (Emri et al., 1997). 

The protein content of the samples was determined with the Folin reaction modified 

by Peterson (1983). 

In order to define the glutathion (GSH) and glutathion-disulfide (GSSG) content of the 

cells, the cell disruption was carried out by 5% (w/v) 5’-sulfosalicic acid. 

To measure the oxidized glutathion content (GSSG) of the cells we used Anderson’s 

„rate assay” method (1985). The reduction of DTNB was tracked photometrically on 412 nm. 

The GSH content of the sample was depleted by treatment with 2-vinilpiridin (Emri et al., 

1997). 

 The determination of the GSH content was carried out using Anderson’s method 

(1985) too, in such a way that the whole glutathion content (GSH+GSSG) was measured 

(without 2-vinilpiridin treatment) and in view of the GSSG concentration we were able to 

calculate the GSH content (Emri et al., 1997). 

 The cells were disrupted with the method described before at the GSH/GSSG 

concentration determination during the measurement of the superoxide and peroxide content 

of the cells. 

 The superoxide and peroxide production of the cells was investigated by adding 

dihydroethidium and 2’,7’-dichlorofluorescein-diacetate to the cultures and measuring the 

generated ethidium (Et) or 2’,7’-dichlorofluorescein (DCF) concentration with fluorimeter 

(Carter et al., 1994). 

The determination of the glucose content of the media was carried out by Leary’s “rate 

assay” method (1992). 

The ammonia concentration of the media was determined by OP-NH3-7113-S type 

ammonia-sensitive electrode (Pusztahelyi et al., 1997). 

The viability of the cultures was characterized with their MTT reduction ability. The 

mycelia were re-suspended in fresh media containing 5 mg/ml MTT (Metil thiazol 

tetrazolium) and shaken for 4 hours on 37 °C, then, the amount of the generated MTT 

formazan was determined photometrically (Lee et al., 1999). 

 The respiration of the cultures was determined with OXY 320 type polarographic 

oxygen electrode. The measurement of the alternative respiration was carried out in the 

presence of KCN, which inhibits the cytochrome dependent pathway, and the remaining 

activity was regarded the alternative respiration (Bahr and Bonner, 1973). 
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 To determine the dry cell mass (DCM) 5 ml of the culture was filtered through 

sintered glass filter and it was dried to consistence weight. The filtrate was used in chitinase 

and proteinase activity determination (Pusztahelyi et al., 1997). 

 Chitinase activities were measured with carboxymethyl-chitin-remazol brilliant violet 

(Loewe Biochimica, Sauerlach, Germany) substrate from culture filtrates or soluble 

intracellular samples (Emri et al., 2004). 

 Azocasein was the substrate in the extracellular proteinase activity determination. The 

amount of the disengaged colourful product was measured photometrically (Pusztahelyi et al., 

1997). 

 The morphology of hyphae, pellets and cells was investigated with a OLYMPUS BH-

2 microscope equipped with SPlan 20NH phases contrast objective, and with a Carl Zeiss 

Labovar4 phases contrast microscope (Sipiczki et al., 1998). 

To investigate changes in the morphology of nuclei, mycelia were collected, re-

suspended in 70 v/v % ethanol for brief fixation and permeabilisation, were stained with 

DAPI (4’,6’-diamidino-2-phenylindole) solution and observed under epifluorescence 

microscope (Moreno et al., 1991). 

 The phosphatidylserine exposure on protoplast (Tilburn and munkatársai, 1983; 

Vágvölgyi and Ferenczy, 1991) surface was determined by Annexin V assay using 

Vybrant Apoptosis Assay Kit (Molecular Probes, Eugene, OR, USA) (Leiter et al., 2005). 

The protocol also included propidium iodide staining for filtering necrotic cells, and only 

Annexin V positive but propidium iodide negative protoplasts were regarded as “apoptotic”.  

To identify cells undergoing DNA fragmentation, protoplasts were subjected to 

Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick End Labelling (TUNEL) using 

the APO-BrdU™ TUNEL Assay Kit (Molecular Probes, Eugene, OR, USA) according to the 

manufacturer's instructions. Nucleus-containing protoplasts were counted using DAPI 

staining, and ratios of TUNEL positive and DAPI positive protoplasts were calculated 

(Mousavi et al., 2003; Leiter et al., 2005). 

