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Abstract. 
Knowledge on the functions, cooperation, and interplays of the signaling and regulatory pathways of filamentous fungi is crucial when their industrial performance is improved or when new-type antifungals are developed. Many research groups aim at a deeper understanding of vegetative growth signaling because this cascade also influences other important physiological processes including asexual and sexual developments, autolysis and apoptotic cell death as well as the production of a wide array of important secondary metabolites. This review also focuses on how this signaling pathway is interconnected with other signaling cascades setting up a robust but delicately regulated signaling network in the Aspergilli.
 

1. Introduction
Almost 50% of the known fungi and around 80% of the human pathogen fungi are phylogenetically related to Ascomycetes [1]. Moreover, many species of the Aspergilli possess medical and/or industrial importance; for example, they have large capacities of extracellular hydrolytic enzyme, food ingredient, or antibiotic productions [2]. Considering the most studied species within this genus, Aspergillus niger can play a role as an opportunistic pathogen in humans [3], though its real importance is in industrial-scale citric acid production [4], which is higher than one million tons per year [5]. A. oryzae is a well-known “generally regarded as safe” (GRAS) organism in food fermentation industry, for example, in traditional sake, tofu, and acetic acid productions. A. fumigatus is a specialized opportunistic human pathogen, which is a saprophytic organism [6–8] with air-spread conidiospores [9, 10]. It is characterized by abundant spore production as, from every conidiophore, thousands of small (2-3 μm diameters) conidia are released and are able to reach the alveoli in lungs [11]. With increase in number of immunosuppressed patients and modern immunosuppressing therapies [12–14], this fungus became very dangerous especially in developing countries [15–19]. Although A. fumigatus is considered as the most dangerous fungus causing higher than 90% of human aspergilloses [8, 20–24], other species are also potential pathogens; for example, A. flavus, A. terreus, A. niger and even A. nidulans can also cause human illnesses [24]. Moreover, A. nidulans is a well-known genetic model organism within the Aspergilli with an enormous background database (http://www.aspgd.org/) on its genetic and biochemical properties.
2. Vegetative Growth Signaling
The growth of A. nidulans is regulated via the FadA-dependent signal transduction pathway, where FadA is part of a heterotrimeric [FadA(Gα)::SfaD(Gβ)::GpgA(Gγ)] G-protein [25, 26]. All heterotrimeric G-proteins, which are functionally well conserved in the Aspergilli, have a central role in physiological and biochemical responses to various external stresses. When FadA is in an active GTP-bound state and the heterotrimer has disassociated to FadA-GTP and SfaD::GpgA dimer, they activate an array of downstream effectors and initiate and maintain vegetative growth [25–27] partly through PkaA cAMP-dependent protein kinase A [28, 29], while downregulate asexual and sexual development and sterigmatocystin (ST) production (Figure 1).











	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	


	
		
			
			
				
			
		
	


	
		
		
			
		
	



	
		
		
		
		
	


	
		
		
			
		
	


	



	
		
		
		
		
	



	
		
		
		
		
	


	
		
			
			
				
			
			
				
			
		
	




	
		
		
		
		
	


	
		
		
		
	




	
		
		
		
		
	



	
		
		
		
		
		
	


	
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
			
		
	






	
		
		
		
		
		
		
		
		
	





	
		
		
		
		
	


	
		
		
			
		
	



	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
			
		
	




	
		
			
			
				
			
		
	


	
		
		
		
		
		
		
		
		
		
	




	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
			
			
				
			
		
	




	
		
		
		
	




	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
			
		
	



	
		
		
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	



	
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
		
	


	
		
		
		
	



	
		
		
		
		
	



	
		
		
		
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
	


	
		
		
			
		
	



	
		
		
		
		
	


	
		
		
			
		
	




	
		
		
		
		
	



	
		
			
			
				
			
		
	




	
		
		
		
		
		
	


	
		
		
			
		
	













	
		
		
		
		
	















Figure 1: Schematic picture of the cooperation network and interplays of the vegetative growth signaling pathway with the asexual and sexual development signal transduction pathways. Connections to the velvet complex, especially to VeA, are also presented. AflR, the regulatory transcription factor of toxic sterigmatocystin/aflatoxin biosynthesis, is also connected to vegetative growth signaling through PkaA. ESF: extracellular sporulation factor; P: phosphorous. 


