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1
Chapter 1

Development in Aspergillus

This Chapter is based on Krijgsheld P, Bleichrodt R, van Veluw GJ, Wang F, Müller 

WH, Dijksterhuis J, Wösten HAB (2013). Development in Aspergillus. Studies in 
Mycology 74: 1–29. doi: 10.3114/sim0006. Reprinted with permission from Studies 
in mycology. Copyright © 2013 by the CBS-KNAW Fungal Biodiversity Centre.
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Chapter 1

INTRODUCTION

Aspergillus is an anamorph genus, which comprises between 2601, 2 and 
837 species.3 These species are classified in approximately ten different 

teleomorph genera.4 For instance, Aspergillus nidulans is part of the teleomorph 
genus Emericella, while Aspergillus fumigatus and Aspergillus flavus belong to 
the genera Neosartorya and Petromyces, respectively. This shows that Aspergillus 
is a diverse group of fungi. Indeed, comparison of the genomic sequences of A. 
nidulans and A. fumigatus5 showed that these fungi are as related to each other 
as fish to humans. These animals separated about 450 million years ago but 
diversification in the genus Aspergillus is assumed to be restricted to about 200 
million years.5 The large differences in genomic sequence have been proposed to 
be caused by an accelerated evolutionary rate.6

 Aspergillus species are among the most abundant fungi worldwide. They 
are not very selective with respect to abiotic growth conditions (Table 1). For 
instance, they can grow over a wide range of temperature (6-55 °C) and at relatively 
low humidity. In fact, Aspergillus penicilloides is among the most xerophilic fungi.7 
Moreover, Aspergillus species feed on a large variety of substrates including 
animal faeces and human tissue. Nonetheless, they are predominantly found on 
complex plant polymers8 and are considered to be common food spoilage fungi. 
The success of Aspergillus is also explained by their effective dispersal. Spores of 
this genus are among the most dominant fungal structures in the air, dispersing 
themselves both short and long distances.8 Aspergilli are not only known because 
of their saprobic life style. Aspergillus niger has been reported to be a pathogen of 
Zingiber officinale plants.9 Moreover, a wide variety of aspergilli are opportunistic 
pathogens of animals and humans. They do not infect healthy individuals but 
do invade individuals with a compromised immune system.10, 11 Aspergilli (i.e. 
A. fumigatus, and to a lesser extent species such A. flavus, A. niger, Aspergillus 
terreus, and A. nidulans) cause invasive aspergillosis (involving several organ 
systems, particularly pulmonary disease), non-invasive pulmonary aspergilloma, 
and allergic bronchopulmonary aspergillosis.12, 13

 Aspergillus spp secrete a wide variety of enzymes that degrade polymers 
within the substrate into molecules that can be taken up to serve as nutrients. 
For instance, amylases are secreted to degrade starch, xylanases to degrade 
xylan and pectinases to degrade pectin within plant material. Similarly, elastase 
is secreted in the human lung to degrade elastin. The capacity to secrete large 
amounts of proteins (and other metabolites such as organic acids) in combination 
with established fermentation technology and molecular biology make aspergilli 
such as A. niger, Aspergillus oryzae, Aspergillus awamori, Aspergillus sojae, and A. 
terreus attractive cell factories for the production of homologous and heterologous 
proteins.14 The potential of these fungi is exemplified by strains of A. niger that 
produce more than 30 grams per liter of glucoamylase.15 Of concern, Aspergillus 
spp can form mycotoxins that are toxic for animals and humans. A. flavus produces 
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Chapter 1

aflatoxin, which is one of the most carcinogenic natural molecules. In addition, 
different aspergilli, including Aspergillus westerdijkiae, can form ochratoxin on 
food products such as coffee and grapes.16 
 This chapter describes the current understanding of development 
of aspergilli. Germination of spores, formation of a differentiated vegetative 
mycelium, and formation of asexual and sexual spores are discussed. 

VEGETATIVE GROWTH

In nature, aspergilli grow within and on solid substrates. A colony can result 
from a single sexual or asexual spore but it may also arise after conidia and/or 

germlings that are in close vicinity to each other have fused. It has been described 
that fusion in A. oryzae, A. sojae and Aspergillus tamarii most often occurs between 
conidia (>80%), while fusions between conidia and germlings and fusion of 
germlings are much less frequent.17 Fusion is mediated by fusion bridges that are 
formed by conidia or germ tubes. They may be similar to the conidial anastomosis 
tubes that are formed by Colletotrichum and Neurospora.18-20 These anastomosis 
tubes are morphologically and physiologically distinct from germ tubes. They 
are typically short, thin, and unbranched. Fusion of conidia and germlings have 
been described to occur within Aspergillus strains, between Aspergillus strains, 
between different aspergilli and even between Aspergillus and Penicillium 
species.17 However, fusion between strains and between species often results in 
heterokaryon incompatibility. For instance, heterokaryon incompatibility is a 
widespread phenomenon among A. niger strains. The underlying mechanism is, 
however, not known.21 Fusion of hyphae was reported to be rare when germlings 
of A. oryzae, A. sojae and A. tamarii had formed hyphae.17 Whether this also holds 
for other aspergilli is not known. At least, fusion of hyphae has been shown to 
occur in other ascomycetes (see17).
 Colonies can reach a diameter in the (sub-)milimeter (micro-colonies) 
to centimeter (macro-colonies) scale depending on the size and the composition 
of the substrate. For instance, micro-colonies are formed on a wheat kernel, 
whereas macro-colonies can be formed within the lobes of a lung. In the 
laboratory, aspergilli are routinely grown on agar media or in liquid media. On 
agar medium, aspergilli form radial symmetrical macro-colonies. The mycelium 
of A. nidulans22 and A. niger extend their diameter with approximately 0.25 mm 
per h in excess of nutrients and at a temperature of 37 °C and 30 °C, respectively. 
Macro-colonies can also be grown between porous polycarbonate membranes on 
an agar medium.23-26 Scanning electron microscopy shows that the periphery of 
a 7-days-old sandwiched macro-colony of A. niger consists of a single layer of 
hyphae (Figure 1AD). A few millimeters behind the periphery this layer becomes 
thicker and comprises of up to six layers of hyphae growing on top of each other. 
Notably, three distinct layers are observed another two millimeters towards the 
centre (Figure 1BE). The upper and lower layer consist of up to five hyphae on top 
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of each other, while the intermediate layer comprises a loose network of thin and 
thick hyphae, and some non-sporulating conidiophores. Three distinct layers are 
also observed in the innermost centre of the macro-colony (Figure 1CF). In this 
case, the upper and lower layers consist of up to twenty and six layers of hyphae, 
respectively. The intermediate layer comprises a dense network of both thin and 
thick hyphae, and a relatively high number of non-sporulating conidiophores. An 
A. niger macro-colony grows in a similar way when a 0.45 mm thin agarose layer 
is present in between the polycarbonate membranes. 
 Mycelium can grow dispersed, as clumps or as micro-colonies, also known 
as pellets, during submerged growth in liquid medium. Clumps are aggregated 
hyphae that are considered to be an intermediate state between pelleted and 
dispersed growth. The morphology of the mycelium has an enormous impact on 
the production of enzymes and primary or secondary metabolites. For instance, 
micro-colonies are required for the production of citric acid by A. niger.27 It is 
not clear how morphology exactly affects productivity. It has been proposed 
that this is due to the effect of the fungal morphology on the viscosity of the 
medium.28 Viscosity correlates with the extent of dispersed growth; large micro-
colonies thus result in a low viscosity. The center of large pellets may experience 

Figure 1. Scanning electron microscopy of cross sections of a 7-days-old sandwiched A. niger macro-colony. 
Cross sections were made at the periphery (A, D), four millimeter behind the periphery (B, E) and at the 
innermost center (C, F). The thickness of the macro-colony is indicated by the distance between the white 
triangles. Panels D-F represent higher magnifications of A-C, respectively. Thin and thick arrows point at thin 
and thick hyphae, respectively. In H asterisks mark a non-sporulating conidiophore. Bars in panel C, for A-C, 
and F, for D-F, represent 100 and 20 µm.  
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oxygen starvation and other nutrients may also become limiting in this part of the 
mycelium. These conditions may also impact productivity of the pellets.

Figure 2. Growth (A, D), protein synthesis (B, E) and protein secretion (C, F) in a 7-days-old xylose grown 
sandwiched macro-colony of A. niger before (A-C) and after transfer (D-F) to fresh medium (Adapted from 25).

 Research in the last two decades has shown that the both macro-colonies 
and micro-colonies of Aspergillus are heterogeneous with respect to gene 
expression, growth, and secretion. Genome wide expression analysis has shown 
that the RNA composition of central and peripheral zones of macro-colonies of 
A. niger25 and A. oryzae26 is different. In the case of 7-days-old macro-colonies 
of A. niger, 25 % of the active genes show a two-fold or more difference in RNA 
accumulation between the innermost and outermost zone of the mycelium.25 
For instance, RNA levels of the glucoamylase gene glaA are 3-fold higher at 
the periphery of maltose-grown macro-colonies when compared to the center. 
Similarly, accumulation of transcripts of the ferulic acid esterase gene faeA 
is 5-fold higher at the periphery of xylose grown macro-colonies. Notably, 9% 
of the genes that are active in a 7-days-old macro-colony are expressed in only 
one of five concentric zones. For instance, genes related to nitrate metabolism 
are specifically expressed in the outer zone of the macro-colony, whereas mRNA 
of the hydrophobin hfbD is almost exclusively found in a central zone. Half the 
variation in RNA profiles is explained by differences in the composition of the 
medium underlying each zone of the macro-colony, whereas the other half of the 
variation is caused by medium-independent mechanisms.25 These findings imply 
that differentiation occurs within the vegetative mycelium of Aspergillus.
 The heterogeneity of the mycelium of A. niger is also indicated by the fact 
that distinct zones of the macro-colony grow and secrete proteins.23-26 Proteins 
are formed throughout the A. niger mycelium23-25 (Figure 2) but they are mainly 
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secreted at the periphery. Growth is observed in this outer zone but also in 
the innermost centre (Figure 2). Spatial growth and protein production is not 
affected when 6-days-old macro-colonies are transferred to fresh medium for 16 
h. However, after transfer protein secretion is not only observed at the periphery 
of the macro-colony but also in central parts of the mycelium (Figure 2). These 
data show that non-growing zones of the mycelium abundantly secrete proteins 
upon transfer to fresh medium.25 This is a remarkable finding considering the fact 
that protein secretion is generally assumed to take place in growing hyphae only.23, 

29-31

 The finding that 7-days-old macro-colonies are heterogeneous with respect 
to RNA accumulation, growth and protein secretion raised the question whether 
heterogeneity is also observed between and within micro-colonies. Indeed, 
micro-colonies within liquid shaken cultures are heterogeneous with respect 
to size and gene expression.32 A population of small and a population of large 
micro-colonies can be distinguished by flow cytometry in cultures of A. niger that 
consist of pellets with a maximum diameter of 1 mm. These populations differ 90 
μm in diameter. Similarly, two populations of micro-colonies were distinguished 
when expression of the glucoamylase gene glaA and the ferulic acid esterase gene 
faeA were monitored. Notably, the population of lowly expressing micro-colonies 
is larger than the population of small pellets. This indicates that size of micro-
colonies is not the only determinant for expression of genes encoding secreted 
proteins.32 It is not yet clear how heterogeneous gene expression is between zones 
of micro-colonies. At least, the total amount of RNA per hypha is about 50 times 
higher at the periphery of 1-mm-wide micro-colonies when compared to the 
center.32 
 Heterogeneous gene expression is not only observed between micro-
colonies or between zones of micro- or macro-colonies of Aspergillus; it is 
also observed between hyphae in a particular zone. It has been described that 
only part of the hyphae at the periphery of macro-colonies of A. niger secrete 
glucoamylase.23 This observation is explained by heterogeneous expression of the 
glucoamylase gene glaA within this zone.33 In fact, two populations of hyphae can 
be distinguished at the outer zone of the macro-colony; those highly and those 
lowly expressing glaA. The hyphae highly expressing glaA also highly express 
other genes encoding secreted proteins.34 Moreover, these hyphae highly express 
the glyceraldehyde-3-phosphate dehydrogenase gene gpdA and show a high 18S 
rRNA content. Thus, two populations of hyphae are present at the periphery 
of a macro-colony; those that are lowly and those that are highly metabolically 
active. From the fact that the lowly active hyphae have a growth rate similar to 
that of the highly active hyphae it has been concluded that a “low” activity of 
hyphae is sufficient to support hyphal growth. However, a “high” metabolism 
would be needed to support secretion of large amounts of proteins.34 Recently, 
it has been described that transcriptionally and translationally highly active and 
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lowly active hyphae also occur at the periphery of micro-colonies. However, the 
existence of distinct populations of these types of hyphae seems to be less robust 
when compared to macro-colonies grown on solid medium.35 Possibly, signalling 
between hyphae is involved in maintaining or enhancing heterogeneity. Gradients 
of signalling molecules cannot be formed between hyphae in liquid shaken 
cultures, which may explain why heterogeneity is less evident in these cultures. 
Single hypha transcriptome analysis indicates that heterogeneity between 
neighboring hyphae goes beyond two types of hyphae. Individual hyphae each 
have their own composition of RNA.36 So far, we can only guess why hyphae 
are heterogeneous at the macro-colony periphery. The leading hyphae explore 
the substrate and they may be exposed to rapid changes in the environment. 
A heterogeneous hyphal population may contribute to the survival under such 
conditions. Notably, the transcription factor FlbB, which is involved in asexual 
development (see below), has been shown to accumulate at 60% of the tips of 
newly formed branches.37 This is another example of heterogeneity within the 
Aspergillus mycelium.    
 Heterogeneity within the mycelium is surprising considering the fact 
that the cytoplasm of a fungal mycelium is assumed to be continuous. This is 
based on the fact that the septa within and between hyphae are porous allowing 
streaming of water, (in)organic compounds, proteins and even organelles.38, 39 
Heterogeneity between hyphae would require a certain immobility of molecules. 
This could be caused by the fact that many  proteins are part of large complexes 
that are immobilized at membranes.40 For instance, the yeast GPD homologs 
were found to be part of 17 protein complexes.40 One of such protein complexes 
includes two transmembrane proteins that may well decrease the streaming rate 
by temporally immobilizing the complex at the membrane. In agreement, the 
streaming rate of a fusion between GFP and GpdA was lower in A. niger than that 
of GFP itself.41 Closure of septa is another mechanism to maintain differences 
in composition between hyphae. Septa of vegetative hyphae of A. oryzae and A. 
niger42 and the basidiomycete Schizophyllum commune43, 44 can be in a closed or 
open state. The incidence of closed septa in A. niger and S. commune depends on 
the environmental conditions and is reversible. 

ASEXUAL DEVELOPMENT

After a period of vegetative growth, air-exposed macro-colonies of A. nidulans 
and A. niger form two types of aerial hyphae (Figure 3). One type is quite 

similar to vegetative hyphae of these aspergilli and has a diameter of about 2-3 
µm. The second type of aerial hyphae has a diameter of about 4-5 and 6-7 µm 
in the case of A. nidulans and A. niger, respectively. These so-called stalks can 
differentiate into conidiophores (Figure 3). The conidiophore stalk of A. nidulans 
extends about 100 µm into the air and is formed from a specialized foot-cell 
within the substrate mycelium.45 When the stalk has reached its maximum height, 
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the tip swells and forms a vesicle with a diameter of 10 μm. In biserate species like 
A. nidulans and A. niger, the vesicle surface buds resulting in a layer of primary 
sterigmata termed metulae. The metulae in turn bud twice. This results in a second 
layer of sterigmata called phialides. The phialides give rise to chains of mainly 
uninucleate conidia. As a result, more than 10.000 conidia can be produced 
per conidiophore. A. oryzae can be both uniserate and biserate. In the case of 
uniserate species, spore producing phialides are positioned directly at the surface 
of the conidiophore vesicles.

Figure 3. Development of A. niger monitored by scanning electron microscopy. The vegetative mycelium forms 
two types of aerial hyphae. One type is similar to vegetative hyphae (A), while the other type is 2-3 times thicker 
(B). The tips of the latter aerial hyphae may swell to form a vesicle (C,D). Buds are formed on the vesicle (E) that 
develop into metulae (F, G). Phialides are formed on top of the metulae (H), which give rise to chains of conidia 
(I, J). The bar in G also holds for A-F.

20 µm

20 µm 50 µm20 µm

A B C D E F G

H I J

 The 2-3 µm wide aerial hyphae of A. nidulans and A. niger are formed 
about 8 h after inoculation of spores on complete medium. Although timing of 
this type of aerial hyphae seems to be medium-independent, the density of aerial 
hyphae is lower in the case of minimal medium. The first stalks of A. nidulans and 
A. niger are formed 10 h after spore inoculation on complete medium and growth 
at 37 °C and 30 °C, respectively. In both cases, conidiophores are formed 20 h 
post-inoculation. Formation of aerial hyphae in both aspergilli starts in the centre 
of the macro-colony and moves outwards ending a few millimeters from the edge 
of the mycelium. This observation implies that the competence of hyphae to form 
aerial hyphae is acquired faster when a macro-colony gets older.45 The process 
of aerial growth has been proposed to involve signaling of the cell density of the 
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vegetative mycelium.46-48 The signaling molecule would induce hydrophobin 
genes. These genes encode proteins that lower the water surface tension to enable 
hyphae to breach the interface to grow into the air.49, 50 Which hydrophobin is 
secreted into the aqueous environment in Aspergillus cultures with the aim to 
lower the water surface tension is not yet known.
 A. nidulans can also form conidia in submerged cultures.45 In this case, 
conidiation is induced when the culture gets stressed or when nutrients are 
limited (e.g. limitation of the carbon and the nitrogen source). On the other hand, 
formation of conidiophores in air-exposed macro-colonies is assumed to be 
induced by an internal signal that activates a genetic program of sporulation (see 
below).45 In both cases, competence to sporulate is acquired in a time-dependent 
way.51 Like A. nidulans, A. niger can also form conidiophores in submerged 
conditions. However, these conidiophores do not form spore chains (Figure 1F). 
 A. nidulans strains in which the fluG (fluffy) gene is inactivated (i.e. a ΔfluG 
strain) do form aerial hyphae but conidiophores are not being formed in excess of 
nutrients.46 During nutrient deprivation, however, some conidiophores are being 
formed on a solid medium. Similarly, submerged cultures of the ΔfluG strain start 
to sporulate in the absence of a carbon source.52 These data indicate that FluG is 
involved in a developmental program of sporulation but not in the stress-related 
sporulation pathway. Formation of conidiophores in the ΔfluG strain can be 
rescued by growing the mutant next to a wild-type strain. Complementation is also 
observed when the strains are physically separated by a dialysis membrane with 
a size exclusion of 6-8 kDa. This indicates that FluG is involved in the production 
of a low-molecular weight extracellular signaling molecule that is involved in the 
formation of conidiophores.  A similar phenomenon is observed in Penicillium 
species.53 In this case, an extracellular molecule called conidiogenone induces 
conidiation. Conidiogenone is a diterpene that accumulates during vegetative 
growth. At a certain point, a certain threshold level is exceeded and conidiation is 
initiated.53 
 
Regulation of asexual development
Formation of conidiophores has been well studied in A. nidulans. Experimental 
evidence has shown that mechanisms underlying asexual development in A. 
fumigatus and A. oryzae are similar but not identical in A. nidulans (see below). 
So far, formation of conidiophores and conidia has not been studied in A. niger. 
However, its genomic sequence predicts that mechanisms of asexual development 
are also similar, if not identical, to that in A. nidulans.54 About 1300 genes have 
been found to be up-regulated in whole macro-colonies of A. nidulans during 
asexual reproduction.55 Recently, RNA was isolated from the vegetative mycelium 
and from aerial structures (aerial hyphae, conidiophores, and spores) of 7-days-old 
macro-colonies of A. niger. Micro-array analysis showed that 34 genes are found 
in the top 100 of most highly expressed genes of both the vegetative mycelium 
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and the aerial structures.41 These genes include histones, ribosomal proteins, and 
a hydrophobin homologous to dewA. 6 out of 8 predicted hydrophobin genes54, 56 
are within the top 100 of most highly expressed genes in the aerial structures. This 
top 100 also includes the pigmentation genes fwnA, olvA and brnA. Seven genes 
encoding carbohydrate degrading enzymes are in the top 100 of highest expressed 
genes in the vegetative mycelium. One of these genes is the glucoamylase gene 
glaA.41 

Regulation by fluG, brlA, abaA, wetA, medA, stuA, and vosA
FluG is believed to be at the start of the developmental program leading to asexual 
sporulation in A. nidulans. Indeed, overexpression of fluG in vegetative hyphae is 
sufficient to cause sporulation under conditions that normally suppress conidia 
formation.52 The fluG transcripts are present in relatively constant levels during 
late vegetative growth and conidiation. Notably, a 4-fold higher fluG expression 
level is found in germinating spores during their isotropic growth (3 h after 
inoculation) when compared to polar growing germlings (5 h after inoculation).57 
This suggests that fluG is not only involved in conidiophore formation but also in 
germination. 
 FluG activates the brlA (bristle) gene. A ΔbrlA strain of A. nidulans 
forms stalks that do not stop their growth after they have reached a length of 100 
µm. These stalks can reach a length 20-30 times longer than those of the wild-
type, which results in the characteristic bristle phenotype.58 Moreover, isotropic 
growth is not initiated at the apex of the stalks of the ΔbrlA strain. As a result, 
conidiophore vesicles are not being formed. Conidiophore development becomes 
independent from fluG by placing brlA under control of an inducible promoter.58 
Similar results have been obtained in A. oryzae.59, 60 Inactivation of brlA in A. 
oryzae results in the inability to form conidiophores. In contrast, fully developed 
conidiophores are formed in submerged culture when the brlA gene is expressed 
under the control of the amyB promoter. BrlA is also essential for conidiophore 
formation in A. fumigatus.61 However, in contrast to A. nidulans58 and A. oryzae59, 
the A. fumigatus gene seems to function earlier in conidiophore development. 
This is based on the fact that conidiophore development is completely abolished 
in a ΔbrlA strain of A. fumigatus. The appearance of the macro-colonies of this 
strain is more similar to that of the fluffy mutants of A. nidulans (see below).61 
In addition, the A. fumigatus gene seems to function independent from fluG. 
At least, a ΔfluG strain of A. fumigatus still sporulates in air-exposed cultures. 
Possibly, A. fumigatus has more than one brlA activating mechanism.61 The brlA 
gene of A. fumigatus has also been shown to be involved in suppressing ribosomal 
protein genes during nitrogen stress.62 This finding conforms to the general 
starvation response in fungi, which involves both down-regulation of ribosomal 
protein biogenesis and induction of sporulation.63-68 However, down-regulation 
of ribosomal protein encoding genes is not impaired during carbon stress in  
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A. fumigatus.62 Nevertheless, these findings suggest that brlA of A. fumigatus is not 
only a regulator of formation of conidiophores but also influences the vegetative 
mycelium by affecting its protein synthesizing capacity.
 Transcription of brlA in A. nidulans results in two transcripts that are 
called brlAα and brlAβ. Both transcripts are essential for proper conidiophore 
development69 and are controlled at the transcriptional (brlAα and brlAβ) and 
translation level (brlAβ).70 Transcript brlAβ contains a short upstream ORF (μORF) 
and a downstream ORF that encodes the same polypeptide as BrlAα but with an 
N-terminal extension of 23 aa.69 Both polypeptides contain two C2H2 zinc finger 
DNA binding motifs. The brlAα and brlAβ transcripts have different functions 
during asexual development. As mentioned above, inactivation of brlA results 
in indefinitely elongating stalks. In contrast, aberrant primary conidiophores 
develop in the ΔbrlAβ strain that can form secondary conidiophores (i.e. a 
conidiophore that develops from another conidiophore). Asexual development 
proceeds further in the ΔblrAα strain but conidia are not produced.71 So far, it 
is not known whether transcription of brlA of A. oryzae and A. fumigatus also 
results in two transcripts. 
 BrlA activates a central regulatory pathway controlling temporal and 
spatial expression of conidiation specific genes.72, 73 This cascade is complex and 
involves, amongst others, the regulatory genes abaA, wetA, stuA, medA, and vosA 
(Figure 4). Gene abaA (abacus) is a regulatory gene that is activated in A. nidulans 
by BrlA during sterigmata differentiation.57, 72 A ΔabaA strain forms metulae that 
bud apically resulting in chains of cells with metula-like, rather than phialide-
like, properties. In other words, phialides are not produced and therefore conidia 
are not formed.72, 74, 75 The interaction of AbaA with brlA is complex (Figure 
4A). Gene abaA is activated by BrlA and, in turn, AbaA stimulates formation 
of brlAα transcripts but represses brlAβ accumulation.45, 70, 75, 76 This is caused by 
AbaA binding to a responsive element in the brlAβ locus.70 The net result of abaA 
inactivation is that brlA is over-activated.77 The positive feedback loop of brlA itself 
is likely to be independent of AbaA because the over-expression of brlAβ activates 
expression of brlAα in an abaA mutant70 (Figure 4A). Taken together, both BrlA 
and AbaA control transcript levels of brlAα and brlAβ. AbaA regulates several 
other genes including abaA itself, medA, wetA (Figure 4A), vosA (Figure 4B), and 
the structural genes yA and rodA (for their functions see below).76 Recently abaA 
was identified in A. oryzae59 and A. fumigatus.78 The role of abaA in A. oryzae is 
similar to that in A. nidulans. In the case of A. fumigatus abaA also delays autolysis 
and cell death.  
 During the late phase of conidiation, wetA (wet white) is activated by 
abaA (Figure 4A). Normal conidiophores are formed by wetA mutants. However, 
the conidia do not form pigments, are not water repellent, and go in autolysis.75, 

79 Gene wetA activates a set of genes in phialides and spores (e.g. wA), which 
are involved in making the conidial wall impermeable and mature.79 In addition, 
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WetA seems to activate itself45, 72, 79, 80 and represses abaA and brlA78 (Figure 4A). 
Gene wetA of A. oryzae 59 has a role similar to that in A. nidulans. In the case of A. 
fumigatus wetA seems to have an additional role.78 It would also function in germ 
tube formation and reduced hyphal branching. 
 VosA (viability of spore) is a putative transcription factor of the velvet 
family.78 This family, which is conserved in filamentous fungi, also includes VeA 
and VelB of A. nidulans (see below). Inactivation of vosA results in uncontrolled 
activation of asexual development, whereas its over-expression blocks sporulation. 
This may be the result of the observed inhibition of brlA by VosA78 (Figure 4B). 
It should be noted that vosA is lowly expressed in the vegetative mycelium. Yet, 
these expression levels may be sufficient to control brlA. Gene vosA is particularly 
expressed during the formation of conidia and sexual ascospores, where it plays a 
role in resistance to stress conditions (see below). 