For RT-PCR RNA was extracted from frozen, lyophilized mycelial mats by TRISOL 

treatment (Invitrogen, Lofer, Austria) as recommended by Chomczynski (1993). The total 

RNA was DNase treated and only then used for RT-PCR. The RNA concentration was 

determined spectrophotometrically (λ=280/260). The RNA was run in 1 % agarose gel for 

quality checking. 
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 RT-PCR reactions employed QuantiTectTMSYBR®Green RT-PCR Kit (Qiagen, 

Hilden, Germany) and were carried out according to the manufacturer recommendations with 

400 ng of RNA per reaction, 2.5 mM of Mg2+ and 0.5 µM gene specific primers. 

The following oligonucleotide PCR primers were employed: 

7. catA F: 5’-CAA ACG CTC CGC CAT CTA C-3’ 

R: 5’-CTT GAG GTG CCC GAA TGT C-3’ 

8. catB F: 5’-CCG AGC CCG ACA ACA CTT AC-3’ 

R: 5’-GTT CAG CGA CGA CAA TGA CG-3’ 

9. catC F: 5’-CAG AGC AAG CCG AGA AGT TC-3’ 

R: 5’-CAA GGT GGG AGG GAG AGA AG-3’ 

10. prtA F: 5’-TTC TGT CCG TCA AGG TTT TC-3’ 

R: 5’-TGA AGG CGT AAG AGT ATC CAC-3’ 

11. prtB F: 5’-GCT TGA ATC TCC TCT GTT TGC-3’ 

R: 5’-GTC CAA CCA CCG TAG AAG AAG-3’ 

12. chiB R: 5’-CGGGACGAAGGATCATACG-3’ 

F: 5’-TGGTCACCAGGCGAATCTC-3’ 

 To check the homogeneity of the RT-PCR products, the PCR products were subjected 

to agarose gel-electrophoresis and the melting temperatures were also determined. 
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3. Results 

 

Pellets were observed in the cultures of wild strains of the Aspergillus nidulans after 

stationary growth phase. Longer or shorter hypha fragments had appeared and later converted 

into “yeast-like” cells in the cultures of wild strains, similarly experienced in Penicillium 

chrysogenum. These “yeast-like” cells composed a living part of the culture.  

Forasmuch the morphological changes observed in Aspergillus nidulans cultures are 

general and can be experienced in other filamentous fungi, like wild strains of Penicillium 

chrysogenum and other Penicillium and Aspergillus species, the large amount of the “yeast-

like” cells, which were produced by the industrial Penicillium strain, can be a side effect of 

the selective breeding. 

The autolysis could be characterized, among others, by the induction of the 

extracellular hydrolytic enzymes. The increase in the chitinase production correlates with the 

decrease of the biomass and the fragmentation of the pellets and hyphae. The product of the 

chiB gene is responsible for the main part of the chitinase activity in autolysing cultures. 

The increase of the ammonia concentration and proteinase activity shows that cells 

used amino acids and amino-carbohydrates as energy source after depletion of glucose fund. 

The changes of the proteinase production could be a result of the altered prtA expression. 

We found no correlation between the proteinase activity and the autolysis of the 

cultures. It can be interpreted by the involvement of the hydrolytic enzyme in the mobilization 

of nutrients. 

 The induction of the hydrolytic enzyme production is an important evidence for the 

idea that the autolysing cultures generate de novo the needful enzymes. 

 The rate of the cyan-resistant respiration had decreased during the stationary and early 

autolytic phase then it increased again in the late autolytic phase. It shows that there are great 

changes in the mitochondria, which is the most important free radical generating cell organ. 

 The G6PD activity decreased steadily, while another NADPH generating enzyme, the 

NADP-ID production increased. It seems that the role of pentose-phosphate cycle in NADPH 

production is markedly reduced, while the role of the NADP-ID grows in the aging cultures. 

 After the ROS accumulation an increase was observed in the CuZn- and Mn-

superoxide dismutase, as well as GPx and catalase activity. The CatB could stand beyond the 

changes of the catalase production in autolysing cultures. Remarkable redox changes take 

place in carbon starving, aging cultures. 
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 Fast decrease of the GSH and GSSG concentrations are observable in autolysing 

Asperglllus nidulans cultures. The shrinkage of the GSH/GSSG ratio was not caused by the 

oxidation of GSH or infiltration of GSH into glutathione S-conjugates. The reason of the 

decrement in the GSH concentration can be: 1. mobilization of GSH by γGT, 2. acceleration 

of the amino acid transport through the cell and vacualar membranes. 

 We observed apoptotic-like cell death during the stationary and early autolytic phase, 

which was escorted by decreased biomass and viability. 