Growth signaling through FadA is regulated by FlbA RGS protein [30]. G-protein signal transduction pathway regulators (RGS: regulators of G-protein signaling) have enormous importance out of the several other regulatory mechanisms [26]. Active flbA regulates negatively mycelial growth [25–27] and supports asexual conidiophore development [29, 30] (Figure 1) by significantly increasing FadA-GTPase activity, and, therefore, FadA-GTP rapidly converts to FadA-GDP inactive form [30]. In A. fumigatus, FlbA-mediated signaling also controls the expression and activity of gliotoxin oxidoreductase/thioredoxin reductase (GliT) and exhibits enhanced tolerance to gliotoxin toxicity [31]. Moreover, the FlbA-mediated control of growth signaling results in the downregulation of cellular responses associated with detoxification of reactive oxygen species (ROS) as the flbA deletion mutant strain displays enhanced superoxide dismutase activity and increased resistance to oxidative stress caused by menadione and paraquat [31]. The requirement for FlbA in asexual sporulation could be bypassed by gene deletion of a phosducin-like protein (phnA), indicating that PhnA functions in FlbA-controlled vegetative growth signaling. PhnA is part of the SfaD::GpgA mediated signaling, which is needed for normal proliferation, sexual sporulation, ST production, and the inhibition of asexual conidiogenesis [32].
3. Asexual Sporulation
Conidiation is a common and complex process in the Aspergilli, where large numbers of conidia (asexual spores) develop on conidiophores [29, 33, 34]. Conidia are characterized with low metabolic activity and water content [33, 35]. Two phases of the asexual reproduction cycle can be separated, vegetative growth and development. After germination of a conidium, ascomycetous colony is formed, which consists of apically pluripotent hyphae that grow radially and produce undifferentiated filaments called mycelia [33, 35]. Behind the peripheral area in superficial hyphae, changes in gas concentrations (O2/CO2 ratio) [36] and illumination [37] induce differentiation and conidiophore development. Any stress conditions like nutrient shortage, osmotic or salt stress [37–39], which do not support growth, induce conidiophore development, which itself deeply affects the metabolic pattern of the colonies through increasing secondary metabolite production in aerial hyphae and intensifying autolytic processes [37, 40]. The early regulator of the conidiophore development is BrlA, a C2H2-type zinc finger transcription factor [33, 41]. Activation of brlA is crucial in conidiophore development and conidia production. BrlA as well as the downstream AbaA [42, 43] and WetA [44] transcription factors together fulfill the role of the central regulatory pathway of conidiation [44–46] (Figure 1), which affects conidiophore development and transcription of genes required for conidiogenesis [29, 33, 46]. The proper timing of the expression of the regulators is of pivotal importance for the proper conidiophore development [46]. At any culture time, increased brlA expression activates simple conidiophore development with conidiospore production [41]. The expression of brlA in vegetative cells leads to the activation of abaA and wetA genes, the cessation of vegetative growth, cellular vacuolization, and conidiogenesis [44]. Importantly, expression of abaA in vegetative cells does not result in conidial differentiation but leads to activation of brlA and wetA, cessation of vegetative growth, and accentuated cellular vacuolization [44]. Upstream of BrlA, a set of Flb proteins, FlbB [47, 48], FlbC [49], FlbD [50, 51], and FlbE [52], can be localized (Figure 1), which all regulate brlA gene activity. Besides having role in signal transduction in nuclei, FlbB and FlbE are also functioning as a dimeric sensor protein at hyphal apices [53]. In the nuclei, FlbB and FlbE are necessary for the proper laeA (a nuclear regulator from the velvet complex (reviewed in [54])) expression, gliotoxin production [47], and the virulence of A. fumigatus [55]. The velvet complex is a conserved fungal transcriptional heteromer that couples regulation of secondary metabolism with sexual development in fungi. The function of the flb genes is under FluG activity [29, 33–35, 46, 56–59] and velvet complex regulation [29, 46] (Figure 1) control. Intensive research revealed a high homology between the conidiophore development regulatory pathways in A. nidulans and A. fumigatus, where the elements of the central conidiation regulatory pathway and their regulation through BrlA were identical but the upstream regulatory elements were different [57, 58]. In A. oryzae, investigation of deletion mutants of the