 The stuA and medA genes are classified as developmental modifiers. 
Their encoded proteins affect brlA and abaA expression (Figure 4A). Mutations 
in stuA (stunted) of A. nidulans results in shortened aerial hyphae, shortened 
conidiophores and the absence of metulae and phialides. Conidiophores that 
are formed have reduced vesicles with abnormal numbers of nuclei. Only a few 
conidia can directly bud from the conidiophore vesicle. Thus, the morphology of 
the conidiophores is aberrant in stuA mutants, but neither temporal development 
nor conidiophore density is affected.81 Gene stuA has a similar role in asexual 
development in A. fumigatus.82 StuA is a helix-loop-helix transcription factor 
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Figure 4. The central regulatory network consisting of BrlA, AbaA and WetA initiates asexual development in A. 
nidulans. StuA and MedA (A) and VosA (B) are regulators of brlA, abaA, and wetA.
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with two transcription start sites. This leads to stuAα and stuAβ transcripts, of 
which the former is most important for correct development.77, 83, 84 Expression of 
stuA depends on brlA. As a result, transcript levels of stuA are increased 20-fold 
in conidiating cultures.57, 84, 85 In turn, StuA directly or indirectly represses and 
spatially restricts brlA and abaA expression (Figure 4A). With this ability stuA is 
involved in proper spatial distribution of AbaA and BrlA.81, 84 The StuA protein 
also stimulates stuA expression. This seems to be an indirect effect because its 
responsive elements are absent in the promoter.81  
 The medA (medusa) gene is conserved in filamentous fungi. Like other 
regulators, medA is transcribed at two initiation sites. While stuA of A. nidulans 
is required for proper spatial expression of abaA and brlA, medA is involved 
in proper temporal expression of these genes.45, 85 Accumulation of both brlA 
transcripts is observed earlier in development in a ΔmedA strain. Moreover, the 
mutant strain shows higher levels of brlAβ, but not brlAα, transcripts. As a result, 
the ratio of brlAα and brlAβ transcripts is lowered. Gene medA thus acts as a 
repressor of brlA expression. In contrast, it is an activator of abaA expression. 
This is concluded from the observation that abaA transcription levels are reduced 
or even absent in the medA mutant.84, 85 The molecular basis of MedA function 
is still unclear. A ΔmedA strain forms repeated layers of sterigmata and frequent 
reinitiated secondary conidiophores.74, 75 This phenotype resembles that of a strain 
of A. nidulans in which the chitin synthase genes chsA and chsC genes have been 
inactivated.86 In the latter strain, abaA expression is reduced. This indicates that 
chsA and chsC regulate expression of abaA, most probably in an indirect way. 
The ΔchsAΔchsC mutant shows a defective septum formation.86 Therefore, it was 
proposed that MedA is involved in septum formation on conidiophore structures. 
Taken together, conidiophore morphogenesis requires a finely tuned balance of at 
least BrlA, AbaA, MedA, and StuA85, and possibly VosA and other velvet complex 
genes.72, 80 

Trimeric G-protein signaling
Trimeric G-protein signaling is involved in the decision to grow vegetatively or to 
start asexual development. Gene flbA (fluffy low brlA expression) encodes an RGS 
domain protein, which negatively regulates vegetative growth signaling (Figure 
5). It does so by stimulating the intrinsic GTPase activity of the Gα subunit FadA 
(fluffy autolytic dominant) of a heterotrimeric G-protein. As a result, the Gα subunit 
is converted into the inactive GDP bound state87-89 (Figure 5). Overexpression 
of flbA in vegetative cells inhibits hyphal growth and stimulates conidiophore 
development even under conditions that normally prevent sporulation.22, 52 On 
the other hand, a mutation in flbA results in reduced brlA expression and a fluffy 
phenotype (hence the name fluffy low brlA expression). The ΔflbA strain does not 
form conidiophores. Instead, the mycelium proliferates uncontrolled and masses 
of undifferentiated aerial hyphae are formed. Both the submerged and aerial 
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hyphae autolyse when colonies mature.22, 90 The autolytic phenotype of the flbA 
mutant can be partially overcome by deleting a class V endochitinase B (chiB). 
However, reduced cell viability cannot be restored in this way.91 Inactivation of fadA 
(ΔfadA or dominant-interfering fadA mutant) can also counteract the autolytic 
phenotype of the flbA mutant. This is in agreement with the function of FlbA to 
convert FadA into the inactive GDP bound state (Figure 5). A constitutively active 
fadA mutant, fadAG42R, results in autolytic mutants similar to the flbA mutant.89, 

92 The constitutively active fadAG42R mutant phenotype cannot be suppressed by 
overexpression of flbA.88 
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 In its inactive GDP-bound form, FadA of A. nidulans forms a heterotrimeric 
G-protein with the β- and γ-subunits encoded by sfaD and gpgA, respectively.88, 

89, 93, 94 When FadA becomes GTP bound, this α-subunit dissociates from SfaD 
and GpgA (Figure 5). Deletion of sfaD94 or gpgA93 suppress the phenotype of the 
flbA mutant. Moreover, in a wild-type background reduced vegetative growth 
is observed in these deletion strains. Inactivation of sfaD94 but not gpgA93 also 

Figure 5. Signaling cascades resulting in vegetative growth or asexual reproduction in A. nidulans. Signalling 
involves FluG (see Figure 6) and independently, two heterotrimeric G-protein complexes, both consisting of 
SfaD and GpgA (the Gβγ subunits) and the Gα subunits FadA and GanB, respectively. GTP-bound FadA and 
GanB stimulate vegetative growth via the cAMP PkaA pathway and repress asexual reproduction via brlA. The 
RGS proteins FlbA and RgsA hydrolyze the GTP bound to FadA and GanB, respectively, thereby repressing 
vegetative growth and promoting asexual development. The SfaD-GpgA dimer also stimulates vegetative growth. 
This is regulated by PhnA. Adapted from 97. 
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causes hyper-sporulation. The ΔsfaDΔgpgA double mutant shows a phenotype 
identical to those of the ΔsfaD mutant.93 This shows that ΔsfaD is epistatic to 
ΔgpgA and that SfaD can induce inappropriate conidiation even in the absence of 
GpgA. Notably, constitutive activation of fadA in the absence of sfaD is sufficient 
to cause proliferation of undifferentiated hyphae.93, 95 Taken together, FadA and 
SfaD-GpgA have overlapping functions in stimulating vegetative growth.93, 94 The 
phosducin like protein A (PhnA) seems to be involved in positively regulating 
Gβγ signaling in A. nidulans. Deletion of phnA results in a phenotype similar to 
that of a ΔsfaD strain.96 This would agree with the role of phosducin like proteins 
to act as chaperones for Gβγ assembly.97 Finally, deletions in sfaD, fadA or gpgA 
do not suppress conidiation defects in a fluG mutant. Therefore, the FadA/SfaD/
GpgA vegetative growth-signaling cascade seems to be distinct from that of the 
FluG pathway.93  
 GTP-bound-FadA promotes vegetative growth and inhibits asexual and 
sexual development by activating a cAMP-PKA signaling cascade98 (Figure 5). 
The cAMP dependent protein kinase A catalytic subunit (PKA) encoded by pkaA 
has a major role in the stimulation of vegetative growth and the repression of 
conidiation93, 99-101. Inactivation of pkaA results in hyper-sporulation and reduced 
radial growth.98 On the other hand, overexpression of pkaA leads to decreased 
sporulation accompanied by a fluffy-like appearance. Deletion of the other 
pka gene in the genome of A. nidulans, pkaB, causes no apparent phenotype.102 
However, over-expression of pkaB reduces conidiation and increases vegetative 
growth on solid medium. Moreover, it complements the reduced radial growth of 
the ΔpkaA strain. Apparently, PkaB functions as a backup for PkaA.102, 103  
 The FlbA/FadA/SfaD/GpgA pathway seems to be conserved in A. 
nidulans, A. oryzae and A. fumigatus.59, 61, 97 Like in A. nidulans, the SfaD-GpgA 
complex is involved in stimulating vegetative growth in A. fumigatus.91 However, 
there are some differences in the case of the other components. Deletion of flbA 
in A. nidulans,90 A. oryzae,59 or A. fumigatus61 results in low brlA expression, 
and reduced conidiation. In contrast to A. nidulans and A. oryzae, the autolysis 
phenotype is missing in A. fumigatus. Moreover, in both A. oryzae and A. 
fumigatus hyphal proliferation is reduced in the ΔflbA strain, blocking formation 
of aerial hyphae in the case of A. oryza.59 Like in A. nidulans, FadA of A. oryzae59 
and A. fumigatus61 repress conidiation. Remarkably, in A. oryzae it also represses 
vegetative growth,59 while in A. fumigatus vegetative growth is stimulated.98, 104 
 Apart from FadA, two other Gα subunits are present in A. nidulans 
(GanA and GanB) and A. fumigatus (GpaA and GpaB), and three in A. oryzae 
(GanA, GanB, GaoC).89, 93, 94, 100, 105, 106 In contrast to ganB, the functions of ganA 
and gaoC have not been established yet.100, 105, 107 Like FadA, GanB in its inactive 
form interacts with SfaD and GpgA93 (Figure 5), which in fact are the only β and 
γ subunits of trimeric G-proteins in A. nidulans, A. fumigatus, and A. oryzae.100 
The ΔganB strain shows hyper-sporulation in submerged cultures and earlier 
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expression of the brlA transcripts. Constitutive activation of GanB results in 
reduced hyphal growth and a severe defect in asexual sporulation.105 Like FadA, 
GanB therefore seems to be involved in repression of brlA and inhibition of 
asexual sporulation.105 
 RgsA (regulator of G protein signaling) is a repressor of GanB signaling. 
Colonies of the ΔrgsA strain are reduced in size, form more aerial hyphae, and 
accumulate dark brown pigments.107 Expression of a constitutively active RgsA 
results in hyper-sporulation in submerged cultures and earlier expression of the 
brlA transcripts.107 The presence of glucose is claimed to result in the increase of 
rgsA mRNA levels, and this would result in down-regulation of GanB mediated 
signaling. In cases of stress or unfavorable carbon sources, rgsA levels decrease and 
as a consequence GanB-GTP signaling is activated.107 In A. fumigatus the outcome 
of the signaling pathway involving the GanB orthologue GpaB is different. Growth 
and conidium formation of a ΔgpaB strain is slightly decreased.104 This and other 
data show that GpaB signaling in A. fumigatus promotes asexual sporulation 
via PKA. However, the PkaC1 cascade in A. fumigatus is complex, since it also 
promotes vegetative growth, when activated by GpaA.106 

Upstream activators of brlA 
FluG activates sporulation by a derepression pathway that involves the SfgA 
protein (Figure 6). Gene sfgA (suppressor of fluG) is predicted to encode a 
transcription factor with a Gal4-type Zn(II)2Cys6 binuclear cluster DNA binding 
motif.108 Mutations in sfgA bypass the need for FluG during asexual development. 
The ΔsfgA strain shows hyperactive sporulation in liquid submerged cultures. 
Overexpression of sfgA results in delayed and reduced levels of brlA mRNA, and 
in macro-colonies with reduced conidiation. Apparently, the primary role of FluG 
is to remove the repressive effects of SfgA.108 The low FluG levels in young macro-
colonies would result in sfgA-mediated repression of conidiation. Once the FluG 
factor has accumulated above a certain threshold, it inhibits the repression of 
conidiation by SfgA.108 SfgA has also been proposed to negatively regulate FlbA 
(Figure 6). By this, the repression of SfgA by FluG will result in both activation of 
conidiation and inhibition of FadA-mediated stimulation of growth. 
 Apart from flbA, four other regulatory genes, flbB, flbC, flbD, and flbE, 
have been identified that act upstream of brlA.90 All flb mutant strains show low 
brlA expression and a fluffy phenotype.90 The mutants grow indeterminately and 
produce masses of aerial hyphae. The flb mutants can restore conidiation in fluG 
loss-of-function mutants.90 These results indicate that the flb genes are involved 
in responding to the diffusible signaling molecule, produced by FluG, which is 
necessary for conidiation.90 SfgA acts downstream of fluG but upstream of flbA-D. 
As mentioned above, FluG is assumed to repress sfgA thus releasing the repression 
of the flb genes. Notably, flb genes are involved in regulation of fluG expression.109 
A repressing function of FlbA on fluG expression is indicated by a 7-fold higher 
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fluG expression in a ∆flbA strain. In contrast, fluG expression is stimulated by 
FlbB and FlbC. For instance, a ∆flbC shows no fluG mRNA accumulation.109

 The flbC gene encodes a transcriptional regulator containing two C2H2 
zinc finger DNA binding domains.110 The ΔflbC strain shows delayed and reduced 
conidiation, while overexpression causes restricted hyphal growth and delayed 
conidiation. In wild-type mycelium, FlbC is localized in nuclei of vegetative 
hyphae and in conidiophores (i.e. not in conidia). Here, FlbC activates brlA, 
abaA, and vosA but not wetA. Overexpression of flbC not only inhibits vegetative 
growth in a wild-type strain but also in a ΔabaA or ΔbrlA background. Thus, FlbC 
plays a direct role in repressing vegetative growth, independent of brlA or abaA 
(Figure 6). The deletion of flbC also results in highly enhanced sexual fruiting 
body formation (see below).110 Taken together, FlbC has a repressive role in sexual 
development, but positively regulates germination and asexual development.110 
FlbC acts in a pathway parallel to that of flbB, flbD, and flbE.111, 112 Absence of 
FlbC does not affect expression of flbB or flbE and vice versa. Moreover, double 
mutants cause additive effects, resulting in a prolonged delay in conidiation.110 It 
has been proposed that FlbC coordinates activation of brlA together with a FlbB/
FlbD transcriptional complex112, 113 (Figure 6). Promoter binding regions of FlbC 
and FlbB/FlbD may overlap.70, 112  

 The flbB gene encodes a fungal specific bZIP-type transcription factor.114 A 
ΔflbB strain shows defective branching patterns, delayed conidiation with a fluffy 
appearance and, under stress conditions, a high autolysis rate. Overexpression of 
flbB results in reduced conidiophore vesicle formation, and a reduced number 
of metulae.37, 114 FlbB is located within the cytoplasm at the hyphal apex during 
early vegetative growth. In contrast, it preferentially accumulates at the most 
apical nucleus during later stages of growth.114 The repressor SfgA may be a key 
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intermediate in the process of nuclear localization of FlbB. This is indicated by the 
fact that FlbB is found in all nuclei of ΔsfgA hyphae, rather than only at the hyphal 
tip as observed in the wild-type strain. Gene flbE encodes a protein without any 
known conserved domain.115 Expression of brlA and vosA is delayed in the ΔflbE 
strain.110 This is accompanied by absence of conidiophore formation, a fluffy 
appearance of the macro-colonies, accelerated vegetative growth, and accelerated 
autolysis and cell death. FlbE is localized at hyphal tips. In fact, it co-localizes with 
FlbB. Localization of these proteins at the hyphal tip depends on the presence of 
F-actin. This is concluded from the fact that disintegration of the actin filaments 
causes mis-localization of FlbB and FlbE. Localization of FlbB and FlbE was also 
lost in a ΔflbE and a ΔflbB strain, respectively. These results indicate that these 
proteins depend on each other for proper localization at the hyphal apex. It has 
also been shown that FlbB stability is affected by the absence of a functional form 
of FlbE.115 FlbE may thus protect FlbB from proteolytic degradation. It may do 
so by physical interaction with FlbB. At least, such an interaction was shown in 
vivo.115 Taken together, FlbE and FlbB function in close association with each 
other and are functionally interdependent.115 
 The FlbB/FlbE complex is a requisite for flbD expression in the wild-
type112 (Figure 6). FlbD is a c-Myb transcription factor. Deletion of its encoding 
gene results in delayed conidiation and a fluffy phenotype.90, 111 Overexpression 
causes sporulation in liquid submerged cultures. This is due to inappropriate 
activation of brlA.111 As mentioned above, the FlbB/FlbE complex is found at 
hyphal apices.115 In contrast, FlbD is found in all nuclei of vegetative hyphae of 
A. nidulans. Thus, other transcription factors seem also to be involved in the 
regulation of flbD expression.112, 113, 115 Not only depends flbD expression on the 
presence of FlbB, FlbD also interacts with this protein.112, 113, 115 The underlying 
mechanism is so far unknown but might involve a translationally modified 
form of FlbB.112 Both FlbD and the FlbB/FlbE complex seem to activate brlA 
expression112 (Figure 6). Overexpression of flbD restores the conidiation defect 
in the ΔflbE strain,110 suggesting an additive effect of both pathways. Interestingly 
flbB and flbD transcripts disappear shortly after brlA activation.111, 114 However, the 
mechanism underlying this effect is independent of brlA levels.112  
 The flb genes are conserved in A. fumigatus, A. oryzae and A. nidulans.59, 

110 The phenotypes of the Δflb strains of A. oryzae are similar to those of A. 
nidulans. These results indicate that the functions of these regulatory genes are 
conserved between A. oryzae and A. nidulans.59 The A. fumigatus flbE could 
complement the ΔflbE phenotype in A. nidulans,110 suggesting a similar role for 
these orthologues. Indeed, FlbE in A. fumigatus is necessary for proper control 
of conidiation and brlA and vosA expression. However, deletion of flbE does not 
cause an elevated vegetative proliferation or accelerated autolysis or cell death in 
A. fumigatus.110 Inactivation of flbB in A. fumigatus results in delayed and reduced 
sporulation, and precocious cell death. Moreover, expression of brlA and abaA is 
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affected. In contrast to A. nidulans, the FlbB protein is in A. fumigatus encoded 
by two transcripts, flbBα and flbBβ. The longest transcript, flbBβ, is constitutively 
expressed, while the flbBα transcript is found during progression of conidiation.116 
Both transcripts are needed for proper asexual development. The flbB gene of A. 
nidulans, encoding one transcript, only partially complements the ΔflbB strain of 
A. fumigatus. FlbC and FlbD functions in A. fumigatus are probably similar to A. 
nidulans, but characterization is ongoing at the moment.116 

MAPK pathways and downstream targets
A mitogen activated protein kinase (MAPK) module consists of three kinases 
known as MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK), and 
MAPK. MAPKKK is phosphorylated in response to external stimuli. Active 
(i.e. phosphorylated) MAPKKK phosphorylates MAPKK, which in turn 
phosphorylates MAPK. Phosphorylated MAPK enters the nucleus and activates 
transcription factors by phosphorylation.117 A MAPK pathway has been shown to 
repress asexual development and to stimulate sexual development in A. nidulans 
(see below). This pathway includes MAPKKK SteC.118 Growth of the ΔsteC strain 
on minimal medium results in reduced growth and hyphae are more curled 
and more branched than the wild-type. Conidiophore development is initiated 
as in wild-type, but the length distribution of the stalks is affected. Metulae and 
phialide morphology is normal in the majority of the conidiophores. In about 2 
% of the conidiophores, however, only a few metulae arise from the vesicle and 
these metulae do not differentiate normally. In addition, secondary conidiophores 
grow out of the vesicle. Finally, the mutant produces 1–2 % of very large conidia 
in addition to wild-type-like spores. A translational fusion of SteC and GFP 
localizes in metulae, phialides and young conidia but not in conidiophore stalks. 
The targets of SteC during asexual development have not yet been identified. 
A functional study of MAPKK genes in A. nidulans is lacking and inactivation 
of the MAPK gene, mpkB, does not affect sporulation.119 Similarly, the putative 
target of mpkB, steA, is not involved in asexual development.120 In contrast, a 
potential other target of mpkB, nsdD (never in sexual development), does affect 
conidiation.121 A ΔnsdD strain starts to conidiate earlier. On the other hand, over-
expression of nsdD suppresses formation of conidiophores. Similarly, deletion of 
the transcription factor gene nsdC results in derepression of conidiation. In this 
case, the effect depends on the carbon source. Derepression is observed on carbon 
sources favoring sexual development. This indicates that NsdC acts as a repressor 
of asexual development under those conditions.122 

SEXUAL DEVELOPMENT

About one-third of the described species of Aspergillus have a known sexual 
stage.4 However, analysis of genome sequences suggests that most, if not all, 

Aspergillus species should be able to reproduce sexually.123 Indeed, A. fumigatus, 
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A. flavus, Aspergillus parasiticus, and Aspergillus nomius have been shown to 
have a sexual stage.124-127 In the case of A. fumigatus, this was 145 years after this 
fungus was described for the first time. Clearly, the conditions under which sexual 
reproduction takes place differs between aspergilli; some of which being more 
restrictive (e.g. A. fumigatus) than others (A. nidulans).
 Aspergillus species with a sexual state can be either homothallic or 
heterothallic. Homothallic species undergo sexual reproduction without the 
need to cross with a compatible partner. A. nidulans119 and Neosartorya fischeri128 
are known to be homothallic. It should be noted that A. nidulans can also be 
heterothallic and can thus cross with a partner. In contrast, A. flavus,126 A. 
parasiticus,125 A. fumigatus,124 and A. nomius127 have been shown to be exclusively 
heterothallic. The genomic sequences of A. niger54 and A. oryzae129 predict that 
these fungi are either heterothallic or truly asexual.130 The sequenced A. niger 
strains only contain the MAT1-1 mating type locus (see below) but otherwise 
seem to emcompass a complete set of genes enabling sexual development. 
 Sexual development in A. nidulans is a highly complex process, ultimately 
resulting in fruiting bodies of 125–200 µm in diameter that are called cleisthotecia. 
Sexual development is influenced by both environmental and intrinsic signals, and 
occurs only when all prerequisites are met. The process of sexual development starts 
after 40-50 h of cultivation at 37 °C in the center of the macro-colony and mature 
cleistothecia can be found after approximately 96 h.131 The production of Hülle cells 
(see below) represents the first sign of sexual development. Subsequently, hyphae 
fuse to form a dikaryon. As mentioned, in the case of A. nidulans these hyphae 
may originate from the same macro-colony (self-fertilization) or from another 
individual (out-crossing). The hyphae that fuse are morphologically similar. Thus, 
male antheridia and female ascogonia cannot be distinguished.132 A population of 
dikaryotic cells originates from a single cell fusion event, and gives rise to a single 
cleistothecium.133 The Hülle cells surround the dikaryotic hyphae and form an 
increasingly packed “nest”. They differentiate into thick-walled globose cells134, 135 
that are believed to provide protection and nutrition.136 An intertwined network 
of ascogenous dikaryotic hyphae develops within the cleistothecial shell. Nuclear 
fusion takes place inside the ultimate branches of the dikaryotic hyphae, which 
represent the young asci. This is immediately followed by meiosis and a post-
meiotic mitosis, thus resulting in eight nuclei. These nuclei are then separated 
from each other by membranes, giving rise to eight red-pigmented spores in 
each of the 10.000 asci within one fruiting body.135 A second post-meiotic mitosis 
makes that mature ascospores are binucleate.137