 FadA
G203R, ∆flbA together with ∆ganB, ∆rgsA and ∆ganB∆rgsA mutations did not 

caused significant changes in the measure of autolysis. Although the effect of FadA and GanB 

pathways on autolysis was found negligible, the FadA pathways caused numerous changes in 

the morphology of the fungus and both signaling pathways substantially influenced the 

physiology. 

 Mutations of these G-protein pathways generated remarkable changes in the protein 

production. The fluctuation of expression of prtA gene stands at least partially in the 

transcriptional background of the mentioned changes. 

 Our findings and other result with fadA, sfaD (Gβ) and gpgA (Gγ) deletion mutants 

suggest that the FadA pathway directly takes a part in the regulation of extracellular 

proteinases, while the GanB pathway controls them indirectly through Gβγ subunits. 

The γGT activity changes of the mutant strains differed notably from the measured 

activity at the control strains. The changes of γGT activity were barely traceable or not 

traceable in the intracellular GSH and GSSG concentration changes. The joint SfaD-GpgA 

complex, namely the Gβγ subunit, migth activate the γ-glutamil transpeptidase production. 

The catalase production decreased slower in the ∆rgsA strains cultures than in the 

control strains, while the ∆ganB∆rgsA strain showed transient behaviour. The ∆rgsA protein 

expresses its effect on the catalase production, at least partially, through the inhibition of catB 

expression. 

The GPx activity was lower in the culture of ∆rgsA mutant strain, while in the cultures 

of the other mutants it was higher than in the control stains. The ∆flbA mutation decreased, 

the fadA
G203R

 increased the GPx production. The two RGS proteins induce, while the 

Gα subunits inhibits the GPx production. The accumulation of free radicals instead of the 

altered antioxidant enzyme levels, did not change. The antioxidant mechanisms are proven 

under a G-protein mediated regulation. 
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The brlA and fluG mutants showed non-autolytic phenotype. The FluG pathway is 

indispensable not only for the iniciation of the sporulation but for the start of the autolysis. 

One of the main importance of the autolysis is to liberate nutrients through degrading one part 

of the cells. High proteinase production was shown by the ∆brlA mutant, which is related with 

the connection between the FluG and FadA pathways. 

The investigated non-autolytic phenotype is profitable in the industrial point of view 

and supports the idea, that the hypha fragmentation is an active, enzymatic process and not 

only a side effect of the shaking and stirring. 

Instead of the non-autolytic phenotype the fluG and ∆brlA strains have almost the 

same cell death rate and viability as the control strains. Sphingosine derivatives induced the 

apoptosis in aging Aspergillus nidulans cultures. The sphingosine treatment, used during the 

stacionary phase, although it doubled the number of the apoptotic cells, had no effect on the 

autolytic markers. There are two processes in autolytic cultures: 1. cell death, 2. breakdown of 

dead cell materials. 
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4. Summary 

 

Most of the mycological investigations dealt with the studying of growing, exponential 

phase cultures. Only a few studies examine the morphological and physiological changes of 

the carbon starving cultures and the regulation that lies behind. This is surprising, because the 

starving of carbon sources is one of the most common stress situations both in the nature and 

in industrial conditions. Many enzyme and metabolite, which have great practical importance, 

are produced in carbon starving conditions; moreover the better understanding of the cell 

death processes occur during carbon starvation can lead us results which can be useful in the 

protection against fungi. In the center of my investigations was the study of the carbon 

starving cultures of Aspergillus nidulans, as model organism, and the better understanding of 

the morphology, physiology and cell death processes of the carbon starving cultures. During 

my work the role of the heterotrimer G protein mediated pathways in carbon starving cultures, 

had great accent. 

The morphology of the Aspergillus nidulans cultures was very altered from the 

industrial Penicillium chrysogenum strain, examined former at our department (Pusztahelyi et 

al., 1997; Pócsi et al., 2007). The pellets disintegrated slowly and the cultures preserved their 

filamentous morphology after the carbon source had depleted at Aspergillus nidulans. 

Although the “yeast-like” cells, observed at Penicillium chrysogenum, appeared but they 

never became dominant. The changes observed at Aspergillus nidulans can be considered 

general by the literature (Pócsi et al., 2007), while the specific morphology noticed at 

Penicillium chrysogenum is probably a side effect of the industrial breeding.  