fluG, flbB, flbC, flbD, flbE, brlA, abaA, and wetA homologues proved that the activities of the deleted genes are essential for the conidiogenesis [59], similar to A. nidulans. The Ca2+-dependent CnaA/CalA-CrzA (calcineurin and a C2H2-type transcription factor) regulatory pathway of cation homeostasis maintenance also strongly affects conidiogenesis as well as cell wall structure [60–63]. Both the vegetative growth and the asexual development of the ΔcrzA mutants were hypersensitive to increased calcium concentrations in A. parasiticus [64]. The A. fumigatus ΔcrzA mutants had reduced asexual sporulation with decreased AfbrlA and AfwetA gene expressions during asexual development, which indicated possible calcineurin-dependent functions [61, 65]. Interplay between cation homeostasis maintenance and vegetative growth signaling via the SfaD (Gβ) subunit of the heterotrimeric G-protein and the FlbA RGS protein was also demonstrated in A. nidulans, where deletion of sfaD suppressed reduced conidiation observed in a ΔcnaA mutant strain [62]. 
4. Regulation of the Switch from Vegetative Growth to Conidiation
Regulatory elements building up response to environmental changes, regulating vegetative growth cessation, and being responsible for the induction of autolysis and secondary metabolite production were also identified (reviewed by [29, 46]). Conidiation in A. nidulans is induced by exposure to red light but can also be induced by blue light in certain mutant strains [66–68]. The VeA protein from the velvet complex (Figure 1) [37] integrates red and blue light signals, regulates developmental response to light [37, 66–68], and affects asexual and sexual reproduction [37, 66]. VeA is a global regulator of sclerotia and secondary metabolite productions [46, 66], and it is also important in the biosynthesis of mannoproteins [69]. FluG codes for a constitutive cytoplasmic protein that shows high homology with prokaryotic glutamine synthetase I [70], and it produces highly diffusible compounds like dehydroaustinol and other yet unidentified molecules in A. nidulans [71]. Presumably, TmpA, a membrane-bound oxidoreductase is also involved in the synthesis of the developmental signal molecules [72]. Recently, an interaction between fluG and VeA was proposed, which influence the production of the signal molecules and, hence, may regulate the initiation of conidiation [73]. Meanwhile the effect of VeA on autolysis and vegetative growth through the modulation of fluG gene expression has remained presumptive [46], VeA controls the expression of the conidiation-regulatory gene brlA [68]. The veA1 mutation, which allows asexual development in the dark, was suppressed by mutations in the fluG locus, and these double mutants did not form conidia in the absence of light [73, 74]. Under conditions which promote conidiation in the veA1 suppressors, no extracellular conidiation signal could be detected [73]. In A. flavus, such extracellular meroterpenoids were not found, suggesting that the function of FluG and the signaling pathways related to conidiation are different in the two Aspergillus species [75]. Extracellular dehydroaustinol, assisted by the orsellinic acid derivative diorcinol [71], is required to inhibit the repressive effect of the transcription factor SfgA on conidiation in A. nidulans [76] (Figure 1). It is worth to mention that transcription factor FlbB was also shown to produce a second and yet unknown diffusible signal, acting downstream from the FluG factor in A. nidulans in the induction of the conidiation [48]. Consequently, the signal molecules activate an array of developmental inducers through the activation of the flbC and flbD genes in actively growing cultures [56, 57], which initiate the switch from vegetative growth to conidiation by the upregulation of FlbA RGS protein [33, 56–58]. Another RGS protein, RgsA, also influences positively asexual sporulation and meanwhile downregulates conidial germination through GanB (Gα) dependent heterotrimeric G-protein signaling [77]. RicA, which is a putative GDP/GTP exchange factor for G-proteins in A. nidulans and A. fumigatus, can physically interact with GanB, mediates growth and developmental signaling primarily through GanB and PkaA in A. nidulans. The deletion of ricA resulted in severely impaired colony growth and decreased conidiation [78].