Regulation of sexual development

Mating type loci
Strains of heterothallic ascomycetes contain either a MAT1-1 or a MAT1-2 
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mating type locus. These loci are not related in sequence, and are therefore 
called ideomorphs. The MAT1-1 locus contains a gene encoding an α-domain 
transcription factor, while the MAT1-2 encodes a high mobility group-domain 
(HMG) transcription factor.138 The homothallic species A. nidulans contains 
both the MAT1-1 and MAT1-2 mating type loci, which reside on different 
chromosomes.119 Inactivation of MAT1-1 or MAT1-2 does not affect vegetative 
growth or asexual sporulation. Moreover, Hülle cells and cleistothecia are formed 
under conditions inducing the sexual cycle. However, the cleistothecia are lower 
in number and smaller than those of the wild-type strain.119 In addition, no 
ascospores are formed within the cleistothecia. This and the fact that fruiting 
body development can be induced by placing both transcriptional activator genes 
under an inducible promoter shows that MAT1-1 and MAT1-2 are the master 
switches of sexual reproduction. 
 In filamentous ascomycetes, the MAT loci determine cell type identity 
and may confer nuclear recognition and proliferation.139, 140 In addition, MAT 
loci regulate expression of a pheromone-signaling system. This system, which is 
generally involved in the detection of a mating partner, has been best studied in 
Saccharomyces cerevisiae.141 In S. cerevisae the a- and α-cells each produce a peptide 
pheromone and a receptor for the pheromone of the other partner. Binding of the 
pheromone to the receptor that is produced by the compatible partner triggers 
G protein-mediated signaling via a mitogen activated protein kinase (MAPK) 
cascade. As a result, a homeodomain transcription factor gene is activated that 
induces cell cycle arrest, and activates the mating process. Components of a 
pheromone-signaling pathway similar to that of S. cerevisae have been detected 
in A. nidulans and other sequenced Aspergillus species, including pheromone 
and pheromone receptor genes.130 Notably, expression of the pheromone and 
pheromone receptor genes is not affected when the MAT genes are inactivated 
in A. nidulans. Apparently, these genes are not under control of the mating type 
loci.119 They may be induced by environmental conditions that stimulate sexual 
reproduction. In contrast, MAT1-1 of A. fumigates does stimulate the pheromone 
gene ppgA, while it is repressed by MAT1-2.142

Pheromones, pheromone receptors, and intracellular signalling
In A. nidulans only one putative pheromone gene has been identified, which has 
homology to the gene encoding the α-pheromone of S. cerevisae.143 Until now, it has 
not been confirmed that the encoded product binds to a pheromone receptor(s). 
Alternatively, psi factor (see below) may bind to the receptor protein(s).131 
Receptor proteins have been identified in A. nidulans on basis of homology with 
the pheromone receptor genes of S. cerevisae.131 Inactivation of these genes, gprA 
and gprB (G protein receptor), does not affect growth rate, Hülle cell formation, and 
asexual sporulation. However, ΔgprA and ΔgprB strains produce less cleistothecia 
that are smaller than wild-type fruiting bodies under homothallic conditions. The 
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ΔgprA and ΔgprB cleistothecia produce only 5 % of the ascospores when compared 
to the wild- type but viability of these spores is not affected. The ΔgprAΔgprB strain 
does not form cleistothecia at all under homothallic conditions but Hülle cells 
are still formed. Notably, sexual development is not impaired under heterothallic 
conditions; i.e. when strains are crossed in which either or both gprA and gprB 
have been inactivated. Heterokaryon formation in this case can be selected by 
using parental strains that have different auxotrophic markers. Taken together, 
pheromone receptors genes, and therefore the pheromone signaling pathway, 
is only required for homothallic sexual development.131 Genes gprA and gprB 
represent two out of sixteen genes encoding seven-transmembrane-spanning G 
protein coupled receptor proteins (GPCR).100 Gene gprD is another GPCR gene. 
Inactivation of gprD results in a strain with impaired vegetative growth and 
exhibiting extremely enhanced sexual development.107, 144 Deletion of gprA and 
gprB rescue the growth defects of the ΔgprD strain and fruiting bodies are no 
longer formed. Thus, GprD functions downstream of GprA/B.107, 144 
 In general, binding of pheromones sensitizes the pheromone receptors. 
As a result, the receptors physically interact with a heterotrimeric G protein. This 
induces the exchange of GDP for GTP on the α-subunit of the heterotrimeric 
G-protein, resulting in its dissociation from the βγ-subunits (Figure 7). Genes 
sfaD and gpgA are the only β and γ subunit encoding genes in the genome of A. 
nidulans. Inactivation of sfaD or gpgA abolishes and severely affects cleistothecia 
formation under homothallic and heterothallic conditions, respectively. Moreover, 
under both conditions more Hülle cells are formed.93, 94 The genome of A. nidulans 
contains three α-subunit encoding genes; ganA, ganB, and fadA (see above). It 
has not fully been established which of the α-subunits is the cognate Gα protein 
of GprA and GprB. A role of GanA and GanB in sexual development, if any, has 
not yet been reported. On the other hand, the role of fadA in sexual development 
has been studied. Cleistothecia formation is not affected in a ΔfadA strain under 
heterothallic conditions but fadA is essential for homothallic sexual development. 
Under homothallic conditions, cleistothecia formation is abolished in the ΔfadA 
strain but Hülle cell formation is not affected.93, 94 The RGS protein FlbA that 
controls FadA-mediated signaling (see above) also plays a role in fruiting body 
development.121 Inactivation of flbA completely abolishes cleistothecia and Hülle 
cell formation under homothallic conditions. The developmental modifier genes 
medA and stuA, which play a crucial role in asexual development, also function 
in sexual differentiation (Figure 7). The ΔmedA strain only forms unorganized 
masses of Hülle cells and does not differentiate cleistothecia or ascogenic tissue.85 
Sexual development is delayed in the ΔstuA strain and it forms only 1 % of the 
cleistothecia that are formed by the wild-type. Moreover, the cleistothecial shell 
of the ΔstuA strain is much more fragile when compared to the wild-type.81 Thus, 
medA and stuA are activators of sexual development.     
 Activation of the heterotrimeric G-protein by pheromone binding 
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results in activation of a mitogen activated protein kinase pathway (MAPK). As 
mentioned above, the MAPK module consists of three kinases known as MAPK 
kinase kinase (MAPKKK), MAPK kinase (MAPKK), and MAPK. The MAPKKK 
SteC is involved in formation of cleistothecia.118 The ΔsteC strain grows slower, 
forms more branched hyphae, and has an altered conidiophore morphology. 
Moreover, heterokaryon formation is inhibited. This is probably due to the inability 
of hyphae to fuse, possibly by the fact that hyphal recognition is blocked.118 The 
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Figure 7. GprA/B mediated signalling resulting in sexual development of A. nidulans. Signalling involves the 
heterotrimeric G-protein consisting of SfaD, GpgA and FadA. FadA bound to GTP activates a MAP kinase 
cascade (hypothetical protein AN2067.2, SteC, hypothetical protein AN3422.2 and MpkB). This in turn, 
activates the regulators NsdD and SteA that induce sexual development. In addition, SteA inhibits MedA that 
is also involved in activating sexual development. StuA, NsdC, and NosA also activate the sexual development 
program, while FlbC and FlbE are repressors of this pathway. RosA is a transcriptional inhibitor of veA, nsdD, 
nosA and stuA. Adapted from 97, 131.

ΔsteC strain also has a block in cleistothecium development. Only a few small 
nest-like structures and single Hülle cells are being produced by this strain. The 
fact that deletion of both gprA and gprB results in a phenotype similar to that of 
the ΔsteC strain strongly indicates that a MAPK cascade functions in GprA/B 
mediated signaling (Figure 7). This would be similar to that found in the yeast 
mating response. In fact, the A. nidulans genome is predicted to contain all the 
major components of such a yeast MAPK cascade97, 131 (Figure 7). However, so far 
the role of all these genes has not yet been confirmed. For instance, a functional 
study of MAPKK genes in A. nidulans is lacking. However, it has been shown that 
inactivation of the MAPK gene, mpkB, abolishes sexual reproduction. Both Hülle 
cells and cleistothecia are not formed.119 This indicates that MpkB is part of the 
GprA/B mediated signaling pathway that results in formation of cleistothecia and 
ascospores. 
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Transcriptional activators
A target of MpkB seems to be SteA.120 This homeodomain-C2H2-zinc finger 
transcription factor is homologous to Ste12, which in S. cerevisae is activated by 
the MAPK signaling pathway involved in mating. A ΔsteA strain does neither form 
cleistothecia nor primordial structures but Hülle cell formation is not affected. 
Expression of steA does not depend on medA and stuA. In contrast, medA but not 
stuA is repressed by steA. This suggests that steA and stuA are part of independent 
pathways regulating sexual development and that medA acts downstream of steA120 
(Figure 7). Another target of MpkB could be nsdD (never in sexual development). 
This gene encodes a putative GATA-like transcription factor with a type IVb 
zinc finger DNA-binding domain.121 Inactivation of nsdD abolishes formation 
of cleistothecia. In contrast, over-expression of the gene results in increased 
formation of fruiting bodies on solid medium and Hülle cells are formed even 
in submerged culture. As a result of over-expression the phenotype of the veA1 
mutation (see below) is overruled. This indicates that nsdD acts downstream of 
this gene or functions in an overlapping pathway.121 The nsdD gene of A. fumigatus 
has a similar function as its counterpart in A. nidulans. The ∆nsdD mutant of A. 
fumigatus accumulates dark pigments and sexual development is abolished.142 A 
third gene encoding a transcriptional regulator involved in sexual development is 
nsdC (never in sexual development).122 This gene encodes a putative transcription 
factor carrying a novel type of zinc-finger DNA-binding domain consisting of two 
C2H2’s and a C2HC motif. Inactivation of nsdC completely abolishes fruiting body 
formation. On the other hand, overexpression of the gene promotes cleistothecia 
formation, even under repressing stress conditions.122 The phenotype of the ΔnsdC 
strain is not affected by over-expression of steA or nsdD. These results suggest that 
NsdC, NsdD, and SteA are non-redundant proteins and thus are all essential for 
fruiting body development. 
 Gene nosA (number of sexual spores)145 and rosA (repressor of sexual 
development) 146 encode putative Zn(II)2Cys6 transcription factors that share 43 % 
amino acid identity. Transcript levels of these genes are usually very low but the 
genes are up-regulated during carbon starvation and during asexual development. 
RosA is an inhibitor and NosA an activator of sexual development. Asexual and 
sexual development is not affected under standard laboratory conditions when 
rosA is inactivated in a strain with a veA1 mutation (see below). However, the 
number of cleistothecia increases when compared to the wild-type strain when 
the ΔrosA strain contains a fully functional veA gene.146 These data indicate that 
RosA function depends on VeA. The difference in the number of cleistothecia 
between the wild-type strain and the ΔrosA strain is even higher under low-
glucose or high-osmolarity conditions. When grown submerged, Hülle cells 
are produced in the ΔrosA strain, while sexual development in the wild-type is 
completely absent under this condition.146 Asexual development is not affected in 
a ΔnosA strain with a veA1 mutation. However, this strain was unable to undergo 
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sexual development.145 Asexual development in the light is also not affected 
when the ΔnosA strain contains a fully functional veA gene. On the other hand, 
sexual development in the dark is blocked in the primordial stage in this mutant 
strain. Differentiated cells such as ascus mother cells and Hülle cells are hardly 
formed and only a few very small cleistothecia (about 30 mm diameter instead 
of 300 mm) are produced. These fruiting bodies do produce viable ascospores. 
Expression of nosA was increased in a ΔrosA strain.145 Similarly nsdD, veA, and 
stuA are up-regulated in this mutant strain.146 Taken together, RosA represses 
sexual development, whereas NosA is required for primordium maturation. The 
balance between these two Zn(II)2Cys6 transcription factors determines whether 
vegetative hyphae undergo sexual development. 

THE BALANCE OF SEXUAL AND ASEXUAL DEVELOPMENT

There is a balance between sexual and asexual development. A. nidulans 
forms conidia in the light, whereas ascospores are preferentially produced 

in the dark.45, 147-149 Several light sensors and regulatory proteins are involved in 
light-regulated development. Moreover, the balance between sexual and asexual 
reproduction is the result of psi factor and cross-talk between regulatory pathways 
that are involved in these developmental pathways. The light-regulated pathway, 
the regulation by psi factor, and the cross-talk between regulatory pathways of 
asexual and sexual reproduction are part of a complex regulatory network. 
 
The role of SteA, BrlA, FlbC, and FlbE
SteA is assumed to be the transcription factor that is activated by MpkB (Figure 
7) thereby promoting sexual development. Expression of steA is increased in 
undifferentiated hyphae of a ΔbrlA strain.120 Repression of steA in uninduced 
hyphae has been related to the BrlAβ protein. The regulatory interaction between 
brlA, medA, and steA is a clear example of cross-talk between the developmental 
programs of asexual and sexual sporulation. FlbC and FlbE also play a role in the 
cross-talk between the asexual and sexual developmental pathway. FlbC and FlbE 
are upstream activators of brlA involved in asexual development (Figure 6) but 
at the same time repress the sexual pathway (Figure 7).110, 150 Both a ΔflbC and a 
ΔflbE strain show elevated cleitothecium formation and abundant formation of 
Hülle cells.110, 150

The role of psi factor
A. nidulans produces oleic- and linoleic-acid-derived oxylipins that are known as 
psi factor (precocious sexual inducer). These hormone-like molecules modulate 
the timing and balance between sexual and asexual spore development.151 Psi 
factor is mainly a mixture of secreted hydroxylated linoleic (18 : 2) and oleic (18 
: 1) molecules termed psiα and psiβ, respectively.152, 153 The positioning of the 
hydroxy groups distinguishes the psi compounds as psiA (5’,8’-dihydroxy-), psiB 
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(8’-hydroxy-), and psiC (designating a lactone ring at the 5’ position of psiA).154, 155 
Purified psiAα enhances asexual sporulation. On the other hand, psiBα and psiCα 
stimulate sexual reproduction and inhibit asexual spore development.152, 153 It has 
therefore been proposed that the ratio of psiAα to psiBα and psiCα determines 
whether asexual or sexual sporulation dominates.152, 153 Gene ppoA,156 ppoB,157 and 
ppoC158 encode putative fatty acid oxygenases. The former gene is required for 
the production of psiBα, while the latter two genes are involved in the synthesis 
of psiBβ (Figure 8). Deletion of ppoA reduces psiBα levels and, as a consequence, 
increases the ratio of asexual to sexual spore numbers 4-fold. On the other hand, 
over-expression of ppoA results in elevated levels of psiBα and decreases the ratio 
of asexual to sexual spore numbers 6-fold. An increased ratio of sexual to asexual 
spore numbers is also observed after deletion of ppoC 156, whereas an opposite 
phenotype is observed after inactivation of ppoB.157 This is unexpected since the 
ΔppoB and ΔppoC strains produce similar psiB profiles.156, 157 Several explanations 
for this phenomenon have been proposed, one of which is the possibility that 
the products of the ppo genes have more than one substrate. This would generate 
oxylipins, of unknown nature, that would also affect differentiation.159 Another 
explanation may be related to the finding that the products of the fatty acid 
oxygenases affect the expression of ppo genes and thereby impact the composition 
of psi factor. Gene ppoC is up-regulated in a ΔppoB strain, whereas ppoA is 
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Figure 8. Oxylipins, known as psi factor, regulate timing and balance between sexual and asexual development. 
The hormone like structures psiBα and psiCα stimulate sexual development, whereas psiAα and psiBβ stimulate 
asexual development. Psi factor results from ppoA, ppoB, and ppoC activity. Expression of these genes is regulated 
by the products resulting from the Ppo proteins and by BrlA and NsdD. In turn, the products resulting from the 
Ppo genes regulate expression of brlA and nsdD. 

repressed157 (Figure 8). On the other hand, ppoA mRNA levels are higher in a 
ΔppoC strain, whereas ppoC mRNA levels are lower in a strain over-expressing 
ppoA.156 
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 Deletion of ppoB significantly increases brlA expression but has a minor 
effect on expression of the regulatory genes of sexual reproduction nsdD and veA157 
(Figure 8). This would explain why the net formation of conidia is up-regulated 
in a ∆ppoB strain when compared to ascospores. Changes in sporulation ratios in 
the ΔppoA and ΔppoC strains also agree with the relative expression of brlA and 
nsdD.156, 158 Expression of brlA is down-regulated in a ∆ppoA∆ppoB∆ppoC strain, 
whereas higher levels of nsdD and veA transcripts are found. This correlates with 
the increased number of ascospores when compared with the conidia. Notably, 
sexual development precedes asexual development in the ∆ppoA∆ppoB∆ppoC 
strain, whereas the opposite is observed in the wild-type. Taken together, ppo 
genes determine timing and ratio of sexual and asexual reproduction.157 The 
transcripts of ppoA and ppoC are developmentally regulated in differentiated 
tissues.156, 158 Moreover, PpoA has been localized in metulae of conidiophores 
and Hülle cells.158 These observations suggest that Ppo enzymes and/or their 
substrates are spatially and temporally regulated in reproductive tissues. This 
would result in a temporal and spatial distribution profile of the oxylipins, which 
in turn orchestrates the sexual and asexual sporulation schedule.157 This schedule 
is associated with two feedback loops (Figure 8). Genes ppoC and ppoA regulate 
the expression of nsdD and brlA. On the other hand, both brlA and nsdD activate 
ppoC, whereas nsdD represses ppoA.156, 158 In the other loop Ppo oxylipin products 
would antagonistically signal generation of Ppo substrates.156, 157 
 A. niger160 and A. fumigatus159 produce the same oxylipins as A. nidulans. 
The A. niger genome contains the ppo genes ppoA, ppoC, and ppoD. A ppoB 
homologue is not present.160 A. niger strains in which the ppoA or ppoD gene are 
inactivated are not affected in oxylipin production and sporulation. In contrast, a 
multi-copy ppoC strain has reduced conidia formation. This shows that oxylipins 
also play a role in A. niger development but it could well be that the function of 
the individual psi factor components is different.

Germination
Three stages can be distinguished during germination of conidia. In the first phase 
of germination, dormancy is broken by environmental cues such as the presence 
of water and air either or not in combination with inorganic salts, amino acids or 
fermentable sugars.161 Spores grow isotropically in the second phase of germination. 
This process that is also known as swelling is observed between 2 and 6 h after 
inoculation of A. niger at 25 °C.162, 163 During this stage, the diameter of the spore 
increases two fold or more due to water uptake. This is accompanied by a decrease 
in the microviscosity of the cytoplasm.164 Moreover, molecules are directed to the 
cell cortex to enable addition of new plasma membrane and cell wall.165 In the 
third phase of germination, a germ tube is formed by polarized growth. To this 
end, the morphogenetic machinery is redirected to the site of polarization.165-168 
Polarized growth of A. niger can be observed 6 h after inoculation at 25 °C.162, 163 
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At a later stage, the growth speed of the germ tube increases. 
 Transcripts of about one third of the genes can be detected by micro-arrays 
in dormant conidia of A. nigeri.162, 163 Transcripts representing the functional gene 
classes protein synthesis and protein fate are enriched in the RNA pool. A strong 
drop in the amount of RNA is observed in the first two hours of germination.162, 

163 Notably, transcripts belonging to the functional gene classes protein synthesis 
and its subcategories translation and initiation are over-represented in the up-
regulated genes at 2 h. Moreover, the categories transcription (including rRNA 
synthesis and rRNA processing), energy (respiration), cell cycle & DNA processing 
are overrepresented in the up-regulated genes at this time point. Up-regulation of 
genes involved in protein synthesis has also been shown in germinating conidia of 
A. fumigatus.169 The importance of protein synthesis in early stages of germination 
is also indicated by the fact that the protein synthesis inhibitor cycloheximide 
prevents isotropic growth, while inhibitors of the cytoskeleton and DNA- and 
RNA synthesis do not affect this process.170 The total number of genes that are 
expressed in germinating conidia of A. niger gradually increase between 2 and 8 
h after inoculation at 25 °C.162 After 4 h of germination, the functional categories 
metabolism and cell cycle and DNA processing are over-represented in the up-
regulated genes. The latter suggests that the conidium prepares itself for mitosis, 
which occurs a few hours later.  No functional gene classes are over- or under-
represented in the differentially expressed genes at 6 h and 8 h.162 
 Upon activation of conidia of A. nidulans and A. niger, the compatible 
solute trehalose is converted to glucose.163, 171 Similarly, mannitol levels quickly 
drop during the first 2-3 h of germination. Intracellular trehalose is degraded by 
the action of the neutral trehalase TreB.171 The ΔtreB strain of A. nidulans still 
contains 1.2 pg of trehalose after 3 h of germination and also shows a reduction 
in the degradation of mannitol when compared to the wild-type. Germ tube 
formation is not affected in the ΔtreB strain of A. nidulans in the presence of 
an external C-source. However, it is delayed in the case the concentration of the 
external C-source is very low. Apparently, degradation of trehalose is needed to 
generate energy during germination. Interestingly, germinating ΔtreB-spores 
resist a heat shock of 50 °C for 30 min, whereas more than 80 % of the wild-type 
spores have died after this treatment. This suggests that trehalose has a protective 
effect. However, experiments with a ΔtpsA strain that is not able to synthesize 
trehalose show that the situation is more complex. Three-hours-old germlings of 
this mutant strain show accumulation defects of trehalose after subjection to heat 
stress or oxidative stress. The isotropically growing wild-type spores accumulate 
0.8 pg trehalose as a response to the stress, but the ΔtpsA strain was not able to 
do so. Remarkably, there was no effect on the sensitivity of these germlings for a 
second heat shock at 50 °C.172 
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Regulation of germination of conidia

cAMP and RasA signalling
Initiation and completion of germination requires the sensing of external signals. 
To this end, conidia of A. nidulans use signaling via cAMP/protein kinase A 
(Figure 9), and independently, signaling via RasA. In general, signalling via cAMP/
protein kinase A (PKA) is initiated by an external signal through a heterotrimeric 
G-protein. Sensing of the external signal leads to the activation of the Gα-subunit 
of the heterotrimeric G-protein, which activates adenylate cyclase. This enzyme 
produces cAMP that can bind to the regulatory subunit of PKA. As a result the 
regulatory subunit dissociates from the catalytic subunit (PKAc). Active PKAc 
phosphorylates proteins and in this way controls their activity. As described, 
the heterotrimeric G protein GanB-SfaD-GpgA represses conidia formation in 
A. nidulans (Figure 5), but this heterotrimeric G-protein is also a carbon source 
sensor involved in early cAMP-dependent germination in A. nidulans.99 Conidia 
of a Δganb strain show a reduced rate of swelling and germ tube formation.105 
Wild-type conidia start to swell 2 h after inoculation. 8 % and >90 % of them 
have formed germ tubes 4 and 6 h post- inoculation, respectively. Germ tubes 
are hardly observed after 4 h in the case of the ΔganB strain, and less than 50 % 
of these spores have formed a germ tube after 10 h of inoculation. In contrast, 
expression of a constitutive active version of GanB (GanBQ208L) promotes germ 
tube formation. In this case, germination of conidia even takes place in the 
absence of carbon source.105 Gene ganB is also involved in the germination process 
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Figure 9. The cAMP/protein kinase A signaling pathway involved in germination of spores in A. nidulans. The 
presence of a carbon source is sensed by a GPCR that activates the Gα subunit GanB. GanB-GTP activates 
adenylate cyclase CyaA that produces cyclic adenosine-monophosphate (cAMP). cAMP binds to the regulatory 
subunit of PKA (PKAR), thus releasing the catalytic subunit PkaA. Active PkaA phosphorylates downstream 
targets resulting in swelling, germ tube formation and trehalose degradation. PkaA and PkaB have an overlapping 
role in spore germination in the presence of glucose but an opposite role in germination in the absence of a 
carbon source.