 Instead of the essential morphological differences the physiological changes observed 

in carbon starving cultures (ROS accumulation, antioxidant enzyme production, induction of 

apoptotic and autolytic processes, extracellular hydrolase production) were similar to the 

noticed at Penicillium chrysogenum (Sámi et al., 2001). Some elements of the phenomena 

observed by us were demonstrated at other fungi (Munkers and Minssen, 1976; Dufur et al., 

2000; Jakubowski et al., 2000; Gyetvai et al., 2006). All these investigations suggest us that 

well regulated, complex physiological changes occur in carbon starving fungi cultures. That’s 

why the carbon starving cultures can not considered as mass of declining, necrotic cells, but 

we can speak about cultures which can actively defend themselves against stress situation and 

they are able to survive it (Winderickx et al., 2003).  
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 Based on our investigations the FadA/FlbA and GanB/RgsA pathways not only 

effected an the germinating spores and the physiology of growing hyphae, but the operation 

of the carbon starving cultures as well (Adams et al., 1998; Chang et al., 2004; Lafon et al., 

2005). Their regulative role was significant in the production of extracellular proteinase 

(prtA), in the induction of γGT and GSH degradation, furthermore via the production of some 

antioxidant enzyme – GPx, catalase (catB) – in the creation of ROS. Surprisingly the above 

heterotrimeric G protein mediated pathways did not influence notably the autolysis of the 

cultures. 

 Instead of the FadA/FlbA and GanB/RgsA pathways the FluG-BrlA pathways 

responsible for the sporulation (Adams et al., 1988; Lee and Adams, 1994b, 1996; D’Souza et 

al., 2001) were essential in the regulation of the autolysis. These pathways influenced the 

decrease of the DCM, the production of extracellular chitinase (chiB) and the fragmentation 

of hyphae (pellet disintegration, creation of “yeast-like” cells) too. Based on our experiments 

the autolysis and the sporulation are linked closely together, and regulated by the FluG-BrlA 

pathway. One of the main physiological importance of the autolysis in carbon starving 

cultures is probably that it liberates nutrients through the degradation of some cells, which can 

be used by the autolysing cells to produce conidia after the depletion of the carbon source. As 

the result of this procedure even the whole vegetative biomass can be utilized for conidia 

creation. The fungus can reach new productive areas via the conidia, which is a propagator 

formation. The conidia as persistent formation can ensure survive of the colony after the 

depletion of the nutrients. 

 Surprisingly the mutations of the fluG-BlrA pathway did not influence nor the 

expression of the apoptotic markers neither the cell death, even the induction of the apoptosis 

was not followed by increased autolysis. According these we could not find close relationship 

between the expression of the autolytic phenotype, the decrease in the vitality of the cultures 

and the apoptotic processes. This means in the same time, that the cell death is not caused by 

the autolyis (expression of autolytic phenotype) in carbon starving cultures, but it mobilizes 

the materials of the dead cells. Two procedures welter in the autolysing cultures: 1. the 

destruction of the cells (the decrease of the vitality of the cultures, the expression of the 

apoptotic markers), 2. disassembly of the materials of the dead cells (expression of autolytic 

phenotype). The importance of the different regulation of the cell death and cell wall 

degradation is unknown. A possible explanation is connected to the morphology of the 

fungus: the remarkable part of the materials of the dead cells does not flow away thanks to the 

cell wall, but remains easily accessible for the neighbour, living cells. In this way the cell 
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death is not accompanied necessarily by cell wall disintegration and the fungus can reuse its 

substance more effectively.  

 My examinations led me to several results, which are worth to go over in practical 

aspects: I have demonstrated, that the hydrolyse enzymes are produced de novo during the 

autolysis, namely over production of these enzymes can be generated by the induction the 

autolysis in the industry. I have proved through the phenotype of the fluG1 and ∆brlA strains, 

that the fragmentation of the hyphae is an active process and not a consequence of the 

mechanical shearing forces caused by the stirring and shaking. Namely the morphology of the 

cultures can be manipulated by the regulation of the activity of the adequate cell wall 

degrading enzymes. The phenotype of the fluG1 mutant is a good example to that how we can 

create an industrially beneficial strain with the inactivation of only one gene: The cultures, 

which are stable for long time and keep their intact pellet morphology after depletion of the 

carbon sources, remain well shakeable and efficiently filterable even when they are old. The 

lack of the proteinase enzyme production can hinder the proteolytic degradation of the 

product at the same time. 
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The role of the G protein mediated and the FluG-BrlA mediated pathways in the life cycle and 

metabolism of Aspergillus nidulans (Seo et al., 2006; Yu, 2006). 
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