Loss of function mutations of fluG and flbA resulted in the appearance of undifferentiated mycelia in “fluffy” colonies. However, at least under nutrient deprivation, fluG mutants still produced some conidia [79], which indicated that the activation of brlA may also occur in a FluG-independent manner. In A. flavus, deletion of fluG yielded strains with an approximately 3-fold reduction in conidiation and a 30-fold increase in the formation of sclerotia, indicating that FluG exerts opposite effects on the signaling pathways of these developmental processes. The altered conidial development was attributed partly to the delayed expression of brlA [41, 75]. The nutrient-dependent regulation of conidiation may also lead to the derepression of brlA [80, 81], which even in the absence of fluG is regulated through growth intensity and nutrient availability [70]. The function of FlbA in the regulation of brlA expression has also been demonstrated because overexpression of flbA using an inducible promoter resulted in misscheduled expression of brlA and caused hyphal tips to differentiate into spore-producing structures [82].
5. Regulation of Sexual Development
During sexual development two distinct structures are observable in A. nidulans (sexual stage name: Emericella nidulans): Hülle cells and cleistothecia (reviewed in [83]). FadA::SfaD::GpgA heterotrimeric G-protein has a regulatory role in sexual reproduction as well. SfaD::GpgA heterodimer is the primary signaler for sexual development. Dominantly activated fadA mutants do not produce any sexual reproductive formations, and continuously activated FadA and SfaD growth signaling represses both sexual and asexual development. SfaD (Gβ) and/or GpgA (Gγ) subunits regulate negatively Hülle cell formation [25, 32], and, similarly to the sfaD deletion mutant [25, 27], the ΔgpgA mutant of A. nidulans is unable to produce any cleistothecia in self-fertilization [25]. The ΔgpgA mutation suppressed developmental and morphological defects caused by the deletion of flbA [25]; however, it could not bypass the need for the early developmental activator FluG in asexual sporulation, suggesting that GpgA functions in a separate signaling pathway [25].
NsdC encoding a putative C2H2-type transcription factor [84] and nsdD coding for a putative GATA type transcription factor [85] are key regulators, which are required for proper sexual development in A. nidulans. Their homologs in A. flavus are also required for production of asexual sclerotia, normal aflatoxin biosynthesis, and also conidiophore development. Deletion of these genes results in conidiophores with shortened stipes and altered conidial heads [86]. The phnA deletion mutant was severely impaired in sexual reproduction [32], and requirement for PhnA in cleistothecium development was not due to the altered expression of nsdD [85]. The RGS protein FlbA regulates both asexual and sexual development via the activation of brlA and the derepression of nsdD and/or esdC [85]. The activation of esdC coding for the regulator gene of early sexual development at first needs FadA inactivation, and, later, it is regulated by VeA [37, 68] besides the heterotrimeric G-protein [87] (Figure 1). In A. nidulans, deletion of nsdC resulted in retardation in vegetative growth and in hyperactive asexual sporulation because NsdC is not only necessary for sexual development but also inhibits asexual sporulation. NsdC regulates sexual development independently of VeA or NsdD in A. nidulans [84]. 
6. Regulation of Autolysis
Nutrient recycling through autophagy is the first type of starvation-induced programmed cell death before induction of more detrimental cell-death processes such as cellular degradation, autolysis, and apoptotic cell death [88–91]. These processes are energy dependent [40, 92], and their regulation is more complex and more sophisticated than that of necrotic cell death processes. Well conserved constitutively active autophagy plays an important role in cellular homeostasis by efficient removal of damaged organelles and the regulation of cell death. Autophagy is strongly induced by the limitation of nutrients including carbon, nitrogen, and oxygen. The induction of autophagy is a hallmark of carbon-starved aging fungal cultures, and carbon recycling can result in secondary growth of viable cells [80, 93]. 
Autolysis has been generally used to describe hallmarks of aging cultures including declining biomass, increasing extracellular ammonia concentration, hyphal fragmentation, and increasing extracellular hydrolase activities [94]. In aging hyphae, vacuolization and increased intracellular and extracellular hydrolytic enzyme activities can be observed, which are followed by the degradation of cell wall constituents and cellular organelles [94, 95]. Autolysis contributes to the survival of filamentous fungi under harsh environmental conditions like carbon shortage. Cell wall degradation and conidiation processes are coregulated; for example, they are under glucose repression, nutrition sensing, and BrlA control [38, 40, 96]. The main function of autolysis is to supply developmental processes with energy sources [33, 38, 40]. After prolonged carbon starvation and autophagy cell death precedes the lysis of cell wall, which remains intact even when hyphal compartments became empty [80, 93]. The degradation of cell wall, which is the most important carbon-rich component of fungal cells, makes conidiogenesis possible and helps the population to survive. 