of ascospores. Ascospores of the ΔganB strain germinate very poorly, whereas 
expression of GanBQ208L results in precocious ascospore germination, even in 
the absence of carbon source. Taken together, GanB plays a positive role during 
germination, probably through carbon source sensing. The RgsA protein of A. 
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nidulans negatively regulates GanB signaling144 (Figure 9). Like a strain expressing 
GanBQ208L, conidia of the ΔrgsA strain germinate even in the absence of a carbon 
source. This effect is not observed in a ΔganBΔrgsA or a ΔsfaDΔrgsA strain.99, 144  
 The ΔganB strain of A. nidulans shows a >3-fold reduction in trehalose 
degradation during spore germination 99. Breakdown of this disaccharide is a direct 
outcome of activation of the cAMP/PKA pathway during early germination.171 A 
role of GanB in cAMP/PKA signaling has been proven by measuring cAMP levels 
in germinating spores. Addition of glucose to dormant wild-type spores results in 
a rapid and transient increase in cAMP levels. This increase is not observed in the 
ΔganB strain.99 Thus, GanB regulates cAMP synthesis in response to glucose at the 
start of germination. As described above GanB forms a heterotrimer G-protein 
together with SfaD and GpgA (Figure 9). Spore germination and trehalose 
degradation is also affected in conidia of the ΔsfaD and ΔgpgA strains, although 
not as strong as observed in the Δganb strain.99 A role of RgsA in GanB signaling 
is further supported by the finding that trehalose degradation in the ΔrgsA strain 
is increased. This effect is abolished by inactivation of ganB in this strain but also 
by inactivation of sfaD.99 These data indicate that glucose-stimulated activation 
of the cAMP/PKA pathway by GanB requires a functional G-protein formed by 
GanB, SfaD, and GpgA (Figure 9).
 CyaA represents the adenylate cyclase of the cAMP/PKA pathway that 
is regulated by GanB (Figure 9). In contrast to the wild-type, mycelium of the 
ΔcyaA strain is completely devoid of cAMP.173 This indicates that cyaA encodes 
the unique adenylate cyclase during mycelial growth. Conidia of the ΔcyaA strain 
do not degrade trehalose during the onset of germination. Moreover, germ tube 
outgrowth is affected. As mentioned above, cAMP produced by adenylate cyclase 
activates the catalytic subunit of PKA (PKAc) by releasing the regulatory subunit. 
In the case of A. nidulans, pkaA encodes the primary PKAc. Trehalose breakdown 
is reduced in the ΔpkaA conidia and germ tube outgrowth is affected, but not as 
strong as in the ΔcyaA conidia.173 Germination of conidia is also affected in A. 
fumigatus104 and A. niger.174 when their closest homologue of pkaA is inactivated. 
A. nidulans contains a secondary pka gene, pkaB, which encodes a catalytic 
subunit of PKA. The ΔpkaB strain does not have an apparent phenotype.102 
However, the ΔpkaAΔpkaB strain is lethal, indicating that PkaB is involved in 
hyphal growth and/or spore germination. Approximately 10-fold up-regulation 
of pkaB mRNA levels rescues the defects in germination of conidia of the ΔpkaA 
strain in the presence of glucose (note that the level of up-regulation is important 
for the phenotypic outcome). In contrast, up-regulation of pkaB completely 
abolishes spore germination in the absence of an external carbon source. Taken 
together, these data indicate that PkaA and PkaB have an overlapping role in spore 
germination in the presence of glucose but an opposite role in germination in the 
absence of a carbon source.102 Other Ser/Thr protein kinases also contribute to 
spore germination in A. nidulans. Inactivation of the Ser/Thr protein kinase gene, 
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schA, in the ΔpkaA background results in a phenotype similar to that of the ΔcyaA 
conidia. This indicates that PkaA and SchA are activated by cAMP produced by 
CyaA. 
 The Ras signaling pathway operates independently from the cAMP/PKA 
signaling pathway during germination of conidia of A. nidulans.173 Conidia of A. 
nidulans strains expressing a dominant active form of RasA (RasAG17V) do not 
proceed to polarized growth. Instead, swelling continues resulting in giant swollen 
spores.175 This suggests that high RasA activity prevents the switch from isotropic 
to polarized growth. There are indications that the RasA activity is regulated by 
a GTPase-activating protein GapA. By stimulating hydrolysis of the GTP bound 
to RasA it loses its activity.176 Both wild-type and ΔgapA conidia germinate in the 
presence of glucose. In contrast, whereas ΔgapA conidia also swell in the absence 
of a carbon source, the wild-type does not. A similar phenotype has been reported 
for A. nidulans expressing RasAG17V. This suggests that RasA plays a role in carbon 
source sensing during conidiation,170 and that this is regulated by GapA. RasA has 
been suggested to function via activation of a mitogen-activated protein kinase 
pathway.173 This pathway may well include the mitogen-activated protein kinase 
MpkA since conidia of the ΔmpkA strain have a defect in germination.177 

Regulation by stuA and flbC
Genes fluG, brlA, abaA, wetA, medA, stuA, and vosA play a central role in 
conidiophore and conidia formation in aspergilli (Figure 4). The developmental 
modifier StuA is a transcriptional regulator involved in proper spatial distribution 
of AbaA and BrlA.81, 84 Conidiophores of the ΔstuA strain of A. fumigatus are 
extremely malformed and the number of conidia that are formed is strongly 
reduced.82 Moreover, these conidiophores are twice the size of wild-type spores. 
Interestingly, they germinate faster but the underlying mechanism is not known 
yet. Several transcriptional activators act upstream of BrlA in the regulation of 
asexual development (Figure 6). One of these regulators is FlbC, which also has a 
role in germination.110 Polarized growth has taken place for up to 40 % and 100 % 
of wild-type conidia 4 h and 6 h post-inoculation, respectively. In contrast, spores 
of the ΔflbC strain only show swelling after 4 h, whereas up to 40 % of the spores 
have formed germ tubes 6 h after inoculation. These findings show that FlbC has 
a role in germination.  
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OUTLINE OF THE THESIS

The genus Aspergillus represents a diverse group of fungi that are among the 
most abundant fungi in the world. The success of aspergilli is explained by the 

fact that they are not very selective with respect to their abiotic growth conditions, 
that they can degrade a wide variety of organic molecules, and by the fact that 
they produce high numbers of asexual and sexual spores that are dispersed over 
short and long distances. We have now a solid framework of understanding of 
molecular mechanisms underlying growth and development of Aspergillus but 
the picture is far from complete. There is clear evidence that these regulatory 
processes are similar but not identical between Aspergillus species. 
 Expression profiles of conidiophores, conidia, ascocarps, ascospores, 
germlings, and the vegetative mycelium are clearly distinct. Heterogeneity in gene 
expression is also found between micro-colonies of a liquid culture of Aspergillus. 
Heterogeneity is even observed between and within zones of the vegetative 
mycelium. The aim of this Thesis was to study spatial secretion patterns in macro-
colonies of the cell factory A. niger and to identify genes that are involved in zonal 
secretion. To this end, xylose (Chapter 2, 3,and 4) and maltose (chapter 5) were 
used as carbon source. Both carbon sources are industrially relevant. Maltose is 
industrially relevant for it is one of the products of starch degradation. Xylan is 
one of the major compounds of hemicellulose, which is present in plant cell walls. 
Xylanases of A. niger are used by the industry to convert xylan into xylose. These 
sugars molecules can be converted by the industry into products like bio-ethanol.

A. niger releases enzymes into the culture medium, from which they can be 
easily isolated. Spatial release of proteins into the culture medium of A. niger was 
determined in Chapter 2. To this end, the secretome of 5 concentric zones of 
7-days-old xylose-grown colonies was determined with quantitative stable isotope 
dimethyl labeling. Fifty nine proteins were found in the secretome of at least one 
of the zones of the colony. A major part of the secreted proteins are retained in 
the cell wall after their secretion and are slowly released in the growth medium. 
Therefore, proteins present in the medium underlying a central or intermediate 
zone of a colony may have been secreted when this part of the mycelium 
represented the colony periphery. To discriminate between newly produced and 
previously produced secreted proteins, xylose-grown colonies were treated for 24 
h with the translation inhibitor cycloheximide. Unexpectedly, protein release was 
increased by cycloheximide in the intermediate and central zones of the mycelium 
when compared to non-treated colonies. Electron microscopy indicated that this 
is due to partial degradation of the cell wall. In total, 124 proteins were identified 
in cycloheximide-treated colonies, of which 19 secreted proteins had not been 
identified before. The composition of the secretome in each of the 5 concentric 
zones differed. For instance, a total of 70 proteins was ≥4-fold more abundant 
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in zone 1 of cycloheximide treated colonies, while only 4 proteins were ≥4-fold 
more abundant in zone 5. This study thus describes spatial release of proteins 
in A. niger, which is instrumental in understanding how fungi degrade complex 
substrates in nature. 

In Chapter 3 it is shown that the sporulating zone of the colony overlaps with 
the non-secreting sub-peripheral zone. This indicates that sporulation inhibits 
protein secretion. To address this, genes flbA and brlA were inactivated. Strain 
∆flbA only formed aerial hyphae, whereas strain ∆brlA formed aerial hyphae as 
well as stalks that did not further develop into conidiophores. These genes thus 
have a role in development similar to that of A. nidulans. The ∆flbA strain secreted 
proteins throughout the colony, while the ∆brlA strain did not show altered spatial 
secretion. The secretome of 5 concentric zones of 7-days-old xylose-grown ΔflbA 
colonies was assessed by quantitative proteomics. In total 138 proteins with a 
signal sequence for secretion were identified in the medium of the ∆flbA colonies. 
Of these, 18 proteins had never been reported to be part of the secretome of A. 
niger, while 101 proteins had not been identified in the culture medium of xylose-
grown wild-type colonies (Chapter 2). Taken together, inactivation of flbA results 
in spatial changes in secretion and in a more complex secretome. The latter may 
be explained by the fact that strain ∆flbA has a thinner cell wall compared to the 
wild-type, enabling efficient release of proteins. 

The results of Chapter 3 are of interest to improve A. niger as a cell factory. The 
flbA strain was further studied in Chapter 4 by performing a whole genome 
wide expression analysis. mRNA from concentric zones of wild-type and ∆flbA 
colonies was hybridized to Affymetrix A. niger whole genome microarrays. It is 
shown that 1,152 genes had changed their expression ≥2 fold when wild-type 
and ΔflbA colonies are compared. This gene set contains 38 genes encoding 
transcriptional regulators. These genes may act downstream of FlbA in controlling 
differentiation processes in the mycelium, among which spatial secretion and cell 
wall morphogenesis.

The fluG gene acts upstream of flbA in development in A. nidulans. Inactivation 
of fluG in A. nidulans resulted in a colony with a phenotype similar to that of 
flbA. The impact of inactivation of fluG in A. niger on development, growth and 
secretion was studied in Chapter 5. The ΔfluG colonies formed fully developed 
conidiophores but sterigmata also developed at the stalk of these reproductive 
structures. 7-days-old ΔfluG colonies had formed 20-60 % more biomass and 
growth was observed in the center and not at the periphery when 6-days-old 
colonies had been transferred to fresh maltose medium for 24 h. Secretion of 
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proteins in wild-type and ΔfluG colonies mainly took place at the periphery. 
Seventy-two and 45 proteins were identified in the culture medium of wild-type 
and ΔfluG colonies, respectively. Of these proteins, 29 and 8 were differentially 
released into the culture medium by the different zones of the colony. These 
data show that inactivation of fluG results in aberrant sterigmata formation on 
conidiophores, and reduced secreteome complexity and secretion heterogeneity. 
Moreover, FluG seems to be a repressor of growth.

The results are summarized and discussed in Chapter 6.



45

Chapter 1

REFERENCES
1. Geiser DM, Klich MA, Frisvad JC, Peterson SW, Varga J, Samson RA (2007) 
The current status of species recognition and identification in Aspergillus. Stud. 
Mycol. 59: 1-10. 

2. Samson RA & Varga J (2009) What is a species in Aspergillus? Med. Mycol. 47: 
S13-S20. 

3. Hawksworth DL (2011) Naming Aspergillus species: progress towards one name 
for each species. Med. Mycol. 49: S70-S76. 

4. Geiser DM (2009) Sexual structures in Aspergillus: morphology, importance 
and genomics. Med. Mycol. 47: S21-S26. 

5. Galagan JE, Calvo SE, Cuomo C, Ma LJ, Wortman JR, Batzoglou S, Lee SI, 
Basturkmen M, Spevak CC, Clutterbuck J, Kapitonov V, Jurka J, Scazzocchio C, 
Farman M, Butler J, Purcell S, Harris S, Braus GH, Draht O, Busch S, d’Enfert C, 
Bouchier C, Goldman GH, Bell-Pedersen D, Griffiths-Jones S, Doonan JH, Yu J, 
Vienken K, Pain A, Freitag M, Selker EU, Archer DB, Penalva MA, Oakley BR, 
Momany M, Tanaka T, Kumagai T, Asai K, Machida M, Nierman WC, Denning 
DW, Caddick M, Hynes M, Paoletti M, Fischer R, Miller B, Dyer PS, Sachs MS, 
Osmani SA, Birren BW (2005) Sequencing of Aspergillus nidulans and comparative 
analysis with A. fumigatus and A. oryzae. Nature. 438: 1105-1115. 

6. Cai JJ, Woo PC, Lau SK, Smith DK, Yuen KY (2006) Accelerated evolutionary 
rate may be responsible for the emergence of lineage-specific genes in ascomycota. 
J. Mol. Evol. 63: 1-11. 

7. Williams JP & Hallsworth JE (2009) Limits of life in hostile environments: no 
barriers to biosphere function? Environ. Microbiol. 11: 3292-3308. 

8. Bennett JW (2010) In An overview of the genus Aspergillus: Aspergillus: 
Molecular Biology and Genomics. Caiser Academic Press, Portland. 1-17. 

9. Pawar NV, Patil VB, Kamble SS, Dixit GB (2008) First Report of Aspergillus 
niger as a Plant Pathogen on Zingiber officinale from India. Plant Dis. 92: 1368-
1368. 

10. Pitt JI (1994) The current role of Aspergillus and Penicillium in human and 
animal health. J. Med. Vet. Mycol. 32 Suppl 1: 17-32. 

11. Brakhage AA (2005) Systemic fungal infections caused by Aspergillus species: 
epidemiology, infection process and virulence determinants. Curr. Drug Targets. 
6: 875-886. 

12. Denning DW (1998) Invasive aspergillosis. Clin. Infect. Dis. 26: 781-803. 

13. Stevens DA, Kan VL, Judson MA, Morrison VA, Dummer S, Denning DW, 
Bennett JE, Walsh TJ, Patterson TF, Pankey GA (2000) Practice guidelines for 
diseases caused by Aspergillus. Clin. Infect. Dis. 30: 696-709. 

14. Meyer V, Wu B, Ram AFJ (2011) Aspergillus as a multi-purpose cell factory: 



46

current status and perspectives. Biotechnol. Lett. 33: 469-476. 

15. Finkelstein DB, Rambosek J, Crawford MS, Soliday CL, McAda PC (1989) In 
Protein secretion in Aspergillus niger: Genetics and Molecular Biology of Industrial 
Microorganisms. American Society of Microbiology, Washington DC. 295-300. 

16. Leong SL, Hien LT, An TV, Trang NT, Hocking AD, Scott ES (2007) Ochratoxin 
A-producing Aspergilli in Vietnamese green coffee beans. Lett. Appl. Microbiol. 
45: 301-306. 

17. Ishitani C & Sakaguchi KI (1956) Ishitani C, Sakaguchi KI (1956). Hereditary 
variation and recombination in Koji molds (Aspergilus oryzae and Asp. sojae) v. 
heterocaryosis. Journal of General and Applied Microbiology 2: 345–399. J. Gen. 
Appl. Microbiol. 2: 345-399. 

18. Roca MG, Davide LC, Mendes-Costa MC, Wheals A (2003) Conidial 
anastomosis tubes in Colletotrichum. Fungal Genet. Biol. 40: 138-145. 

19. Roca MG, Arlt J, Jeffree CE, Read ND (2005) Cell biology of conidial 
anastomosis tubes in Neurospora crassa. Eukaryot. Cell. 4: 911-919. 

20. Roca MG, Read ND, Wheals AE (2005) Conidial anastomosis tubes in 
filamentous fungi. FEMS Microbiol Lett. 249: 191-198. 

21. van Diepeningen AD, Pal K, van der Lee TAJ, Hoekstra RF, Debets AJM (2009) 
The het-c heterokaryon incompatibility gene in Aspergillus niger. . Mycol. Res. 113: 
222-229. 

22. Lee BN & Adams TH (1994) Overexpression of flbA, an early regulator of 
Aspergillus asexual sporulation, leads to activation of brlA and premature 
initiation of development. Mol. Microbiol. 14: 323-334. 

23. Wösten HAB, Moukha SM, Sietsma JH, Wessels JG (1991) Localization of 
growth and secretion of proteins in Aspergillus niger. J. Gen. Microbiol. 137: 2017-
2023. 

24. Levin AM, de Vries RP, Wösten HAB (2007) Localization of protein secretion 
in fungal colonies using a novel culturing technique; the ring-plate system. J 
Microbiol. Meth. 69: 399-401. 

25. Levin AM, de Vries RP, Conesa A, de Bekker C, Talon M, Menke HH, van Peij 
NNME, Wösten HAB (2007) Spatial differentiation in the vegetative mycelium of 
Aspergillus niger. Eukaryot. Cell. 6: 2311-2322. 

26. Masai K, Maruyama J, Sakamoto K, Nakajima H, Akita O, Kitamoto K (2006) 
Square-plate culture method allows detection of differential gene expression and 
screening of novel, region-specific genes in Aspergillus oryzae. Appl. Microbiol. 
Biotechnol. 71: 881-891. 

27. Vecht-Lifshitz SE, Magdassi S, Braun S (1990) Pellet formation and cellular 
aggregation in Streptomyces tendae. Biotechnol. Bioeng. 35: 890-896. 

28. Bhargava S, Wenger KS, Marten MR (2003) Pulsed feeding during fed-



47

Chapter 1

batch Aspergillus oryzae fermentation leads to improved oxygen mass transfer. 
Biotechnol. Prog. 19: 1091-1094. 

29. Wessels JG (1989) In The cell wall and protein secretion in fungi: Proceedings 
of the EMBO-A LKO Workshop on Molecular Biology of Filamentous Fungi. 
(Foundation for Biotechnical and Industrial Fermentation Research 6), . 

30. Wessels JG (1990) In Role of cell wall architecture in fungal tip growth 
generation: Tip Growth in Plant and Fungal Walls. Academic Press, San Diego. 
1-29. 

31. Moukha SM, Wösten HAB, Asther M, Wessels JG (1993) In situ localization 
of the secretion of lignin peroxidases in colonies of Phanerochaete chrysosporium 
using a sandwiched mode of culture. J Gen Microbiol. 139: 969-978. 

32. de Bekker C, van Veluw GJ, Vinck A, Wiebenga LA, Wösten HAB (2011) 
Heterogeneity of Aspergillus niger microcolonies in liquid shaken cultures. Appl. 
Environ. Microbiol. 77: 1263-1267. 

33. Vinck A, Terlou M, Pestman WR, Martens EP, Ram AFJ, van den Hondel 
CAMJJ, Wösten HAB (2005) Hyphal differentiation in the exploring mycelium of 
Aspergillus niger. Mol Microbiol. 58: 693-699. 

34. Vinck A, de Bekker C, Ossin A, Ohm RA, de Vries RP, Wösten HAB (2011) 
Heterogenic expression of genes encoding secreted proteins at the periphery of 
Aspergillus niger colonies. Environ. Microbiol. 13: 216-225. 

35. van Veluw GJ, Teertstra WR, de Bekker C, Vinck A, van Beek N, Müller WH, 
Arentshorst M, van der Mei HC, Ram AFJ, Dijksterhuis J, Wösten HAB (2013) 
Heterogeneity in liquid shaken cultures of Aspergillus niger inoculated with 
melanised conidia or conidia of pigmentation mutants. 74: 47-57. 

36. de Bekker C, Bruning O, Jonker MJ, Breit TM, Wösten HAB (2011) Single cell 
transcriptomics of neighboring hyphae of Aspergillus niger. Genome Biol. 12: R71. 

37. Etxebeste O, Herrero-Garcia E, Araújo-Bazán L, Rodriguez-Urra AB, Garzia 
A, Ugalde U, Espeso EA (2009) The bZIP-type transcription factor FlbB regulates 
distinct morphogenetic stages of colony formation in Aspergillus nidulans. Mol. 
Microbiol. 73: 775-789. 

38. Jennings DH (1987) Translocation of solutes in fungi. Biological Reviews. 62: 
215-243. 

39. Jennings DH (1984) In Water flow through mycelia: The ecology and 
physiology of fungal mycelia. Cambridge University Press, Cambridge. 143-164. 

40. Gavin AC, Aloy P, Grandi P, Krause R, Boesche M, Marzioch M, Rau C, Jensen 
LJ, Bastuck S, Dumpelfeld B, Edelmann A, Heurtier MA, Hoffman V, Hoefert 
C, Klein K, Hudak M, Michon AM, Schelder M, Schirle M, Remor M, Rudi T, 
Hooper S, Bauer A, Bouwmeester T, Casari G, Drewes G, Neubauer G, Rick JM, 
Kuster B, Bork P, Russell RB, Superti-Furga G (2006) Proteome survey reveals 
modularity of the yeast cell machinery. Nature. 440: 631-636. 



48

41. Bleichrodt R, Vinck A, Krijgsheld P, van Leeuwen MR, Dijksterhuis J, Wösten 
HAB (2013) Cytosolic streaming in vegetative mycelium and aerial structures of 
Aspergillus niger. Stud. Mycol. 74: 31-46. 

42. Bleichrodt, R. Intercompartmental streaming in Aspergillus, PhD Thesis, 
Utrecht University, 2012. 

43. van Peer AF, de Bekker C, Vinck A, Wösten HAB, Lugones LG (2009) 
Phleomycin increases transformation efficiency and promotes single integrations 
in Schizophyllum commune. Appl. Environ. Microbiol. 75: 1243-1247. 

44. van Peer AF, Müller WH, Boekhout T, Lugones LG, Wösten HAB (2009) 
Cytoplasmic continuity revisited: closure of septa of the filamentous fungus 
Schizophyllum commune in response to environmental conditions. PloS One. 4: 
e5977. 

45. Adams TH, Wieser JK, Yu JH (1998) Asexual sporulation in Aspergillus 
nidulans. Microbiol. Mol. Biol. Rev. 62: 35-54. 

46. Lee BN & Adams TH (1994) The Aspergillus nidulans fluG gene is required for 
production of an extracellular developmental signal and is related to prokaryotic 
glutamine synthetase I. Genes & Development. 8: 641-651. 

47. Wösten HAB, Richter M, Willey JM (1999) Structural proteins involved in 
emergence of microbial aerial hyphae. Fungal Genet. Biol. 27: 153-160. 

48. Wösten HAB & Willey JM (2000) Surface-active proteins enable microbial 
aerial hyphae to grow into the air. Microbiology. 146: 767-773. 

49. Wösten HAB (2001) Hydrophobins: multipurpose proteins. Annu. Rev. 
Microbiol. 55: 625-646. 

50. Wösten HAB, van Wetter MA, Lugones LG, van der Mei HC, Busscher HJ, 
Wessels JG (1999) How a fungus escapes the water to grow into the air. Curr. Biol. 
9: 85-88. 

51. Skromne I, Sanchez O, Aguirre J (1995) Starvation stress modulates the 
expression of the Aspergillus nidulans brlA regulatory gene. Microbiology. 141: 
21-8. 

52. Lee BN & Adams TH (1996) FluG and flbA function interdependently to 
initiate conidiophore development in Aspergillus nidulans through brlA beta 
activation. EMBO J. 15: 299-309. 