Under conditions that hindered asexual conidiation like in submerged culture, the deletion of flbA gene resulted in accelerated cell death and autolysis in A. fumigatus [31], while yeast-like cells are formed, which may remain viable as cryptic cell in A. nidulans [95, 97, 98]. Not surprisingly, the addition of glucose represses autolytic cell wall degradation even in creA null mutant strains of A. nidulans [99] through the inhibition of the FluG-dependent signal transduction pathway [40]. The CreA protein, which possesses high homology to Mig1p carbon catabolite repressor in S. cerevisiae [100], is the main carbon catabolite repressor in A. nidulans and has a regulatory role under both glucose shortage and glucose abundant conditions [101, 102]. 
As demonstrated by global transcriptome analyses performed in autolyzing cultures of A. nidulans, the onset of gross autolysis is preceded by the strong upregulation of an array of genes encoding autolytic hydrolases [81] like glucanases (e.g., EngA 1,3-β-glucosidase) and chitinolytic enzymes (ChiB, ChiC, and NagA) [96, 103–105]. These activities maintain surviving cells with nutrient and energy sources and also support conidiogenesis. FluG/BrlA conidiation signaling is of crucial importance in the induction of extracellular autolytic enzymes, like the endochitinase ChiB [103, 104] and the endoglucanase EngA [105], under carbon shortage [40]. Glucose and also its antimetabolite 2-dezoxy-D-glucose repress ChiB production through CreA-dependent and CreA-independent pathways via the downregulation of brlA expression in A. nidulans [96]. In A. niger, major secreted hydrolases included PepA protease and NagA N-acetyl-β-D-glucosaminidase but not ChiB endochitinase [80]. Interestingly, in Penicillium chrysogenum, VeA homologue PcVelA or LaeA homologue PcLaeA positively regulated PcchiB1 encoding a class V chitinase (homologue of ChiB in A. nidulans). Disruption of PcchiB1 resulted in loss of cell wall integrity and pellet formation [106].
7. Apoptosis
Programmed cell death (apoptosis) is a common process in filamentous fungi [107] under carbon starvation [96, 98]. Apoptosis eliminates damaged cells by the coordinated activity of gene products that regulate cell death and induce cell proliferation, so that the old cells are replaced [107]. Biochemical markers of apoptosis, including ROS accumulation, DNA cleavage, and externalization of phosphatidylserine, have also been used to detect apoptosis in fungi. Under carbon shortage, the accumulation of ROS, the appearance of apoptotic markers, or the vitality of the cells were affected by neither fluG1 inactive nor creA null-type mutations [96]. Therefore, the regulation of apoptosis and autolytic cell wall degradation are considered to be independent in A. nidulans [40, 89]. In P. chrysogenum, autolysis and decreasing metabolic activity were also independent phenomena [92]. 
There are some data on the involvement of FadA-dependent heterotrimeric G-protein signaling in the initiation of apoptotic cell death in A. nidulans [108, 109]. The small, basic, and cysteine-rich antifungal protein PAF, which is abundantly secreted into the supernatant by P. chrysogenum, inhibited the polar growth of various important filamentous fungi, like A. nidulans, causing hyperpolarization of the plasma membrane and activation of ion channels, followed by an increase in the concentrations of ROS in the cells and the induction of an apoptosis-like phenotype. Dominant-interfering mutation in fadA and a pkaA deletion mutant exhibited reduced PAF sensitivity in A. nidulans and PAF activated PKaA cAMP/protein kinase A dependent signaling cascade [110] suggesting that G-protein signaling is involved in the PAF-mediated apoptotic cell death [108, 109]. 
8. Secondary Metabolite Production
Genes for the biosynthesis and regulation of secondary metabolites (e.g., antibiotics, phytotoxins, mycotoxins, and pharmaceuticals) are usually clustered in fungi [111, 112]. Sterigmatocystin (ST) and aflatoxin are related mycotoxins and are among the most toxic, mutagenic and carcinogenic natural products known [112, 113]. ST biosynthetic pathway [114] is estimated to involve at least 25 enzyme activities coded on one gene cluster in A. nidulans [112], while certain A. parasiticus, A. flavus, and A. nomius strains contain additional activities that convert ST to aflatoxin [111, 115–118]. The key regulator of ST/aflatoxin biosynthesis is the Zn(II)2Cys6 type transcription factor AflR, which regulates further genes in the cluster [119]. The expression of aflR is connected to asexual conidiophore development through transcriptional and posttranscriptional regulations by the heterotrimeric FadA(Gα)::SfaD(Gβ)::GpgA(Gγ) G-protein-cAMP-protein kinase A (PkaA) signaling pathway involving the RGS protein FlbA [120–124]. In the absence of flbA, dominantly activated aflR could not restore ST production in A. nidulans. Mutations in three PkaA phosphorylation sites in AflR allowed resumption of ST gene expressions under overexpression of pkaA but did not remediate ST gene expressions in a ΔflbA background [121]. This demonstrates a negative regulation of AflR activity by phosphorylation and shows that the posttranscriptional regulation of aflR by FlbA is PkaA independent [121]. The PkaA protein was described as a regulator of fluG and fadA genes and also the conidiophore development [28, 121]. When PkaA was overexpressed the transcriptions of aflR and brlA were not induced, which, consequently, resulted in the inhibition of both mycotoxin production and conidiophore development [28]. The heterotrimeric G-protein subunits SfaD and GpgA and the phosducin-like protein PhnA [32] were all necessary for the expression of aflR and ST biosynthesis. FadA-mediated signaling resulted in the inhibition of ST biosynthesis by blocking aflR gene expression [120], while dominant activating fadA allele, fadA G42R, stimulated transcription of a gene from the penicillin gene cluster and elevated penicillin production in A. nidulans. Therefore, FadA was proposed to have opposite roles in the regulation of the biosynthesis of penicillin and ST, and it was suggested that targeting G-protein signal transduction pathways in mycotoxin control or prevention could have serious undesirable effects by the production of other secondary metabolites [123]. In A. parasiticus, the negative regulation of aflatoxin biosynthesis and conidiation by FadA/PKA signaling was also demonstrated [124]. Other G-protein mediated signaling pathways also take part in the regulation of aflatoxin biosynthesis: RgsA, another known RGS protein also stimulated asexual conidiation and ST production by inhibiting GanB (Gα) heterotrimeric G-protein subunit [77].
Significant differences in the toxin production machinery were also demonstrated in the Aspergilli. For example, besides AflR, another transcriptional regulator encoded by aflJ is present in the aflatoxin biosynthetic gene cluster in A. flavus, which is absent in the A. nidulans genome. Disruption of the aflJ gene resulted in a failure to produce aflatoxins and to convert exogenously added toxin intermediates, for example, norsolorinic acid and sterigmatocystin, to aflatoxin [125]. In A. parasiticus, AflJ did not regulate aflatoxin biosynthetic genes directly, instead it interacts with full-length AflR but the DNA-binding domain of AflR was found not to be essential for the interaction [126]. In A. nidulans fluG deletion mutant strains, the loss of ST production was detected; meanwhile, in A. flavus the aflatoxin biosynthesis was not affected by the fluG deletion [75].
Environmental factors (e.g., light, temperature, pH, calcium, and nutrients) regulate mycotoxin production in a concerted way. The effect of light on the production of sterigmatocystin (ST) depends on glucose concentration. Glucose abundance affects the light-dependent subcellular localization of VeA, and other components of the velvet complex (Figure 1) [93] like the blue-light-sensing proteins LreA and LreB can also be modified. LreA and LreB as well as the phytochrome FphA protein modulate not only the synthesis of ST [127] but also the production of the antibiotic penicillin [128, 129]. Deletion of the veA gene in A. nidulans led to a failure of ST production due to decrease in aflR transcription [129]. Importantly, the transcriptional regulator LaeA, which is a putative methyltransferase [130], negatively affected the expression of VeA in the velvet complex [37, 129], and it has been shown to be a key regulator of the production of multiple secondary metabolites in A. nidulans [129], A. fumigatus [131], and A. flavus [132]. Based on microarray studies, disruption of laeA affected the expression of 9.5% of the genes in A. fumigatus [131],including the genes required for the production of secondary metabolites [46, 130]. In A. flavus, deletion of laeA resulted in the failure of aflatoxin production although the expression of some early genes involved in aflatoxin biosynthesis was detected but none of the later biosynthetic genes [132]. Interestingly, laeA deletion mutants were still capable of producing ST in A. nidulans [133]. Another regulator protein of the velvet complex LlmF interacts directly with VeA, and the repressive function of LlmF is mediated by influencing nuclear or cytoplasmic accumulation of VeA [134].