53. Roncal T & Ugalde U (2003) Conidiation induction in Penicillium. Res. 
Microbiol. 154: 539-546. 

54. Pel HJ, de Winde JH, Archer DB, Dyer PS, Hofmann G, Schaap PJ, Turner 
G, de Vries RP, Albang R, Albermann K, Andersen MR, Bendtsen JD, Benen JA, 
van den Berg M, Breestraat S, Caddick MX, Contreras R, Cornell M, Coutinho 
PM, Danchin EG, Debets AJ, Dekker P, van Dijck PW, van Dijk A, Dijkhuizen L, 
Driessen AJ, d’Enfert C, Geysens S, Goosen C, Groot GS, de Groot PW, Guillemette 



49

Chapter 1

T, Henrissat B, Herweijer M, van den Hombergh JP, van den Hondel CAMJJ, van 
der Heijden RT, van der Kaaij RM, Klis FM, Kools HJ, Kubicek CP, van Kuyk 
PA, Lauber J, Lu X, van der Maarel MJ, Meulenberg R, Menke H, Mortimer MA, 
Nielsen J, Oliver SG, Olsthoorn M, Pál K, van Peij NNME, Ram AFJ, Rinas U, 
Roubos JA, Sagt CMJ, Schmoll M, Sun J, Ussery D, Varga J, Vervecken W, van de 
Vondervoort PJ, Wedler H, Wösten HAB, Zeng AP, van Ooyen AJ, Visser J, Stam 
H (2007) Genome sequencing and analysis of the versatile cell factory Aspergillus 
niger CBS 513.88. Nat. Biotechnol. 25: 221-231. 

55. Timberlake WE (1980) Developmental gene regulation in Aspergillus nidulans. 
Dev. Biol. 78: 497-510. 

56. Jensen BG, Andersen MR, Pedersen MH, Frisvad JC, Sondergaard I (2010) 
Hydrophobins from Aspergillus species cannot be clearly divided into two classes. 
BMC Res. Notes. 3: 344. 

57. Breakspear A & Momany M (2007) Aspergillus nidulans conidiation genes 
dewA, fluG, and stuA are differentially regulated in early vegetative growth. 
Eukaryot. Cell. 6: 1697-1700. 

58. Adams TH, Boylan MT, Timberlake WE (1988) brlA is necessary and sufficient 
to direct conidiophore development in Aspergillus nidulans. Cell. 54: 353-362. 

59. Ogawa M, Tokuoka M, Jin FJ, Takahashi T, Koyama Y (2010) Genetic analysis 
of conidiation regulatory pathways in koji-mold Aspergillus oryzae. Fungal Genet. 
Biol. 47: 10-18. 

60. Yamada O, Lee BR, Gomi K, Iimura Y (1999) Cloning and functional analysis 
of the Aspergillus oryzae conidiation regulator gene brlA by its disruption and 
misscheduled expression. J. Biosci. Bioeng. 87: 424-429. 

61. Mah JH & Yu JH (2006) Upstream and downstream regulation of asexual 
development in Aspergillus fumigatus. Eukaryot. Cell. 5: 1585-1595. 

62. Twumasi-Boateng K, Yu Y, Chen D, Gravelat FN, Nierman WC, Sheppard 
DC (2009) Transcriptional profiling identifies a role for BrlA in the response to 
nitrogen depletion and for StuA in the regulation of secondary metabolite clusters 
in Aspergillus fumigatus. Eukaryot. Cell. 8: 104-115. 

63. de la Serna I, Ng D, Tyler BM (1999) Carbon regulation of ribosomal genes 
in Neurospora crassa occurs by a mechanism which does not require Cre-1, the 
homologue of the Aspergillus carbon catabolite repressor, CreA. Fungal Genet. 
Biol. 26: 253-269. 

64. Bahn YS, Xue C, Idnurm A, Rutherford JC, Heitman J, Cardenas ME (2007) 
Sensing the environment: lessons from fungi. Nat. Rev. Microbiol. 5: 57-69. 

65. Gasch AP, Spellman PT, Kao CM, Carmel-Harel O, Eisen MB, Storz G, Botstein 
D, Brown PO (2000) Genomic expression programs in the response of yeast cells 
to environmental changes. Mol. Biol. Cell. 11: 4241-4257. 



50

66. Mogensen J, Nielsen HB, Hofmann G, Nielsen J (2006) Transcription analysis 
using high-density micro-arrays of Aspergillus nidulans wild-type and creA 
mutant during growth on glucose or ethanol. Fungal Genet. Biol. 43: 593-603. 

67. Warner JR (1999) The economics of ribosome biosynthesis in yeast. Trends 
Biochem. Sci. 24: 437-440. 

68. Li B, Nierras CR, Warner JR (1999) Transcriptional elements involved in the 
repression of ribosomal protein synthesis. Mol. Cell. Biol. 19: 5393-5404. 

69. Prade RA & Timberlake WE (1993) The Aspergillus nidulans brlA regulatory 
locus consists of overlapping transcription units that are individually required for 
conidiophore development. The EMBO Journal. 12: 2439-2447. 

70. Han S & Adams TH (2001) Complex control of the developmental regulatory 
locus brlA in Aspergillus nidulans. Mol Genet Genomics. 266: 260-270. 

71. Fischer R, Kües U (2006) In Asexual Sporulation in Mycelial Fungi: The 
Mycota I: Growth, Differentiation and Sexuality. Springer Berlin Heidelberg, New 
York. 1: 263-292. 

72. Boylan MT, Mirabito PM, Willett CE, Zimmerman CR, Timberlake WE 
(1987) Isolation and physical characterization of three essential conidiation genes 
from Aspergillus nidulans. Mol. Cell. Biol. 7: 3113-3118. 

73. Mirabito PM, Adams TH, Timberlake WE (1989) Interactions of three 
sequentially expressed genes control temporal and spatial specificity in Aspergillus 
development. Cell. 57: 859-868. 

74. Clutterbuck AJ (1969) A mutational analysis of conidial development in 
Aspergillus nidulans. Genetics. 63: 317-327. 

75. Sewall TC, Mims CW, Timberlake WE (1990) abaA controls phialide 
differentiation in Aspergillus nidulans. Plant Cell. 2: 731-739. 

76. Andrianopoulos A & Timberlake WE (1994) The Aspergillus nidulans abaA 
gene encodes a transcriptional activator that acts as a genetic switch to control 
development. Mol. Cell. Biol. 14: 2503-2515. 

77. Aguirre J (1993) Spatial and temporal controls of the Aspergillus brlA 
developmental regulatory gene. Molecular Microbiology. 8: 211-8. 

78. Tao L & Yu JH (2011) AbaA and WetA govern distinct stages of Aspergillus 
fumigatus development. Microbiology. 157: 313-326. 

79. Marshall MA & Timberlake WE (1991) Aspergillus nidulans wetA activates 
spore-specific gene expression. Mol Cell Biol. 11: 55-62. 

80. Ni M & Yu JH (2007) A novel regulator couples sporogenesis and trehalose 
biogenesis in Aspergillus nidulans. PLoS One. 2: e970. 

81. Wu J & Miller BL (1997) Aspergillus asexual reproduction and sexual 
reproduction are differentially affected by transcriptional and translational 



51

Chapter 1

mechanisms regulating stunted gene expression. Mol. Cell. Biol. 17: 6191-6201. 

82. Sheppard DC, Doedt T, Chiang LY, Kim HS, Chen D, Nierman WC, Filler 
SG (2005) The Aspergillus fumigatus StuA protein governs the up-regulation 
of a discrete transcriptional program during the acquisition of developmental 
competence. Mol. Biol. Cell. 16: 5866-5879. 

83. Miller KY, Toennis TM, Adams TH, Miller BL (1991) Isolation and 
transcriptional characterization of a morphological modifier: the Aspergillus 
nidulans stunted (stuA) gene. Mol. Gen. Genet. 227: 285-292. 

84. Miller KY, Wu J, Miller BL (1992) StuA is required for cell pattern formation 
in Aspergillus. Genes Dev. 6: 1770-1782. 

85. Busby TM, Miller KY, Miller BL (1996) Suppression and enhancement of the 
Aspergillus nidulans medusa mutation by altered dosage of the bristle and stunted 
genes. Genetics. 143: 155-163. 

86. Ichinomiya M, Ohta A, Horiuchi H (2005) Expression of asexual developmental 
regulator gene abaA is affected in the double mutants of classes I and II chitin 
synthase genes, chsC and chsA, of Aspergillus nidulans. Curr Genet. 48: 171-183. 

87. D’Souza CA, Lee BN, Adams TH (2001) Characterization of the role of the 
FluG protein in asexual development of Aspergillus nidulans. Genetics. 158: 1027-
1036. 

88. Yu JH, Rosén S, Adams TH (1999) Extragenic suppressors of loss-of-function 
mutations in the Aspergillus FlbA regulator of G-protein signaling domain protein. 
Genetics. 151: 97-105. 

89. Yu JH, Wieser J, Adams TH (1996) The Aspergillus FlbA RGS domain protein 
antagonizes G protein signaling to block proliferation and allow development. 
The EMBO Journal. 15: 5184-5190. 

90. Wieser J, Lee BN, Fondon JW, Adams TH (1994) Genetic requirements for 
initiating asexual development in Aspergillus nidulans. Curr. Genet. 27: 62-69. 

91. Shin KS, Kwon NJ, Yu JH (2009) G(betagamma)-mediated growth and 
developmental control in Aspergillus fumigatus. Curr. Genet. 55: 631-641. 

92. Hicks JK, Yu JH, Keller NP, Adams TH (1997) Aspergillus sporulation and 
mycotoxin production both require inactivation of the FadA G alpha protein-
dependent signaling pathway. The EMBO Journal. 16: 4916-4923. 

93. Seo JA, Han KH, Yu JH (2005) Multiple roles of a heterotrimeric G-protein 
gamma-subunit in governing growth and development of Aspergillus nidulans. 
Genetics. 171: 81-89. 

94. Rosén S, Yu JH, Adams TH (1999) The Aspergillus nidulans sfaD gene encodes 
a G protein beta subunit that is required for normal growth and repression of 
sporulation. The EMBO Journal. 18: 5592-5600. 



52

95. Wieser J, Yu JH, Adams TH (1997) Dominant mutations affecting both 
sporulation and sterigmatocystin biosynthesis in Aspergillus nidulans. Curr Genet. 
32: 218-224. 

96. Seo JA & Yu JH (2006) The phosducin-like protein PhnA is required for 
G(betagamma)-mediated signaling for vegetative growth, developmental control, 
and toxin biosynthesis in Aspergillus nidulans. Eukaryotic Cell. 5: 400-410. 

97. Yu JH (2006) Heterotrimeric G protein signaling and RGSs in Aspergillus 
nidulans. J Microbiol. 44: 145-154. 

98. Shimizu K & Keller NP (2001) Genetic involvement of a cAMP-dependent 
protein kinase in a G protein signaling pathway regulating morphological and 
chemical transitions in Aspergillus nidulans. Genetics. 157: 591-600. 

99. Lafon A, Seo JA, Han KH, Yu JH, d’Enfert C (2005) The heterotrimeric 
G-protein GanB(alpha)-SfaD(beta)-GpgA(gamma) is a carbon source sensor 
involved in early cAMP-dependent germination in Aspergillus nidulans. Genetics. 
171: 71-80. 

100. Lafon A, Han KH, Seo JA, Yu JH, d’Enfert C (2006) G-protein and cAMP-
mediated signaling in aspergilli: a genomic perspective. Fungal Genetics and 
Biology. 43: 490-502. 

101. Yu JH & Keller NP (2005) Regulation of secondary metabolism in filamentous 
fungi. Annu Rev Phytopathol. 43: 437-458. 

102. Ni M, Rierson S, Seo JA, Yu JH (2005) The pkaB gene encoding the secondary 
protein kinase A catalytic subunit has a synthetic lethal interaction with pkaA 
and plays overlapping and opposite roles in Aspergillus nidulans. Eukaryot. Cell. 
4: 1465-1476. 

103. Seo JA, Guan Y, Yu JH (2003) Suppressor mutations bypass the requirement 
of fluG for asexual sporulation and sterigmatocystin production in Aspergillus 
nidulans. Genetics. 165: 1083-1093. 

104. Liebmann B, Müller M, Braun A, Brakhage AA (2004) The cyclic AMP-
dependent protein kinase a network regulates development and virulence in 
Aspergillus fumigatus. Infect. Immun. 72: 5193-5203. 

105. Chang MH, Chae KS, Han DM, Jahng KY (2004) The GanB Galpha-protein 
negatively regulates asexual sporulation and plays a positive role in conidial 
germination in Aspergillus nidulans. Genetics. 167: 1305-1315. 

106. Liebmann B, Gattung S, Jahn B, Brakhage AA (2003) cAMP signaling in 
Aspergillus fumigatus is involved in the regulation of the virulence gene pksP and 
in defense against killing by macrophages. Mol. Genet. Genomics. 269: 420-435. 

107. Han KH, Seo JA, Yu JH (2004) Regulators of G-protein signalling in Aspergillus 
nidulans: RgsA downregulates stress response and stimulates asexual sporulation 
through attenuation of GanB (Galpha) signalling. Mol Microbiol. 53: 529-540. 



53

Chapter 1

108. Seo JA, Guan Y, Yu JH (2006) FluG-dependent asexual development in 
Aspergillus nidulans occurs via derepression. Genetics. 172: 1535-1544. 

109. Ruger-Herreros C, Rodriguez-Romero J, Fernandez-Barranco R, Olmedo M, 
Fischer R, Corrochano LM, Canovas D (2011) Regulation of conidiation by light 
in Aspergillus nidulans. Genetics. 188: 809-822. 

110. Kwon NJ, Garzia A, Espeso EA, Ugalde U, Yu JH (2010) FlbC is a putative 
nuclear C2H2 transcription factor regulating development in Aspergillus nidulans. 
Mol. Microbiol. 77: 1203-1219. 

111. Wieser J & Adams TH (1995) flbD encodes a Myb-like DNA-binding protein 
that coordinates initiation of Aspergillus nidulans conidiophore development. 
Genes Dev. 9: 491-502. 

112. Garzia A, Etxebeste O, Herrero-Garcia E, Ugalde U, Espeso EA (2010) The 
concerted action of bZip and cMyb transcription factors FlbB and FlbD induces 
brlA expression and asexual development in Aspergillus nidulans. Mol. Microbiol. 
75: 1314-1324. 

113. Etxebeste O, Garzia A, Espeso EA, Ugalde U (2010) Aspergillus nidulans 
asexual development: making the most of cellular modules. Trends Microbiol. 18: 
569-576. 

114. Etxebeste O, Ni M, Garzia A, Kwon NJ, Fischer R, Yu JH, Espeso EA, Ugalde U 
(2008) Basic-zipper-type transcription factor FlbB controls asexual development 
in Aspergillus nidulans. Eukaryot. Cell. 7: 38-48. 

115. Garzia A, Etxebeste O, Herrero-Garcia E, Fischer R, Espeso EA, Ugalde 
U (2009) Aspergillus nidulans FlbE is an upstream developmental activator of 
conidiation functionally associated with the putative transcription factor FlbB. 
Mol. Microbiol. 71: 172-184. 

116. Xiao P, Shin KS, Wang T, Yu JH (2010) Aspergillus fumigatus flbB encodes 
two basic leucine zipper domain (bZIP) proteins required for proper asexual 
development and gliotoxin production. Eukaryot. Cell. 9: 1711-1723. 

117. Dickman MB & Yarden O (1999) Serine/threonine protein kinases and 
phosphatases in filamentious fungi. Fungal Genet. Biol. 26: 99-117. 

118. Wei H, Requena N, Fischer R (2003) The MAPKK kinase SteC regulates 
conidiophore morphology and is essential for heterokaryon formation and sexual 
development in the homothallic fungus Aspergillus nidulans. Mol. Microbiol. 47: 
1577-1588. 

119. Paoletti M, Seymour FA, Alcocer MJ, Kaur N, Calvo AM, Archer DB, Dyer 
PS (2007) Mating type and the genetic basis of self-fertility in the model fungus 
Aspergillus nidulans. Curr. Biol. 17: 1384-1389. 

120. Vallim MA, Miller KY, Miller BL (2000) Aspergillus SteA (sterile12-like) 
is a homeodomain-C2/H2-Zn+2 finger transcription factor required for sexual 
reproduction. Mol. Microbiol. 36: 290-301. 



54

121. Han KH, Han KY, Yu JH, Chae KS, Jahng KY, Han DM (2001) The nsdD 
gene encodes a putative GATA-type transcription factor necessary for sexual 
development of Aspergillus nidulans. Mol. Microbiol. 41: 299-309. 

122. Kim HR, Chae KS, Han KH, Han DM (2009) The nsdC gene encoding a 
putative C2H2-type transcription factor is a key activator of sexual development in 
Aspergillus nidulans. Genetics. 182: 771-783. 

123. Dyer PS & Paoletti M (2005) Reproduction in Aspergillus fumigatus: sexuality 
in a supposedly asexual species? Med. Mycol. 43: S7-S14. 

124. O’Gorman CM, Fuller HT, Dyer PS (2009) Discovery of a sexual cycle in the 
opportunistic fungal pathogen Aspergillus fumigatus. Nature. 457: 471-474. 

125. Horn BW, Ramirez-Prado JH, Carbone I (2009) The sexual state of Aspergillus 
parasiticus. Mycologia. 101: 275-280. 

126. Horn BW, Moore GG, Carbone I (2009) Sexual reproduction in Aspergillus 
flavus. Mycologia. 101: 423-429. 

127. Horn BW, Moore GG, Carbone I (2011) Sexual reproduction in aflatoxin-
producing Aspergillus nomius. Mycologia. 103: 174-183. 

128. Rydholm C, Dyer PS, Lutzoni F (2007) DNA sequence characterization and 
molecular evolution of MAT1 and MAT2 mating-type loci of the self-compatible 
ascomycete mold Neosartorya fischeri. Eukaryot. Cell. 6: 868-874. 

129. Rokas A, Galagan JE (2008) In Aspergillus nidulans genome and a comparative 
analysis of genome evolution in Aspergillus: The Aspergilli: Genomics, Medical 
Aspects, Biotechnology, and Research Methods. Taylor & Francis, Boca Raton. 
43-55. 

130. Pál K, van Diepingen AD, Varga J, Debets AJ, Hoekstra RF (2008) In Sexual 
genes in the asexual filamentous fungus Aspergillus niger and related Aspergilli: 
Aspergillus in the genomics era. Wageningen Acedemic Publishers, Wageningen. 
107-128. 

131. Seo JA, Han KH, Yu JH (2004) The gprA and gprB genes encode putative G 
protein-coupled receptors required for self-fertilization in Aspergillus nidulans. 
Mol. Microbiol. 53: 1611-1623. 

132. Benjamin CR (1955) Ascocarps of Aspergillus and Penicillium. Mycologia. 47: 
669-687. 

133. Champe SP, Nagle DL, Yager LN (1994) Sexual sporulation. Prog. Ind. 
Microbiol. 29: 429-454. 

134. Champe SP, Simon LD (1992) In Cellular differentiation and tissue formation 
in the fungus Aspergillus nidulans: Morphogenesis: an analysis of the development 
of biological form. Marcel Dekker INC., New York. 63-91. 

135. Pöggeler S, Nowrousian M, Kück U (2006) In Fruiting body development 
in Ascomycetes: The Mycota I: Growth, Differentiation, and Sexuality. (second), 



55

Chapter 1

Springer Verslag, Berlin. 325-355. 

136. Zonneveld BJM (1977) In Biochemistry and ultrastructure of sexual 
development in Aspergillus nidulans: Genetics and Physiology of Aspergillus. 
Academic Press, London. 59-80. 

137. Braus GH, Krappmann S, Eckert SE (2002) In Sexual development in 
ascomycetes - fruit body formation of Aspergillus nidulans: Molecular Biology of 
Fungal Development. Dekker, New York. 215-244. 

138. Turgeon BG & Yoder OC (2000) Proposed nomenclature for mating type 
genes of filamentous ascomycetes. Fungal Genet. Biol. 31: 1-5. 

139. Coppin E, Debuchy R, Arnaise S, Picard M (1997) Mating types and sexual 
development in filamentous ascomycetes. Microbiol. Mol. Biol. Rev. 61: 411-428. 

140. Shiu PK & Glass NL (2000) Cell and nuclear recognition mechanisms 
mediated by mating type in filamentous ascomycetes. Curr. Opin. Microbiol. 3: 
183-188. 

141. Banuett F (1998) Signalling in the yeasts: an informational cascade with links 
to the filamentous fungi. Microbiol. Mol. Biol. Rev. 62: 249-274. 

142. Szewczyk E & Krappmann S (2010) Conserved regulators of mating are 
essential for Aspergillus fumigatus cleistothecium formation. Eukaryot. Cell. 9: 
774-783. 

143. Dyer PS, Paoletti M, Archer DB (2003) Genomics reveals sexual secrets of 
Aspergillus. Microbiology. 149: 2301-2303. 

144. Han KH, Seo JA, Yu JH (2004) A putative G protein-coupled receptor 
negatively controls sexual development in Aspergillus nidulans. Mol. Microbiol. 
51: 1333-1345. 

145. Vienken K & Fischer R (2006) The Zn(II)2Cys6 putative transcription factor 
NosA controls fruiting body formation in Aspergillus nidulans. Mol. Microbiol. 
61: 544-554. 

146. Vienken K, Scherer M, Fischer R (2005) The Zn(II)2Cys6 putative Aspergillus 
nidulans transcription factor repressor of sexual development inhibits sexual 
development under low-carbon conditions and in submersed culture. Genetics. 
169: 619-630. 

147. Mooney JL, Hassett DE, Yager LN (1990) Genetic analysis of suppressors of 
the veA1 mutation in Aspergillus nidulans. Genetics. 126: 869-874. 

148. Bayram Ö, Braus GH, Fischer R, Rodriguez-Romero J (2010) Spotlight on 
Aspergillus nidulans photosensory systems. Fungal Genet. Biol. 47: 900-908. 

149. Purschwitz J, Müller S, Kastner C, Fischer R (2006) Seeing the rainbow: light 
sensing in fungi. Curr. Opin. Microbiol. 9: 566-571. 



56

150. Kwon NJ, Shin KS, Yu JH (2010) Characterization of the developmental 
regulator FlbE in Aspergillus fumigatus and Aspergillus nidulans. Fungal Genet. 
Biol. 47: 981-993. 

151. Calvo AM, Wilson RA, Bok JW, Keller NP (2002) Relationship between 
secondary metabolism and fungal development. Microbiol. Mol. Biol. Rev. 66: 
447-459. 

152. Champe SP, Rao P, Chang A (1987) An endogenous inducer of sexual 
development in Aspergillus nidulans. J. Gen. Microbiol. 133: 1383-1387. 

153. Champe SP & el-Zayat AA (1989) Isolation of a sexual sporulation hormone 
from Aspergillus nidulans. J. Bacteriol. 171: 3982-3988. 

154. Mazur P, Nakanishi K, El-Zayat AA, Champe SP (1991) Structure and 
synthesis of sporogenic psi factors from Aspergillus nidulans. J Chem Soc Chem 
Commun. 20: 1486-1487. 

155. Mazur P, Meyers HV, Nakanishi K, el-Zayat AA, Champe SP (1990) Structural 
elucidation of sporogenic fatty acid metabolites from Aspergillus nidulans. 
Tetrahedron Lett. 31: 3837-3840. 

156. Tsitsigiannis DI, Kowieski TM, Zarnowski R, Keller NP (2004) Endogenous 
lipogenic regulators of spore balance in Aspergillus nidulans. Eukaryot. Cell. 3: 
1398-1411. 

157. Tsitsigiannis DI, Kowieski TM, Zarnowski R, Keller NP (2005) Three 
putative oxylipin biosynthetic genes integrate sexual and asexual development in 
Aspergillus nidulans. Microbiology. 151: 1809-1821. 

158. Tsitsigiannis DI, Zarnowski R, Keller NP (2004) The lipid body protein, 
PpoA, coordinates sexual and asexual sporulation in Aspergillus nidulans. J. Biol. 
Chem. 279: 11344-11353. 

159. Garscha U, Jerneren F, Chung D, Keller NP, Hamberg M, Oliw EH (2007) 
Identification of dioxygenases required for Aspergillus development. Studies 
of products, stereochemistry, and the reaction mechanism. J. Biol. Chem. 282: 
34707-34718. 

160. Wadman MW, de Vries RP, Kalkhove SIC, Veldink GA, Vliegenthart JF 
(2009) Characterization of oxylipins and dioxygenase genes in the asexual fungus 
Aspergillus niger. BMC Microbiol. 9: 59. 

161. Osherov N & May GS (2001) The molecular mechanisms of conidial 
germination. FEMS Microbiol. Lett. 199: 153-160. 

162. van Leeuwen MR, Krijgsheld P, Bleichrodt R, Menke H, Stam H, Stark J, 
Wösten HAB, Dijksterhuis J (2013) Germination of conidia of Aspergillus niger is 
accompanied by major changes in RNA profiles. Stud. Mycol. 74: 59-70. 

163. van Leeuwen MR, Krijgsheld P, Wyatt TT, Golovina EA, Menke H, Dekker 
A, Stark J, Stam H, Grijpstra J, Bleichrodt R, Wösten HAB, Dijksterhuis J (2013) 



57

Chapter 1

The effect of natamycin on the transcriptome of conidia of Aspergillus niger. Stud. 
Mycol. 74: 71-85. 

164. Dijksterhuis J, Nijsse J, Hoekstra FA, Golovina EA (2007) High viscosity and 
anisotropy characterize the cytoplasm of fungal dormant stress-resistant spores. 
Eukaryot. Cell. 6: 157-170. 

165. Momany M (2002) Polarity in filamentous fungi: establishment, maintenance 
and new axes. Curr. Opin. Microbiol. 5: 580-585. 

166. d’Enfert C (1997) Fungal Spore Germination: Insights from the Molecular 
Genetics of Aspergillus nidulans and Neurospora crassa. Fungal Genetics and 
Biology. 21: 163-172. 

167. Harris SD & Momany M (2004) Polarity in filamentous fungi: moving beyond 
the yeast paradigm. Fungal Genet. Biol. 41: 391-400. 

168. Harris SD (2006) Cell polarity in filamentous fungi: shaping the mold. Int. 
Rev. Cytol. 251: 41-77. 

169. Lamarre C, Sokol S, Debeaupuis JP, Henry C, Lacroix C, Glaser P, Coppee JY, 
Francois JM, Latgé JP (2008) Transcriptomic analysis of the exit from dormancy 
of Aspergillus fumigatus conidia. BMC Genomics. 9: 417. 

170. Osherov N & May G (2000) Conidial germination in Aspergillus nidulans 
requires RAS signaling and protein synthesis. Genetics. 155: 647-656. 

171. d’Enfert C, Bonini BM, Zapella PD, Fontaine T, da Silva AM, Terenzi HF 
(1999) Neutral trehalases catalyse intracellular trehalose breakdown in the 
filamentous fungi Aspergillus nidulans and Neurospora crassa. Mol. Microbiol. 32: 
471-483. 

172. Fillinger S, Chaveroche MK, van Dijck P, de Vries RP, Ruijter GJ, Thevelein 
J, d’Enfert C (2001) Trehalose is required for the acquisition of tolerance to a 
variety of stresses in the filamentous fungus Aspergillus nidulans. Microbiology. 
147: 1851-1862. 

173. Fillinger S, Chaveroche MK, Shimizu K, Keller NP, d’Enfert C (2002) cAMP 
and ras signalling independently control spore germination in the filamentous 
fungus Aspergillus nidulans. Mol. Microbiol. 44: 1001-1016. 

174. Saudohar M, Bencina M, van de Vondervoort PJ, Panneman H, Legisa M, 
Visser J, Ruijter GJ (2002) Cyclic AMP-dependent protein kinase is involved in 
morphogenesis of Aspergillus niger. Microbiology. 148: 2635-2645. 

175. Som T & Kolaparthi VS (1994) Developmental decisions in Aspergillus 
nidulans are modulated by Ras activity. Mol. Cell. Biol. 14: 5333-5348. 

176. Harispe L, Portela C, Scazzocchio C, Penalva MA, Gorfinkiel L (2008) Ras 
GTPase-activating protein regulation of actin cytoskeleton and hyphal polarity in 
Aspergillus nidulans. Eukaryot. Cell. 7: 141-153. 



58

177. Bussink HJ & Osmani SA (1999) A mitogen-activated protein kinase (MPKA) 
is involved in polarized growth in the filamentous fungus, Aspergillus nidulans. 
FEMS Microbiol. Lett. 173: 117-125. 

178. Mehra S & Jaitly A (1995) pH and temperature optima for growth and 
sporulation in some common fungi from city waste. Mycoscience. 36: 243-246. 

179. Astoreca A, Magnoli C, Ramirez ML, Combina M, Dalcero A (2007) Water 
activity and temperature effects on growth of Aspergillus niger, A. awamori and A. 
carbonarius isolated from different substrates in Argentina. Int. J. Food Microbiol. 
119: 314-318. 

180. Panasenko V (1967) Ecology of microfungi. The Botanical Review. 189-215. 

181. Ayerst G (1969) The effects of moisture and temperature on growth and spore 
germination in some fungi. J. Stored Prod. Res. 5: 127-141. 

182. Leong SL, Hocking AD, Scott ES (2006) Effect of temperature and water 
activity on growth and ochratoxin A production by Australian Aspergillus 
carbonarius and A. niger isolates on a simulated grape juice medium. Int. J. Food 
Microbiol. 110: 209-216. 

183. Pitt JI (1981) In Food storage and biodeterioration: Biology of Conidial 
Fungi. Academic Press, New York. 111-142. 

184. Gibson AM, Baranyi J, Pitt JI, Eyles MJ, Roberts TA (1994) Predicting fungal 
growth: the effect of water activity on Aspergillus flavus and related species. Int. J. 
Food Microbiol. 23: 419-431. 

185. Chipeta ZA, du Preez JC, Christopher L (2008) Effect of cultivation pH and 
agitation rate on growth and xylanase production by Aspergillus oryzae in spent 
sulphite liquor. J. Ind. Microbiol. Biotechnol. 35: 587-594. 

186. Nasseri S, Assadi MM, Sepehr MN, Rostami K, Shariat M, Nadafi K (2002) 
Chromium removal from tanning effluent using biomass of Aspergillus oryzae. 
Pakistan Journal of Biological Sciences. 5: 1056-1059. 

187. Al-Doory Y (1984) In Chapter 3: Mould Allergy. Lea and Febiger, Philadelphia. 
287. 

188. Singh S & Sandhu D (1982) Growth response of some thermophilous fungi at 
different incubation temperatures. Proceedings: Plant Sciences. 91: 153-158. 

189. Ogundero VW (1981) Cultural and nutritional studies of zoopathogenic 
fungi associated with livestock feeds in Nigeria. Z. Allg. Mikrobiol. 21: 255-259. 

190. Beuchat LR (1986) Extraordinary heat resistance of Talaromyces flavus and 
Neosartorya fischeri ascospores in fruit products. J. Food Sci. 51: 1506-1510. 

191. Nielsen PV, Beuchat LR, Frisvad JC (1988) Growth of and fumitremorgin 
production by Neosartorya fischeri as affected by temperature, light, and water 
activity. Appl. Environ. Microbiol. 54: 1504-1510. 



59

Chapter 1

192. Samson RA, Hoekstra ES, Frisvad JC, Filtenborg O (2000) In Identification 
of the common food- and airbonrne fungi, Neosatorya fischeri: Introduction to 
food- and airborne fungi. Centraalbureau Voor Schimmelcultures, Utrecht. 44-47. 

193. Valik L & Pieckova E (2001) Growth modelling of heat-resistant fungi: the 
effect of water activity. Int. J. Food Microbiol. 63: 11-17. 

194. Agnihotri VP (1964) Studies on Aspergilli. Xvi. Effect of pH, temperature, 
and carbon and nitrogen interaction. Mycopathol. Mycol. Appl. 24: 305-314. 

195. Lacey J (1980) In The microflora of graindust: Occupational pulmonary 
disease: focus on graindust and health. Academic Press, New York. 417-440. 





61

2
Chapter 2

Spatially resolving the 
secretome within the 

mycelium of the cell factory 
Aspergillus niger 

This Chapter is based on Krijgsheld P, Altelaar AFM, Post H, Ringrose JH, Müller 
WH, Heck AJR, and Wösten HAB.(2012). Spatially resolving the secretome within 
the mycelium of the cell factory Aspergillus niger. Journal of Proteome Research 11: 
2807–2818. doi: 10.1021/pr201157b. Copyright © 2012 American Chemical Society 
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Chapter 2

ABSTRACTAspergillus niger is an important cell factory for the industrial 
production of enzymes. These enzymes are released into the culture 
medium, from which they can be easily isolated. Here, we determined 

with stable isotope dimethyl labeling the secretome of 5 concentric zones of 
7-days-old xylose-grown colonies of A. niger that had either or not been treated 
with cycloheximide. As expected, cycloheximide blocked secretion of proteins 
at the periphery of the colony. Unexpectedly, protein release was increased by 
cycloheximide in the intermediate and central zones of the mycelium when 
compared to non-treated colonies. Electron microscopy indicated that this is 
due to partial degradation of the cell wall. In total, 124 proteins were identified 
in cycloheximide-treated colonies, of which 19 secreted proteins had not been 
identified before. Within the pool of 124 proteins, 53 secreted proteins were 
absent in non-treated colonies, and additionally, 35 proteins were released ≥ 
4-fold in the central and sub-peripheral zones of cycloheximide-treated colonies 
when compared to non-treated colonies. The composition of the secretome in 
each of the 5 concentric zones differed. This study thus describes spatial release of 
proteins in A. niger, which is instrumental in understanding how fungi degrade 
complex substrates in nature.
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INTRODUCTION

The genus Aspergillus comprises species that are among the most abundant 
fungi in the world. They contribute to element recycling in nature by 

degrading dead organic material. As such, they can cause spoilage of food and 
feed. Aspergillus species are also pathogens of plants, animals, and humans, and 
can affect quality of the indoor environment.1, Chapter 1 On the other hand, aspergilli 
are beneficial for mankind. They are used at large scale in the production of food, 
metabolites and enzymes. For instance, Aspergillus niger is used in the industry 
for the production of organic acids2, 3and a wide variety of enzymes. 4, 5 The 
production capacity of this fungus is illustrated by strains that secrete more than 
30 g L-1 glucoamylase.6

 A. niger grows by means of hyphae that grow at their tips and that branch 
sub-apically. As a result, a network of interconnected hyphae is formed that is 
called a mycelium or a colony. The centre and periphery of the colony represent 
the oldest and youngest parts of the mycelium, respectively. The size of the colony 
depends on the growth conditions. For instance, centimeter-scale macro-colonies 
are formed on agar medium, whereas (sub)-millimeter micro-colonies are formed 
in a submerged liquid culture. Both colony types of A. niger are heterogenic with 
respect to gene expression. 7-11 Twenty-five percent of the expressed genes show 
a ≥ 2-fold change in expression when the periphery and the center of macro-
colonies are compared. 10 Differential gene expression in A. niger is accompanied 
by heterogeneity in growth and protein secretion. 10, 12, 13 Two growth zones are 
distinguished in macro-colonies. The primary growth zone is located at the 
periphery of the colony, whereas the secondary growth zone is located in the 
colony center. Newly synthesized secreted proteins are released by these two 
growth zones. 13 The majority of these proteins is retained in the cell wall, and are 
subsequently released into the growth medium.  12 Thus, proteins released by the 
central zone of a macro-colony were for a large part produced during the primary 
growth phase at the colony periphery.
  The secretome of Aspergillus depends on the culture method and the 
composition of the medium. 14-17 For instance, β-glucosidase and α-amylase of 
Aspergillus oryzae are released in the substrate during solid state fermentation but 
are trapped in the cell wall during submerged cultivation. 14 The carbon source15 
and the pH17 also have a profound effect on the secretome. So far, proteomic studies 
have focused on whole cultures. Here, we describe the quantitative analysis of the 
secretome of 5 concentric zones of 7-days-old xylose-grown colonies of A. niger. It 
is shown that the protein profiles are qualitatively similar but differ quantitatively. 
Colonies were treated with the protein synthesis inhibitor cycloheximide to 
distinguish between secreted proteins that had been recently produced and those 
that had been produced earlier and that are slowly released from the cell wall. 
Unexpectedly, a higher number and quantity of proteins was released into the 
medium upon cycloheximide treatment. Treatment with this compound may thus 



65

Chapter 2

be used in industrial fermentation to improve protein yield. 

MATERIALS AND METHODS
Strain and Culture Conditions
A. niger N402 was grown at 30 ˚C using 25 mM xylose or 25 mM maltose as a 
carbon source. Static cultures were grown on minimal agar medium (MM) 18 as 
sandwiched cultures. 13 To this end, a perforated polycarbonate (PC) membrane 
(0.1 µm pores, 76 mm diameter; Profiltra, Almere, Netherlands) was placed on 
the agar medium and topped with a 0.45 mm layer of 1.25% agarose. A 1 mm 
plug of mycelium was positioned in the center of the agarose layer and covered 
with another 76 mm wide PC membrane. After 7 days of growth, colonies were 
transferred for 24 h to a ring plate. 12 The five concentric wells in this plate were 
filled with liquid MM. 
 Liquid cultures were grown in transformation medium (TM). 19 After 16 
h of growth at 250 rpm, the mycelium was harvested using a Büchner funnel and 
washed with 250 ml 0.85% NaCl (Merck, Darmstadt, Germany). Ten gram of wet 
weight mycelium was transferred to a 1 l Erlenmeyer containing 150 ml MM. 
After growing for 6 or 24 h 0.1 mg ml-1 cycloheximide (Sigma C7698, Zwijndrecht, 
Netherlands), 0.1 mg ml-1 hygromycin (Invivogen Europe Cayla, Toulouse, France) 
or 50 μg ml-1 phleomycin (Invivogen Europe Cayla Toulouse, France) were either 
or not added to the culture medium and incubation was prolonged for 66 and 48 
h, respectively.

Localization of Protein Synthesis and Protein Secretion
Protein synthesis and secretion were monitored as described. 13 Sandwiched 
cultures were labeled for 4 h with 185 kBq 14C-amino acids (Perkin Elmer, NEC-
445E amino acid mixture, L-[14C(U)]- specific activity 1.94 GBq milliatom-1). A 
polyvinylidene difluoride (PVDF) membrane (Immobulon-P, Millipore, Bedford, 
USA) was placed in between the sandwiched colony and the agar medium 
to immobilize secreted proteins. Label was placed on top of the colony after 
absorbing it to a piece of rice paper (Steicher & Schuell, Dassel, Germany) with 
the size of the colony. Colonies were fixed with 4% formaldehyde in phosphate 
buffered saline (PBS) for 1 h at room temperature. Sandwiched colonies and 
PVDF membranes were washed 3 times 60 min with 1% casamino acids (Becton, 
Dickinson and company, Le-Pont-De-Claix, France). After drying overnight 
at room temperature, colonies and PVDF membranes were exposed to Kodak 
Biomax XAR film (Sigma, Saint Louis, USA). 

Protein Detection on SDS-PAGE
Proteins in medium samples were precipitated with 5 volumes of acetone (Merck, 
Darmstadt, Germany) for 16 h at -20 °C. Samples were centrifuged at 10.000 g 
for 15 min and dissolved in 2x SDS sample buffer (20% glycerol [LPS Benelux, 
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Rosmalen, The Netherlands], 4% SDS [JT Baker, Deventer, The Netherlands], 100 
mM Tris-HCL pH 6.8 [Roche, Mannheim, Germany], 0.01% bromophenol blue 
[Across Organics, Geel, Belgium], and 5% β-mercaptoethanol [Sigma-Aldrich, St. 
Louis, France]). Samples were analyzed on 12% SDS-PAA gels and stained with 
0.1% Coomassie Brilliant Blue G250 (Sigma-Aldrich, Steinheim, Germany) in 
25% methanol and 10% acetic acid (Merck, Darmstadt, Germany). Low Molecular 
Weight Marker (14,000-70,000 Da) (Sigma-Aldrich, St. Louis, France) was used 
as marker. 

Sample Preparation and Dimethyl Labeling for Mass Spectrometry 
Medium samples were concentrated 10-fold with ultra-concentration columns (4 
ml Amicon ultra centrifugal filter units, 10 kDa cut-off; Milipore, Amsterdam, 
Netherlands) (Figure 1). To this end, 500 µl of culture medium was transferred 
to the column and subjected to centrifugation for 30 min at 4000 g in a swing 
out rotor. The concentrated samples were diluted twice with 2.5 ml PBS (Sigma-
Aldrich, Zweindrecht, The Netherlands) followed by centrifugation for 30 min at 
4000 g. Proteins in the concentrated sample (final volume of 50 µl) were subjected 
to in-solution-digestion. 20 To this end, 80 µl of 8 M urea (Merck, Darmstadt, 
Germany) in 400 mM ammonium bicarbonate (Fluka, Steinheim, Germany) was 
added. Proteins were reduced for 30 min at 50 ˚C in the presence of 2 mM DTT 
(Sigma-Aldrich, Zweindrecht, The Netherlands) and subsequently alkylated for 
30 min at room temperature by adding 4.5 mM iodoacetamide (Sigma-Aldrich, 
Zweindrecht, The Netherlands). Digestion was performed with 0.1 µg Lys-C (lysyl 
endopeptidase 129-02541, 10 Au, Wako Pure Chemical Industry, Osaka Japan) by 
incubation at 37 ̊ C for 4 h. Samples were diluted 4-fold with MQ and treated with 
0.1 µg trypsin (V528A, Trypsin-Gold-Mass Spec Grade, Porcine Sp. Act 15,000 
u mg-1 Promega, Madison, USA) for 16 h at 37 ˚C. Samples were desalted using 
µElution plates (Oasis Waters, Eschborn, Germany). To this end, the wells were 
washed twice with 100% acetonitrile (Merck, Darmstadt, Germany) containing 
10% formic acid (FA, Merck, Darmstadt, Germany). Formic acid was added to 
the sample to a final concentration of 10% and loaded in the wells of the µElution 
plates in aliquots of 150 µl. The Waters Extraction plate manifold was used for 
vacuum extraction of the samples through the wells (Waters, En Yvelines Cedex, 
France). Wells were washed three times with 10% FA before eluting with 5% FA in 
50% acetonitrile (Merck, Darmstadt, Germany). Samples were dried in vacuo and 
reconstituted in 20 µl 100 mM triethylammonium bicarbonate (Sigma-Aldrich, 
Zweindrecht, The Netherlands) before dimethyl labeling. Stable isotope dimethyl 
labeling was performed as previously described in a total volume of 50 µl. 21, 22 
Labeling efficiency was tested by analyzing an aliquot of the labeled samples on 
a regular LC MS/MS run and comparing overall peptide signal intensities. In all 
cases labeling efficiency was > 98%. 
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Nano LC-LTQ-Orbitrap-MS
Stable isotope dimethyl labeling was performed in a final volume of 50 μl (see 
above). The labels used for each of the samples are listed in Supplementary Table 
1. Two µl of a sample was mixed with 2 µl of (an)other samples. The volume was 
adjusted to 10 μl and the final concentration of formic acid was 10%. 4μl of the 
mixture was used for MS. Samples were analyzed on an LTQ-Orbitrap (Thermo 
Fischer Scientific, Bremen, Germany) that was connected to an Agilent 1200 
HPLC system. Samples were delivered to a trap column (ReproSil-Pur C18- AQ, 
3 mm [Dr Maisch, Ammerbuch, Germany]; 20 mm × 100 µm inner diameter, 
packed in house) at 5 µL min-1 in 100% solvent A (0.1 M acetic acid in water). 
Next, peptides were eluted from the trap column onto an analytical column 
(ReproSil-Pur C18- AQ, 3 mm [Dr Maisch, Ammerbuch, Germany]; 40 cm × 
50-µm inner diameter, packed in-house) at 100 nL min-1 in a 120 min stepped 
gradient from 0-28% solvent B (0.1 M acetic acid in 8:2 v/v ACN/water) in 60 min 
and 28-50% solvent B in 25 min. The eluent was sprayed via distal coated emitter 
tips connected to the analytical column. The mass spectrometer was operated in 
data-dependent mode, automatically switching between MS and MS/MS. Full-
scan MS spectra (from m/z 350 to 1500) were acquired in the Orbitrap with a 
resolution of 60,000 at m/z 400 after accumulation to a target value of 500,000 in 
the linear ion trap. The three most intense ions were selected for collision-induced 
fragmentation in the linear ion trap at a normalized collision energy of 35% after 
accumulation to a target value of 10,000.

Protein Identification and Quantification
Raw files were searched with Thermo Proteome Discoverer 1.2.0.207 (Thermo 
Fischer Scientific) and a Mascot search engine (version 2.2.1) software platform 
(Matrix Science, London, UK) using the DSM protein database of A. niger CBS 
513.88. 23 The following settings of Mascot were used: trypsin with 2 missed 
cleavages, mass tolerance of fragment ions of 0.6 Da and carbamidomethyl (C) as 
fixed modification. Oxidation (M), light dimethyl (K- and N-term), intermediate-
dimethyl (K- and N- term) and heavy-dimethyl (K- and N- term) were set as 
variable modifications. The following settings of Proteome discoverer were 
used: peptide score filter: Mascot (ion score) > 20, maximum peptide rank =1, 
peptide length: 7-35 and a peptide mass deviation 12 ppm, 8 ppm and 10 ppm 
for untreated samples, cycloheximide treated samples and cycloheximide treated-
non-treated samples, respectively. Magellan storage files (.mgf) were loaded in 
Thermo Proteome Discoverer 1.2 simultaneously and heavy/light, medium/heavy, 
medium/light Quan values were calculated. A technical control experiment was 
performed with zone 3 that had been labeled with two different labels (Figure 1). 
The 2log ratios for each protein should be 0. Indeed, this was the case for ≥90% 
of the proteins (Supplemental Figure 1). Since proteins can be identified in one 
sample zone only, files were also loaded with the option replaced Missing Quan 
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values, which allows quantification of ‘on/off ’ situations. Proteins found in both 
experiments with at least one peptide were included in the analysis. Protein release 
was considered differential when the average 2log ratio value was higher than 2 
or lower than -2 and at least higher than 1 or lower than -1 in both biological 
replicates. To calculate the False Discovery Rate (FDR), spectra were searched 
against a reverse protein database. The spectra of the quantification of concentric 
zones in non-treated and cycloheximide treated colonies had an FDR of < 2%, 
whereas the non-treated-cycloheximide treated quantification had an FDR of < 
2.7%. 

Transmission Electron Microscopy
Parts (2 mm diameter) of sandwiched colonies were cut with a biopsy punch 
(Grieshaber, Hünenberg, Switzerland) and placed into 200 μm aluminum 
planchets. A 2 μl droplet of 1% low melting agarose was placed on top of the 
sample. Planchets were closed with 300 μm aluminum planchets and samples 
were high-pressure frozen. Planchets were subsequently separated under liquid 
nitrogen. To enable easy separation, planchets had been coated with 10% lecithin 
(Fluka, St. Louis, MO, USA) in ethanol (w/v) prior to use. Colony parts attached 
to one of the planchets were transferred to a 2.0-ml Saf-T-seal free-standing tube 
(Biozym Scientific, Hessisch Oldendorf, Germany) with substitution medium (1% 
OsO4 [Electron Microscopy Sciences, Hatfield, USA] , 3% glutaraldehyde (Agar 
Scientific, Essex, UK], 0.3 % uranyl acetate (Merck, Darmstadt, Germany) and 
0.05% filtered ruthenium red (Gurr Microscopy Materials BDH, Poole, England) 
in anhydrous methanol (Merck, Darmstadt, Germany). Tubes were placed into a 
CS-auto substitution apparatus24 at −88 °C for 7 days, after which the temperature 
was raised to 0 °C at a speed of 5 °C h-1. The freeze-substitution medium was 
exchanged for methanol, methanol: anhydrous acetone (1:1; 1:2), and anhydrous 
acetone (i.e. acetone containing 1% (v/v) acidified 2,2-dimethoxypropane (Merck, 
Darmstadt, Germany). The samples were infiltrated stepwise with 25% (v/v) 
Spurr’s resin (Electron Microscopy Sciences, Hatfield, USA) for 4 hours, 50% 
(v/v) Spurr’s resin overnight at 4 °C, 75% (v/v) Spurr’s resin for 1 day, 95% Spurr’s 
resin for 2 days at 4 °C and 100% Spurr’s resin (two times each 1 day). 25 After 
infiltrating with freshly prepared Spurr’s resin, samples were polymerized at 65 °C 
for 48 h in BEEM capsules (EMS, Hatfield, PA, USA). Sections of 90 nm were cut 
with a diamond knife (Diatome, Hatfield, PA, USA) by the use of an Ultracut E 
ultramicrotome (Leica Microsystems, Vienna, Austria). Sections were picked up 
with formvar-coated, carbon-stabilized copper grids (hexagonal 150 mesh Veco 
grids, EMS, Hatfield, PA, USA) and contrasted with 4% (w/v) aqueous uranyl 
acetate (Merck, Darmstadt, Germany) for 10 min and 0.4% (w/v) aqueous lead 
citrate (Merck, Darmstadt, Germany) for 2 min. 26 The thin sectioned and stained 
samples were viewed with a transmission electron microscope Tecnai 12 (FEI 
Europe, Eindhoven, The Netherlands) at an acceleration voltage of 100 kV. Cross 



69

Chapter 2

sections of hyphea were used to measure the thickness of the cell wall and the 
hyphal diameter of treated and untreated colonies. Four measurements (north, 
south, east, and west) per hyphae were made to measure the cell wall thickness, 
whereas two measurements were made to measure hyphal diameter (north-south, 
west-east). Statistical analysis was performed with PASW statistics 18.0.0 (SPSS 

Figure 1. Sample preparation to determine the secretome of concentric zones of colonies of A. niger. Sandwiched 
colonies were grown for 7 days on agar medium and then transferred for 24 h to a ring plate. The medium in 
each concentric well was collected, concentrated with Amicon columns and digested in solution with LysC and 
trypsin. Peptides from samples of zone 1 and 3 were labeled via dimethyl labeling with a light label, zone 2 and 4 
with an intermediate label and zone 3 and 5 with a heavy label. Labeled peptides from zones 1, 2 and 3 (A) and 
zones 3, 4 and 5 were pooled (B). As a control, samples of zone 3 with a light and heavy label were pooled (C). 
The pools were analyzed with nano LC-MS/MS. In a duplo experiment, labels were swapped using peptides from 
a biological duplicate. This resulted in a light labeled zone 3 and 5, an intermediate labeled zone 1 and 3, and a 
heavy labeled zone 2 and 4. 
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statistics; IBM, Waltham MA, USA). Mean hyphal diameter and cell wall thickness 
of central and peripheral hyphae were statistically analysed with a confidence of 
p ≤ 0.005 using a Welch’s t-test (accounting for unequal error variances) and a 
student’s t-test respectively. 