In a mutagenesis screen for secondary metabolism activation, a Yap-like bZIP, termed restorer of secondary metabolism A (RsmA), has been identified [135]. Overexpression of rsmA was able to partially compensate for loss of LaeA and VeA [136] and resulted in a 100-fold increase in sterigmatocystin and a near loss of meiotic spore production [137]. 
In the A. flavus laeA deletion mutant the loss of hydrophobicity and other developmental changes could affect the ability of the fungus to produce aflatoxins [75] because changes on the cell surface are likely to affect light signaling [66–68], which is necessary for the initiation of development and G-protein signaling [123]. In A. parasiticus, the polyketide synthase gene pksA (the homolog of the A. nidulans wA gene) is involved in the biosynthesis of conidial cell wall pigments and also catalyzes the formation of the polyketide backbone necessary for aflatoxin biosynthesis [138]. For the proper expression of pksA, an array of cis-acting elements including BrlA (the early activator of asexual conidiation), PacC (a transcription factor involved in pH regulation), and CreA (mediates carbon catabolite repression) as well as the pathway-specific transcription factor AflR are all necessary. However, the binding sites for these transcription factors in pksA promoters are highly variable in aflatoxin-producing fungi [138, 139]. In addition, the calcium-dependent regulation of aflatoxin biosynthesis is also noteworthy because the relative expression levels of biosynthetic cluster genes decreased significantly in ΔcrzA mutants of A. parasiticus [64].
9. Summary
In filamentous fungi, the remarkable complexity of the signaling and regulatory network has been recognized first in the 80s. Since then, genome sequencing and improved molecular biological tools let us get a deeper insight into the fine structure and regulation of the signal transduction cascades and also the cross-connections of these pathways. Nowadays, knowledge on the interplays between the signaling pathways is accumulating fast, and the view that they act in a concerted way to maintain growth, to facilitate propagation, or to set into operation cell death programs is becoming more and more widely accepted. In the Aspergilli, vegetative growth signaling through the heterotrimeric FadA(Gα)::SfaD(Gβ)::GpgA(Gγ) G-protein and its regulator FlbA is also connected tightly to signaling cascades regulating asexual and sexual developments, autolysis, and apoptotic cell death and the production of important secondary metabolites including mycotoxins (e.g., ST and aflatoxin) (Figure 2) and antibiotics (e.g., penicillin). Further studies are needed to shed light on the proper organization and regulation of this complex signaling network, which would be of paramount importance to support the metabolic and morphological engineering of industrial strains or to help the development of new-type antimycotics for either biomedical or agricultural use in the genus Aspergillus.


	
	
	
	
	
	
	
		
	
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
	
		
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
				
				
					
				
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
		
	
		
	
		
	
	
	
		
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
			
			
			
			
		
	
	
		
	
	
	
	
	
		
	
		
	
	
	
	
	
	
	
		
	
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	



	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	















Figure 2: Summary of the physiological processes influenced by vegetative growth signaling. The pathway is regulated positively through extracellular sporulation factor(s) (ESF) produced by the FluG protein, which inhibits the activity of the transcriptional regulator SfgA. In the absence of ESF, flbA expression is repressed by SfgA, and FadA is maintained in its activated form. The active vegetative growth signaling pathway, when the environmental factors are satisfactory, stabilizes filamentous growth of the colonies; meanwhile sexual and asexual reproductions as well as the productions of some secondary metabolites (e.g., aflatoxin/sterigmatocystin, gliotoxin) are repressed and some other ones (e.g., penicillin) are stimulated. P: phosphorous; AF/ST: aflatoxin/sterigmatocystin.
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