RESULTS
Spatial Protein Secretion by A. niger
Spatial protein secretion was monitored in colonies of A. niger that had been 
grown on xylose-containing medium. To this end, 7-days-old sandwiched colonies 
were transferred for 24 h to a ring plate (Figure 1). This ring plate consists of 5 
concentric wells that are filled with liquid medium. 12 Proteins isolated from the 
medium of each of the concentric wells were digested in solution with lys-C and 
trypsin and subsequently labeled with isotopmeric dimethyl labels. The addition 
of a light-label, an intermediate label or a heavy label results in a mass shift of 28, 
32 and 36 Da per primary amine of a peptide, respectively. 21 Labeled peptides 
from the five concentric zones of the colonies were analyzed with LC-MS/MS. 
Peptides of zones 1, 2 and 3 were mixed (each sample containing a different label) 
and analyzed in a single LC-MS/MS run. Similarly, a mixture of peptides of zones 
3, 4, and 5 was analyzed (Figure 1). By including peptides of zone 3 in both runs, 
peptides in zones 1, 2, 4, and 5 could be quantitatively compared to zone 3. This 
procedure was repeated using a biological duplicate combined with a label swap 
(see Supplemental Table 1).

Table 1. Number of representatives of protein classes in concentric zones of 7-days-old xylose-grown A. niger 
colonies that had either or not been treated with 0.1 mg ml-1 cycloheximide. For details see Supplemental Tables 
2 and 4.

Protein Class Not treated 
with cycloheximide

Treated with 
cycloheximide

Cellulases 10 20

Xylanases 9 15

Mannosidases 0 2

Pectinases 5 6

Amylases 2 5

Degradation of other 
carbohydrates 0 6

Proteases 9 17

Phytase 1 4

Fungal cell wall modelling 9 14

Other enzymes 7 23

Unknown 6 8

Intracellular 1 4

Total 59 124
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 A total of 187 proteins were identified in all runs (Data not shown). Of 
these, 98 passed our filtering criteria as described in the Material and Methods. 
Thirty-nine out of the 98 proteins were found in only one biological experiment 
and were therefore rejected from the analysis (Supplemental Table 2). Thus, 59 
proteins were found in the secretome of at least one of the zones in a biological 
duplicate of xylose grown A. niger colonies (Table 1; Supplemental Table 3). Of 
these proteins, 6 have not been identified in the secretome of A. niger before15, 

16, 27, 28 (Supplemental Table 2). Only 1 out of the 59 proteins (An14g01685) did 
not have a predicted signal sequence according to Pel et al., and Braaksma et al., 

16, 23 (Supplemental Tables 2, 3). This protein may be secreted by a non-classical 
secretion pathway. Taken together, it is concluded that most, if not all, proteins in 
the culture medium of 7-days-old xylose grown colonies are actively secreted into 
the medium and are not released due to lysis of hyphae. 
 Almost half (i.e. 26) of the 59 proteins detected in the culture medium of 
A. niger colonies function in plant polysaccharide degradation (Table 1). Twenty-
four of them are related to xylan, cellulose, and pectin degradation, while 2 are 
involved in starch degradation. Out of the 59 detected proteins, 6 were at least 
4-fold more abundant in the outer zone 5 (2log ratio ≥ 2 at the periphery) when 
compared to the intermediate zone 3, whereas 10 proteins were at least 4-fold 
less abundant (2log ratio ≤ -2 at the periphery) (Table 2, Supplemental Table 3). 
Eight proteins were at least 4-fold less abundant in the most central zone 1 when 
compared to the intermediate zone 3.  
 XlnR is the xylanolytic and cellulolytic regulator of A. niger.29-31 It regulates 
the activity of xlnB, xlnC and xlnD that encode endoxylanase B, endoxylanase 
C, and β-xylosidase D, respectively, 29-31 as well as accessory enzymes and 
hemicellulolytic and cellulolytic enzymes29-36. The products of 13 out of the 16 
XlnR-regulated genes were found in the culture medium of 7-days-old xylose-
grown colonies (Table 3). Only endo-1,4-beta-xylanase XlnC, α-glucuronidase 
AguA, and ferulic acid esterase FaeA were not identified in the secretome. 
Abundance of the products of the genes regulated by XlnR was heterogeneous 
in the concentric zones of the colony. For instance, the endoxylanase XlnB, the 
arabinofuranosidases AbfA and the α-galactosidase AglB were most abundant 
in the peripheral zone 4 (and 5) (Table 2; Supplemental Table 3). On the other 
hand, the cellobiohydrolases CbhA and CbhB, and the endoglucanase AglA were 
most abundant in zone 2, 3, and 4 (Table 2; Supplemental Table 3), whereas the 
β-xylosidase XlnD was most abundant in the central zone 2 (Supplemental Table 
3). Products of genes regulated by XlnR were not found to be most abundant in 
the central zone 1. 
 Thirty-three out of the 59 quantified proteins in the secretome have a 
function other than plant polysaccharide degradation (Table 1). These proteins 
include (putative) enzymes involved in cell wall modeling or morphogenesis (9), 
(putative) proteases (9), a phytase, proteins with another enzymatic activity (7) 
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Table 2. Proteins with a 2log fold change ≥ 2 in at least one of the concentric zones of 7-days-old xylose grown 
sandwiched colonies. Green and red shading indicate increased and decreased abundance when compared to 
zone 3. 

 Accession Description 2log ratio zones

xylanolytic enzymes - xylan zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

An01g14600 endo-1,4-beta-xylanase precursor - Aspergillus niger -1.2 -0.4 0.3 -2.8

An01g00780 endo-1,4-beta-xylanase B precursor xlnB - Aspergillus niger -0.6 -0.3 2.0 -0.5

An12g05010 acetyl xylan esterase axeA - Aspergillus niger -2.0 -0.6 1.1 -1.3

 xylanolytic enzymes - xyloglucan xylan galactomannan

An01g00330 alpha-N-arabinofuranosidase A precursor abfA - Aspergillus niger 0.0 -0.8 2.8 2.3

An06g00170 alpha-galactosidase aglA - Aspergillus niger -1.6 -0.5 -0.1 -2.3

An02g11150 alpha-galactosidase aglB - Aspergillus niger 0.0 0.0 1.9 2.1

 cellulases

An16g06800 strong similarity to endo-beta-1,4-glucanase B eglB - Aspergillus 
niger -3.3 -0.1 1.0 0.1

An18g03570 Probable beta-glucosidase A precursor bglA  - Aspergillus niger 0.1 1.3 1.3 2.0

An07g09330 1,4-beta-D-glucan cellobiohydrolase A precursor cbhA - Aspergillus 
niger -1.4 -0.2 0.3 -2.4

An01g11660 1,4-beta-D-glucan cellobiohydrolase B precursor cbhB - Aspergillus 
niger -1.4 -0.1 0.2 -4.9

 putative cellulases

An14g02670 strong similarity to endoglucanase IV egl4 - Trichoderma reesei -2.7 -0.5 0.0 0.0

An08g10780 strong similarity to hypothetical protein T16K5.230 - Arabidopsis 
thaliana 0.0 0.0 2.0 0.1

An09g00840 similarity to plastic-degradation enzyme within SEQ ID NO:6 from 
patent WO2004038016-A1 - Aspergillus oryzae -1.4 0.2 0.3 -4.8

  pectinolytic enzymes 

An14g04200 rhamnogalacturonase rhgB - Aspergillus niger -4.7 -0.4 0.3 -1.7

  starch degrading enzymes

An03g06550 glucan 1,4-alpha-glucosidase glaA - Aspergillus niger -2.2 0.3 1.2 0.4

cell wall/ morphogenesis enzymes

An01g12450 strong similarity to hypothetical glucan beta-1,3 exoglucanase exgS 
- Aspergillus phoenicis -0.3 0.3 -0.2 -2.5

An08g03580 strong similarity to 1,3-beta-glucanosyltransferase bgt1 - 
Aspergillus fumigatus 0.0 0.0 3.3 4.4

  phytases

An08g11030 acid phosphatase aph, 3-phytase phyB - Aspergillus niger 0.1 1.0 -3.6 -5.9

  putative proteases

An14g02470 strong similarity to protein PRO304 from patent WO200104311-A1 
- Homo sapiens 0.0 0.0 4.3 5.2

  related to other enzymes

An07g08940 similarity to acetyl-esterase I from patent WO9502689-A - 
Aspergillus aculeatus -3.9 -2.0 1.2 -4.2

An13g01880 strong similarity to cephalosporin esterase - Rhodosporidium 
toruloides -2.0 -0.4 0.4 -2.2

An07g01320 strong similarity to antifungal protein precursor paf - Penicillium 
chrysogenum -1.8 -0.2 3.7 3.1

  related to unknown

An16g00670 similarity to hypothetical protein AAO51454.1 - Dictyostelium 
discoideum 0.5 1.0 -0.1 -2.5

An15g02250 hypothetical protein -2.7 -0.7 0.0 0.0
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or that are related to proteins with an unknown function (6) and the protein that 
is not predicted to have a signal sequence. Some of these 33 proteins are also 
heterogeneously distributed in the culture medium underlying the sandwiched 
colony (Table 2; Supplemental Table 3). The phytase PhyB was most abundant in 
zone 2, whereas the proteases PepA and Epr were most abundant in zone 4. In 
contrast a putative protease (An14g02470) was highly abundant in the most outer 
zone 5. 

Figure 2.  SDS-PAGE of the secretome of 
the concentric zones of 7-days-old xylose-
grown colonies that had either (+) or not 
(-) been treated for 24 h with 0.1 mg ml-1 
cycloheximide. Gels were stained with 
Coomassie Brilliant Blue. Zone 1 represents 
the innermost zone, whereas zone 5 
represents the outermost zone of the colony. 

Addition of Cycloheximide Enhances Protein Release in the Medium
A major part of the secreted proteins are retained in the cell wall after their 
secretion and are slowly released in the growth medium. 12 Therefore, proteins 
present in the medium underlying a central or intermediate zone of a colony 
may have been secreted when this part of the mycelium represented the colony 
periphery. Seven-days-old xylose-grown sandwiched colonies were treated 
for 24 h with the translation inhibitor cycloheximide to discriminate between 
newly produced and previously produced secreted proteins. The effectiveness of 
the inhibitor was monitored by labeling colonies with 14C-labeled amino acids. 
Autoradiography showed that protein secretion was blocked in the presence of 
0.1 mg ml-1 of cycloheximide (Supplemental Figure 2). In agreement, SDS PAGE 
showed that a lower amount of protein was released in the outer zone 5 in the 
presence of cycloheximide (Figure 2). Unexpectedly, the amount of protein 
released in zones 1-4 of the colony was much higher when 7-days-old xylose-
grown colonies had been treated with cycloheximide (Figure 2). A similar result 
was obtained with maltose grown colonies (Supplemental Figure 3). The pH of 
the culture medium of xylose-grown cultures changed from 6 to 4 after 24 h of 
incubation in the presence of cycloheximide, while a pH of 3 was detected in 
colonies that had not been treated with cycloheximide.  
 To analyze whether the increase in protein release in the culture medium 
was restricted to the sandwiched culture method, colonies were grown as liquid 
shaken cultures. Spore-inoculated cultures were grown overnight in nutrient rich 
medium (TM), and the resulting pellets were transferred to minimal medium 
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(MM) with xylose or maltose as carbon source. In this case, the pH of the culture 
medium did not differ between cycloheximide treated and untreated colonies. The 
pH dropped after 6 hours to pH of 3 and increased to 7 in the next 66 h. No proteins 
were detected by SDS-PAGE and CBB staining after 6 h of growth in MM medium 
with xylose or maltose as carbon source. Addition of 0.1 mg ml-1 cycloheximide to 
these cultures for up to 66 h completely inhibited protein release into the medium 
(Supplemental Figure 4AC). In contrast, in the absence of cycloheximide proteins 
accumulated into the medium and they were clearly detectable after 24 h of 
growth in minimal medium with xylose or maltose as carbon source. Addition 
of cycloheximide to cultures that had grown in MM for 24 h hardly affected the 
amount of protein in a 6-72 h period when compared to the control in the case 
of xylose (Supplemental Figure 4B). However, increase of proteins was observed 
in the case of maltose-grown colonies (Supplemental Figure 4D). Taken together, 
these data indicate that cycloheximide dissociates secreted proteins from the cell 
wall. To investigate whether other antibiotics have the same influence on the 
secretome, colonies were grown in the presence of the aminoglycoside antibiotic 
hygromycin and the glycopeptide antibiotic phleomycin. Both antibiotics had a 
clear inhibitory effect on the secretome of A. niger grown as sandwiched colonies 

Table 3.  MS/MS detection of XlnR regulated proteins in concentric zones of 7-days-old xylose-grown A. niger 
colonies that had either or not been treated with 0.1 mg ml-1 cycloheximide. 

Accession Description XlnR regulated genes
Not treated 

with cycloheximide
Treated with 

cycloheximide
 Xylanases   

An01g00780 endo-1,4-xylanase xlnB - Aspergillus niger x x

An03g00940 endo-1,4-beta-xylanase A precursor xlnC - Aspergillus 
niger x

An01g09960 xylosidase xlnD - Aspergillus niger x x

 Accessory enzymes   

An12g05010 acetyl xylan esterase axeA - Aspergillus niger x x

An03g00960 1,4-beta-D-arabinoxylan arabinofuranohydrolase axhA - 
Aspergillus niger x x

An01g00330 alpha-l-arabinofuranosidase a precursor abfA - 
Aspergillus niger x x

An15g02300 arabinofuranosidase B abfB  - Aspergillus niger x x

An14g05800 alpha-glucuronidase aguA  - Aspergillus niger x

An02g11150 alpha-galactosidase aglB  - Aspergillus niger x x

An01g12150 beta-galactosidase lacA  - Aspergillus niger x x

An09g00120 ferulic acid esterase A faeA  - Aspergillus niger x

 Hemicellulolytic and cellulolytic enzymes   

An14g02760 endoglucanase A eglA  - Aspergillus niger x x

An07g08950 endoglucanase B eglB  - Aspergillus niger x x

An16g06800 strong similarity to endoglucanase eglB  - Aspergillus 
niger x x

An07g09330 1,4-beta-D-glucan cellobiohydrolase A precursor cbhA - 
Aspergillus niger x x

An01g11660 1,4-beta-D-glucan cellobiohydrolase B precursor cbhB  - 
Aspergillus niger x x
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or as liquid shaken cultures (Data not shown). 
 Proteins released in a 24 h period in the presence of cycloheximide were 
quantitatively assessed as described above. A total of 216 proteins was identified 
in both runs (Data not shown). Of these, 148 passed our filtering criteria and 
124 were found in at least one zone of both biological replicates (Supplemental 
Table 4). Four of these proteins have no signal peptide according to Pel et al. and 
Braaksma et al.  16, 23 and are therefore classified as intracellular proteins (Table 1; 
Supplemental Table 4). However, it cannot be excluded that they are secreted. Three 
proteins were missing in cycloheximide treated colonies that were detected in 
non-treated colonies, one of which being rhamnogalacturonase B (Supplemental 
Table 2). Conversely, 53 out of the 124 proteins had not been identified in non-
treated colonies (Supplemental Table 4). These proteins comprised proteases, 
cellulases, hemicellulolytic enzymes and proteins with unknown function. For 
instance, the three xylanolytic enzymes that were not found in the untreated 
colonies were identified after cycloheximide treatment. Thus, the complete set 
of xylanolytic enzymes was identified after cycloheximide treatment (Table 3). 
Almost all proteins found in cycloheximide-treated colonies were ≥4-fold lower 
secreted at the periphery compared to the intermediate zones of these colonies 
(Supplemental Table 4). 12 proteins were most abundantly released in the colony 
center (2log ratio ≥ 2). Of these 12 proteins, 11 were not found in the secretome of 
un-treated colonies. They are involved in carbohydrate degradation (5), cell wall 
morphogenesis (1), and are enzymes involved in different and unknown processes 
(6). In the next analysis, the quantity of released proteins upon cycloheximide 
treatment was compared to that found in untreated colonies. To this end, proteins 
from the culture medium of zone 1 of treated and untreated colonies were labeled 
with different labels (Supplemental Table 1), mixed, and quantified by MS/MS. 
The same was done for the intermediate zone 3, and the peripheral zone 5. In 
this case, 115 proteins were identified in the total analysis. 39 of them were only 
identified in the cycloheximide treated colonies shown by a 2log ratio of ≥6.6 
(Figure 3; Supplemental Table 5), while 2 proteins were only found in the non-
treated colonies. A total of 70 and 65 proteins were ≥4-fold more abundant in 
zones 1 and 3, respectively, in cycloheximide treated colonies (Supplemental 
Tables 5 and 6). In contrast, only 4 proteins were ≥4-fold more abundant in zone 
5. The latter is explained by the fact that the mycelium in zone 5 of non-treated 
colonies could continue growth, while cycloheximide treated colonies could not.  
In our mass spectrometry experiments (see above; Figure 3A-C) 25 proteins 
(19 with a signal peptide) have not been identified in the secretome of A. niger 
before15, 16, 27, 28 (Table 4; Supplemental Table 4 and 6). Six of these proteins were also 
found in the secretome of un-treated colonies. The other 19 proteins comprise of 
carbohydrate degradation enzymes (5), cell wall modification enzymes (2), other 
proteins (7), and proteins without a predicted SigP (5) (Supplemental Table 4 and 
6).
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Figure 3. Heat map (A-C) and bar diagram (D) of 2log ratio of all secreted proteins (A-C) and secreted proteins 
encoded by genes that are regulated by XlnR (D) in concentric zones of colonies that had or had not been 
treated with 0.1 mg ml-1 cycloheximide. Zone 1 represents the most central zone, whereas zone 5 represents the 
periphery of the colony. (A-C) Group 1 represents proteins that are highly abundant within the secretome of the 
intermediate zone 3, whereas proteins of group 2 are mainly present in the peripheral zones 4 and 5. Group 3 and 
4 represent proteins that are mainly found in the intermediate and the central zones 2 and 3. Group 5 represents 
proteins that are found in a high abundance in the central zones 1 and 2. Group 6 and 7 represent proteins that 
were less and more abundant in cycloheximide-treated colonies, respectively. (D) 
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Table 4. MS/MS detection revealed proteins in concentric zones of 7-days-old xylose-grown colonies that had 
not been identified in the secretome of A. niger before. Colonies had either or not been treated with 0.1 mg 
ml-1 cycloheximide. *This protein is predicted not to have a signal sequence. (xa) indicate proteins identified by 
Mascot, but were not identified in replicate experiments. 

Accession Description proteins not identified before Not treated 
with cycloheximide

Treated with 
cycloheximide

Carbohydrate degrading enzymes   

An01g14600 endo-1,4-beta-xylanase precursor - Aspergillus niger x x

An17g00300
strong similarity to bifunctiona xylosidase-arabinosidase 
xarB - Thermoanaerobacter ethanolicus [putative 
frameshift]

 x

An01g11670 strong similarity to endo-beta-1,4-glucanase A eglA - 
Aspergillus nidulans  x

An04g08550 strong similarity to endoglucanase IV EGIV - 
Trichoderma reesei  x

An07g07630 strong similarity to avenacinase - Gaeumannomyces 
graminis  x

An16g00540 similarity to large secreted protein - Streptomyces 
coelicolor [truncated ORF]  x

An01g01920 similarity to beta-N-acetylhexosaminidase - Vibrio 
furnissii  x

 related to other enzymes   

An07g00550 strong similarity to salicylate hydroxylase nahG - 
Pseudomonas putida (xa) x

An01g15200
strong similarity to mature penicillin V amidohydrolase 
PVA from patent US5516679-A - Fusarium oxysporum 
[truncated ORF]

 x

An15g01940 strong similarity to antifungal protein from patent 
WO9813478-A - Arabidopsis thaliana  x

An18g06360 similarity to mycelial surface antigen Csa1 - Candida 
albicans  x

 related to unknown   

An14g02980 weak similarity to mucin-like glycoprotein 900 GP900 - 
Cryptosporidium parvum x (xa)

An15g02250 hypothetical protein x x

An08g04630 strong similarity to hypothetical protein Afu2g15420 - 
Aspergillus fumigatus x x

An15g07790 similarity to hypothetical protein encoded by 
An11g02730 - Aspergillus niger x x

An16g02760 strong similarity to hypothetical protein BH0842 - 
Bacillus halodurans  x

An06g01000 strong similarity to hypothetical protein AN5357.2 - 
Aspergillus nidulans x

An01g00210 strong similarity to hypothetical protein AAO27753.1 - 
Fusarium sporotrichioides  x

An02g11890 strong similarity to hypothetical protein encoded by 
An14g01330 - Aspergillus niger  x

 related to intracellular proteins   

An14g01790* strong similarity to alpha-galactosidase Afu4g03580 - 
Aspergillus fumigatus  x

An03g06870* strong similarity to cytidine deaminase - Homo sapiens  x

An14g01685* strong similarity to hypothetical acetyltransferase 
Afu4g03600 - Aspergillus fumigatus x x

An13g01830* weak similarity to SAK-b serine-threonine kinase from 
patent CA2150789-A - Mus musculus x

An01g00610* strong similarity to hypothetical protein BAC69773.1 - 
Streptomyces avermitilis  x

An02g03900* hypothetical protein  x

Influence of Cycloheximide on the Cell Wall 
The effect of cycloheximide on the cell wall was studied using transmission 
electron microscopy (TEM) (Figure 4). The diameter of the hyphae in the central 
part of the colony was not statistically different between treated and non-treated 
mycelium (3.4 ± 0.2 μm and 4.2 ± 0.3 μm, respectively) (Figure 4E). A similar 
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result was obtained at the periphery of the colony. The diameter of treated and 
untreated colonies was 2.5 ± 0.6 μm and 2.4 ± 0.5 μm, respectively. Cell walls 
of hyphae in the center of untreated colonies were thicker than those of treated 
colonies (204 ± 12.9 nm and 145 ± 4.7 nm, respectively) (Figure 4F). In the 
case of treated colonies, fluffy material was surrounding the hyphae, indicative 
of cell wall degradation (Figure 4B, D). This was not observed at the periphery 
of cycloheximide-treated colonies (Data not shown). Moreover, the cell wall of 
hyphae at the periphery of untreated colonies was thinner than that of treated 
colonies (105 ± 37 nm and 131 ± 28 nm, respectively) (Figure 4F). Taken together, 
these data indicate that cycloheximide induces cell wall degradation in the center 
of the colony but promotes cell wall thickness at the colony periphery.  

Figure 4. Transmission electron microscopy of hyphea from the centre of cycloheximide treated (B, D) and 
untreated sandwiched colonies (A, C). The diameter of untreated and treated colonies is similar both at 
the periphery and the center of the colony (E), but the cell walls of treated colonies are thicker and thinner, 
respectively, at the outer and inner part of the colony (F) (* and ** significant difference, * Welch’s t-test p ≤ 0.005; 
**Students t-test p ≤ 0.005). Bars in A, B and C, D represent 1 µm, and 500 nm respectively. Hyphal diameter (E) 
and cell wall width (F) are given in nm. White arrows indicate the outer and inner part of the cell wall. White 
arrow heads point to fluffy material surrounding the cell wall of cycloheximide treated mycelium. 

DISCUSSION

Quantitative secretome analysis is a tool to understand how fungi interact 
with their environment. For instance, it provides insight how substrates are 

degraded by saprobic fungi such as A. niger. A complete secretome determination 
is key to this understanding as well as information about spatial and temporal 
release of the proteins. In this study, we show for the first time that treatment with 
cycloheximide results in the release of cell wall-associated proteins into the culture 
medium, enabling a comprehensive secretome analysis. Moreover, by using ring 
plates we show for the first time that the composition of the secretome of central, 
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intermediate and peripheral zones of the mycelium is different.     
 It was shown previously that a large part of secreted proteins is associated 
with the cell wall of A. niger. 12 Here, the protein synthesis inhibitor cycloheximide 
was used to discriminate between proteins that were immediately extruded into 
the culture medium after their secretion and proteins that first associated with the 
cell wall before they were slowly released into the culture medium. We assumed 
that cycloheximide would impact release of the former but not of the latter group 
of proteins. As expected, protein release was reduced at the periphery of the colony 
when cycloheximide was added. Unexpectedly, protein content in the culture 
medium underlying intermediate and central zones of the colony was much 
higher. This was not explained by cell lysis since more than 95% of the proteins 
found after cycloheximide treatment are known to or predicted to have a signal 
sequence for secretion. How can we explain this phenomenon? It was previously 
shown that cycloheximide does not affect chitin synthesis in the aquatic fungus 
Blastocladiella emersonii. 37 Cell wall synthesis was also reported not to be affected 
in Aspergillus nidulans. 38 Elongation of hyphae of A. nidulans was not observed, 
but cell walls were found to be thicker. We also observed this phenomenon at 
the periphery of colonies of A. niger. However, cycloheximide exposure resulted 
in a reduced thickness of the cell walls in the center of the colony. This and the 
fluffy material surrounding the hyphae in the colony center indicate that the cell 
wall is degraded during cycloheximide treatment. It may be that this is caused by 
degrading enzymes that reside in the cell wall and that normally function in cell 
wall synthesis together with cell wall synthases. (Indirect) inhibition of the cell 
wall synthases in the colony centre may result in a net degradation activity within 
the cell wall. The fact that this happens in the center and not at the periphery 
may be explained by the fact that different cell wall synthases are active at the 
periphery and centre of colonies of A. niger.10 The net degradation of the cell wall 
in the colony center would result in a more porous structure allowing proteins to 
diffuse into the culture medium. 
 A total of 124 proteins were detected in the culture medium upon 
cycloheximide treatment, of which 53 proteins had not been identified in non-
treated colonies. Apparently, a major part of the proteins are associated with the 
cell walls of A. niger. For instance, 13 and 16 out of 16 secreted enzymes encoded by 
XlnR regulated genes were found in the secretome with and without cycloheximide 
treatment, respectively. Proteases, cellulases, hemicellulolytic enzymes and 
enzymes with unknown function were among the other proteins that were only 
detected after treatment with the antibiotic. Over and above this, an additional 
35 proteins were ≥ 4-fold more abundant in the central and intermediate zones 
in cycloheximide treated colonies when compared to untreated colonies. Taken 
together, cycloheximide can be used to obtain a near complete secretome of A. 
niger. Moreover, the total amount of protein is increased upon treatment with 
this antibiotic. It is tempting to speculate that the protein mixture resulting from 
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cycloheximide treatment shows improved degradation of natural substrates. The 
fact that proteins have been detected in this study that had not been identified in 
the secretome of A. niger before15, 16, 27, 28 is also of interest from a biotechnological 
point of view. Previously, the secretome of A. niger has been determined during 
growth on D-maltose or D-xylose15, 28,  17 sorbitol, galacturonic acid, 16 glucose, 
glycerol, locus bean gum, pectin, xylan, sorbitol27 or during carbon starvation. 

16 Over 200 proteins have been identified in these studies, each using different 
culture techniques. In this study, 19 proteins with a signal sequence for secretion 
were detected for the first time in the secretome of A. niger. Six of them were also 
detected in cultures that had not been treated with cycloheximide.  
 Transfer of sandwiched colonies to a ring plate with concentric wells 
filled with liquid medium enables a temporal and spatial assessment of release of 
proteins into the medium. By adding cycloheximide to the wells only proteins will 
be detected that had been formed before transfer and that had been associated 
to the cell wall. Under normal conditions, these proteins are  slowly released 
into the environment. By comparing the profiles of proteins in the medium of 
cycloheximide treated and untreated colonies, degradation of complex natural 
substrates by fungi can be predicted. For instance, xylan is known to be degraded 
by 12 enzymes that are regulated by XlnR (i.e. the xylanases and accessory enzymes 
in Table 3). 39 XlnB, AbfA AxhA, AbfB, AxeA were more abundantly released 
at the periphery in non-treated colonies. In other words, these enzymes were 
actively secreted by the hyphae that explore the substrate. The other 7 enzymes 
were especially found in central zones of cycloheximide treated colonies. These 
enzymes are thus slowly released into the medium under normal conditions. 
Taken together, these results indicate that xylan would be first attacked by XlnB, 
AbfA AxhA, AbfB, AxeA. These enzymes cleave the xylan backbone into smaller 
oligosaccharides (XlnB), release arabinose from the xylan side chains (AbfA, 
AbfB, and AxhA) and remove acetyl groups from the xylose backbone (AxeA). In 
the second step, glucuronic acid, ferulic acid and galactose residues are removed 
from the main and side chains of xylan. 
 Taken together, this study has shown that the secretome of concentric 
zones of the A. niger colony differs in composition. This agrees with previous 
work showing that the vegetative mycelium of fungi is heterogenic with respect 
to gene expression, 7-10, 40-44 growth and protein secretion. 13, 44 A major part of the 
secreted proteins remains associated with the cell wall, from which it is slowly 
released. The release can be accelerated by adding cycloheximide, which seems to 
be related to cell wall degradation. These findings are instrumental to deduce how 
fungi degrade complex organic substrates. Moreover, the use of cycloheximide 
at the end of a fermentation might provide us with improved enzyme mixtures 
to degrade plant cell wall material for industrial processes such as bioethanol 
production.
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Supplemental Table 1. Labels added to the proteins contained in the wells of the ring plate (see Figure 1) 
underlying the central zone (pooled zones 1 and 2), the middle zone (zone 3) and the peripheral zone (pooled 
zones 4 and 5) of sandwiched colonies. L=light label, I= Intermediate label, H= Heavy label. Experiment 1 (A, B) 
and experiment 2 (C,D) represent a biological duplo with a label swap.  

Quantitative analysis of proteins in the medium underlying concentric zones of 7-days-old xylose-grown colonies 
of A. niger

Biological 
experiment 1

Zone 1 Zone 2 Zone 3a Zone 3b Zone 4 Zone 5

Label Light Intermediate Heavy Light Intermediate Heavy

Mass shift (Da) 28 32 36 28 32 36

# MS/MS Run 1 1 1, 2 2, 3 3 3

Biological 
experiment 2

Zone 1 Zone 2 Zone 3a Zone 3b Zone 4 Zone 5

Label Intermediate Heavy Light Intermediate Heavy Light

Mass shift (Da) 32 36 28 32 36 28

# MS/MS Run 1 1 1, 2 2, 3 3 3

Quantitative analysis of proteins in the medium underlying concentric zones of 7-days-old xylose-grown 
cylcoheximide (CHX) treated and untreated colonies of A. niger 

Biological 
experiment 1

Zone 1 Zone 3 Zone 5
Zone 1 + 

CHX
Zone 3 + 

CHX
Zone 5 + 

CHX
Label Light Heavy Heavy Intermediate Light Light

Mass shift (Da) 28 36 36 32 28 28

# MS/MS Run 1 2 3 1 2 3

Biological 
experiment 2

Zone 1 Zone 3 Zone 5
Zone 1 + 

CHX
Zone 3 + 

CHX
Zone 5 + 

CHX
Label Intermediate Light Light Light Heavy Heavy

Mass shift (Da) 32 28 28 28 36 36

# MS/MS Run 1 2 3 1 2 3
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Supplemental Table 2. Quantitative analysis of the secretome of concentric zones of sandwiched colonies of A. 
niger that had not been treated with cycloheximide. This material is available free of charge via the Internet at 
http://pubs.acs.org
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Supplemental Table 3. Quantitative secretome analysis of 7-days-old xylose grown sandwiched colonies. Heat 
map indicates the 2log fold change of a protein compared to the intermediate zone 3. Green and red shading 
indicate increased and decreased abundance when compared to zone 3.  *This protein is predicted not to have a 
signal sequence (see Supplemental Table 2).

 Accession Description - Supplemental Table 3 2log ratio zones

xylanolytic enzymes - xylan zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

An01g14600 endo-1,4-beta-xylanase precursor - Aspergillus niger -1.2 -0.4 0.3 -2.8

An01g00780 endo-1,4-beta-xylanase B precursor xlnB - Aspergillus niger -0.6 -0.3 2.0 -0.5

An01g09960 exo-1,4-beta-xylosidase xlnD - Aspergillus niger -1.7 0.9 0.7 -1.0

An03g00960 alpha-L-arabinofuranosidase axhA  - Aspergillus niger -1.5 0.2 1.3 -0.1

An12g05010 acetyl xylan esterase axeA - Aspergillus niger -2.0 -0.6 1.1 -1.3

xylanolytic enzymes - xyloglucan xylan galactomannan

An01g00330 alpha-N-arabinofuranosidase A precursor abfA - Aspergillus niger 0.0 -0.8 2.8 2.3

An15g02300 alpha-N-arabinofuranosidase B  precursor abfB - Aspergillus niger -0.5 0.1 1.0 -0.8

An06g00170 alpha-galactosidase aglA - Aspergillus niger -1.6 -0.5 -0.1 -2.3

An02g11150 alpha-galactosidase aglB - Aspergillus niger 0.0 0.0 1.9 2.1

cellulases

An14g02760 endoglucanase A eglA - Aspergillus niger -0.3 0.1 0.9 -0.7

An07g08950 endoglucanase B eglB - Aspergillus niger 0.0 0.0 1.2 -0.9

An16g06800 strong similarity to endo-beta-1,4-glucanase B eglB - Aspergillus 
niger -3.3 -0.1 1.0 0.1

An18g03570 Probable beta-glucosidase A precursor bglA  - Aspergillus niger 0.1 1.3 1.3 2.0

An07g09330 1,4-beta-D-glucan cellobiohydrolase A precursor cbhA - Aspergillus 
niger -1.4 -0.2 0.3 -2.4

An01g11660 1,4-beta-D-glucan cellobiohydrolase B precursor cbhB - Aspergillus 
niger -1.4 -0.1 0.2 -4.9

putative cellulases

An03g05530 strong similarity to endo-beta-1,4-glucanase EGIII-like from patent 
WO9931255-A2 - Emericella desertoru -0.3 0.5 1.0 -0.3

An14g02670 strong similarity to endoglucanase IV egl4 - Trichoderma reesei -2.7 -0.5 0.0 0.0

An08g10780 strong similarity to hypothetical protein T16K5.230 - Arabidopsis 
thaliana 0.0 0.0 2.0 0.1

An09g00840 similarity to plastic-degradation enzyme within SEQ ID NO:6 from 
patent WO2004038016-A1 - Aspergillus oryzae -1.4 0.2 0.3 -4.8

pectinolytic enzymes

An04g09700 strong similarity to endo-xylogalacturonan hydrolase xghA - 
Aspergillus tubingensis -0.9 0.3 0.6 -1.6

An02g10550 strong similarity to endo-alpha-1,5-arabinanase abnA - Aspergillus 
niger -0.2 0.3 0.7 -1.1

An04g09690 strong similarity to pectin methylesterase pme1 - Aspergillus 
aculeatus -0.9 -0.4 0.0 0.0

An01g14670 polygalacturonase E precursor pgaE - Aspergillus niger 0.0 0.0 1.2 -0.8

An14g04200 rhamnogalacturonase rhgB - Aspergillus niger -4.7 -0.4 0.3 -1.7

starch degrading enzymes

An03g06550 glucan 1,4-alpha-glucosidase glaA - Aspergillus niger -2.2 0.3 1.2 0.4

An11g03340 acid alpha-amylase - Aspergillus niger -0.8 -0.1 1.0 0.8

Accession cell wall/ morphogenesis enzymes

An03g05290 glucan endo-1,3-beta-glucosidase eglC precursor - Aspergillus 
niger -0.2 0.5 0.7 -0.5

An01g12450 strong similarity to hypothetical glucan beta-1,3 exoglucanase exgS 
- Aspergillus phoenicis -0.3 0.3 -0.2 -2.5

An08g03580 strong similarity to 1,3-beta-glucanosyltransferase bgt1 - 
Aspergillus fumigatus 0.0 0.0 3.3 4.4
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 Accession Description - Supplemental Table 3 (continued) 2log ratio zones

zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

An01g11010 strong similarity to cell wall protein Crh1 - Saccharomyces 
cerevisiae 0.0 0.6 1.4 -0.3

An01g04560 strong similarity to mixed-linked glucanase precursor MLG1 - 
Cochliobolus carbonum 0.0 0.0 0.0 0.0

An14g01820 strong similarity to hypothetical cell wall protein binB - Aspergillus 
nidulans -1.5 -0.4 0.6 -0.3

putative cell wall/ morphogenesis enzymes

An02g01550 strong similarity to secreted serine protease 19 kDa CS antigen 
CS-Ag - Coccidioides immitis -1.3 0.3 1.0 -1.3

An04g01230 strong similarity to hypothetical ECM33 homolog SPCC1223.12c - 
Schizosaccharomyces pombe -0.2 0.6 0.9 -0.7

An09g00670 strong similarity to glycosylphosphatidylinositol-anchored beta(1-3)
glucanosyltransferase gel3 - Aspergillus fumigatus -0.5 0.8 0.7 -1.9

phytases

An08g11030 acid phosphatase aph, 3-phytase phyB - Aspergillus niger 0.1 1.0 -3.6 -5.9

proteases

An14g04710 aspartic proteinase aspergillopepsin I pepA - Aspergillus niger -1.0 0.3 1.4 0.8

An03g05200 strong similarity to carboxypeptidase S1 - Penicillium janthinellum 0.3 0.6 0.3 -1.1

An08g04490 endoprotease Endo-Pro precursor EPR -Aspergillus niger -0.3 -0.2 1.4 -0.1

An02g13750 strong similarity to glutaminase A gtaA - Aspergillus oryzae -0.8 0.3 0.7 -1.3

An01g01750 similarity to lysosomal protease CLN2 - Rattus norvegicus -0.1 0.2 0.0 -0.7

putative proteases

An14g02470 strong similarity to protein PRO304 from patent WO200104311-A1 
- Homo sapiens 0.0 0.0 4.3 5.2

An02g04690 strong similarity to serine-type carboxypeptidase I cdpS - 
Aspergillus saitoi -1.0 0.3 0.0 0.0

An15g06280 strong similarity to aspartic proteinase aspergillopepsin I pepA - 
Aspergillus niger [truncated ORF] -1.0 -0.3 0.9 -0.4

An08g04640 strong similarity to hypothetical lysosomal pepstatin insensitive 
protease CLN2 - Canis lupus 0.1 0.7 0.8 -1.1

related to other enzymes

An07g08940 similarity to acetyl-esterase I from patent WO9502689-A - 
Aspergillus aculeatus -3.9 -2.0 1.2 -4.2

An13g01880 strong similarity to cephalosporin esterase - Rhodosporidium 
toruloides -2.0 -0.4 0.4 -2.2

An10g00800 strong similarity to purine nucleoside permease NUP - Candida 
albicans -1.6 0.0 0.0 0.0

An01g14940 similarity to nonhemolytic phospholipase C PC-PLC - Burkholderia 
pseudomallei -1.2 0.1 1.3 -0.9

An01g10580 strong similarity to ribonuclease T2 precursor rntB - Aspergillus 
oryzae -0.3 0.1 1.8 0.3

An07g01320 strong similarity to antifungal protein precursor paf - Penicillium 
chrysogenum -1.8 -0.2 3.7 3.1

An14g02660 strong similarity to hypothetical necrosis and ethylene inducing 
protein BH0395 - Bacillus halodurans 0.0 -0.4 1.1 0.6

related to unknown

An14g02980 weak similarity to mucin-like glycoprotein 900 GP900 - 
Cryptosporidium parvum -0.5 0.3 0.0 0.0

An11g00040 weak similarity to cDNA for 59-kDa readthrough protein RT - 
Sorghum chlorotic spot virus 0.0 0.0 1.3 -0.4

An16g00670 similarity to hypothetical protein AAO51454.1 - Dictyostelium 
discoideum 0.5 1.0 -0.1 -2.5

An02g13650 strong similarity to hypothetical protein Afu4g00380 - Aspergillus 
fumigatus -1.8 -0.1 0.6 -1.0

An15g07790 similarity to hypothetical protein encoded by An11g02730 - 
Aspergillus niger 0.0 0.0 0.0 0.0

An15g02250 hypothetical protein -2.7 -0.7 0.0 0.0

related to intracellular proteins

An14g01685* strong similarity to hypothetical acetyltransferase Afu4g03600 - 
Aspergillus fumigatus -0.4 0.3 0.0 0.0
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Supplemental Table 4. Quantitative analysis of the secretome of concentric zones of sandwiched colonies of A. 
niger that had been with cycloheximide. This material is available free of charge via the Internet at http://pubs.
acs.org
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Supplemental Table 5. Quantitative secretome analysis of the outer zone 5, the intermediate zone 3 and the 
central zone 1 of 7-days-old xylose-grown sandwiched colonies that had either or not been treated with 0.1 
mg ml-1 cycloheximide. Green and red shading indicate increased and decreased abundance in cycloheximide-
treated colonies. The 2log ratio of proteins found in treated/untreated is indicated here (i.e. a number ≥ 2, shows 
a 4-fold increase in treated colonies, whereas a number ≤ 2 shows a 4-fold increase in untreated colonies).  
Proteins with an * are predicted not to have a signal sequence (see Supplemental Table 6).

 Accession Description - Supplemental Table 5
2 log ratio cycloheximide 

treated/ untreated 
colonies

xylanolytic enzymes - xylan zone 
1

zone 
3

zone 
5

An01g00780 endo-1,4-beta-xylanase B precursor xlnB - Aspergillus niger -1.6 -0.2 -2.0

An01g09960 exo-1,4-beta-xylosidase xlnD - Aspergillus niger 5.8 4.9 1.3

An03g00940 endo-1,4-beta-xylanase C precursor xlnC  - Aspergillus niger ≥6.6 ≥6.6 1.4

An12g05010 acetyl xylan esterase axeA - Aspergillus niger 2.7 1.4 -1.7

An14g05800 alpha-glucuronidase aguA - Aspergillus niger ≥6.6 ≥6.6 0.0

An09g03300 strong similarity to alpha-xylosidase XylS - Sulfolobus solfataricus ≥6.6 ≥6.6 0.0

An03g00960 alpha-L-arabinofuranosidase axhA  - Aspergillus niger 3.9 3.6 -3.5

 xylanolytic enzymes - xyloglucan xylan galactomannan

An06g00170 alpha-galactosidase aglA - Aspergillus niger ≥6.6 ≥6.6 0.0

An02g11150 alpha-galactosidase aglB - Aspergillus niger ≥6.6 ≥6.6 1.0

An14g01800 strong similarity to alpha-galactosidase - Cyamopsis tetragonoloba ≥6.6 ≥6.6 3.2

An01g00330 alpha-N-arabinofuranosidase A precursor abfA - Aspergillus niger 0.0 2.3 -5.8

An15g02300 alpha-N-arabinofuranosidase B precursor abfB - Aspergillus niger 0.8 1.2 -1.3

 putative xylan/ hemicellulose degrading enzymes

An08g01900 strong similarity to xylan 1,4-beta-xylosidase - Butyrivibrio fibrisolvens ≥6.6 0.0 0.0

An17g00300 strong similarity to bifunctiona xylosidase-arabinosidase xarB - 
Thermoanaerobacter ethanolicus [putative frameshift] ≥6.6 ≥6.6 0.0

 mannosidases

An05g01320 strong similarity to mannase man1 - Aspergillus aculeatus 0.0 1.3 0.0

An11g06540 beta-mannosidase mndA - Aspergillus niger ≥6.6 ≥6.6 0.0

 cellulases

An14g02760 endoglucanase A eglA - Aspergillus niger -0.4 0.0 -2.1

An07g08950 endoglucanase B eglB - Aspergillus niger 3.1 3.4 0.7

An03g01050 similarity to endo-beta-1,4-glucanase - Bacillus polymyxa 0.0 0.0 0.0

An07g09330 1,4-beta-D-glucan cellobiohydrolase A precursor cbhA - Aspergillus niger ≥6.6 4.7 -0.3

An01g11660 1,4-beta-D-glucan cellobiohydrolase B precursor cbhB - Aspergillus niger 1.5 2.0 0.3

An01g11670 strong similarity to endo-beta-1,4-glucanase A eglA - Aspergillus nidulans ≥6.6 5.2 0.0

An16g06800 strong similarity to endo-beta-1,4-glucanase B eglB - Aspergillus niger 5.2 5.1 -0.3

An18g03570 Probable beta-glucosidase A precursor bglA  - Aspergillus niger ≥6.6 ≥6.6 4.2

An11g00200 Probable beta-glucosidase M precursor bglM - Aspergillus niger ≥6.6 ≥6.6 0.0

 putative cellulases

An08g05230 strong similarity to hypothetical endoglucanase IV - Trichoderma reesei ≥6.6 6.4 0.0

An14g02670 strong similarity to endoglucanase IV egl4 - Trichoderma reesei 0.0 4.1 0.0

An04g08550 strong similarity to endoglucanase IV EGIV - Trichoderma reesei 0.0 ≥6.6 0.0
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 Accession Description - Supplemental Table 5 (continued)
2 log ratio cycloheximide 

treated/ untreated 
colonies

xylanolytic enzymes - xylan zone 
1

zone 
3

zone 
5

An03g05530 strong similarity to endo-beta-1,4-glucanase EGIII-like from patent 
WO9931255-A2 - Emericella desertoru 0.0 -3.6 0.0

An01g01870 strong similarity to hypothetical Avicelase III aviIII - Aspergillus aculeatus ≥6.6 ≥6.6 0.0

An08g01760 strong similarity to cellulase from patent WO9733982-A1 - Acremonium 
cellulolyticus 0.0 6.3 0.0

An01g01540 strong similarity to alpha,alpha-trehalase treA - Aspergillus nidulans ≥6.6 ≥6.6 0.0

An07g07630 strong similarity to avenacinase - Gaeumannomyces graminis ≥6.6 0.0 0.0

An09g00840 similarity to plastic-degradation enzyme within SEQ ID NO:6 from patent 
WO2004038016-A1 - Aspergillus oryzae 0.0 3.1 0.0

An01g10930 strong similarity to enzyme with sugar transferase activity from patent 
JP11009276-A - Acremonium sp. ≥6.6 0.0 0.0

 pectinolytic enzymes 

An01g12150 beta-galactosidase lacA - Aspergillus niger 3.6 4.8 4.4

An04g09700 endo-xylogalacturonan hydrolase xghA - Aspergillus tubingensis 1.0 1.2 0.0

An14g04200 rhamnogalacturonase rhgB - Aspergillus niger 3.8 0.5 0.0

An09g00120 ferulic acid esterase A faeA - Aspergillus niger 0.0 0.0 0.0

An02g10550 strong similarity to endo-alpha-1,5-arabinanase abnA - Aspergillus niger 0.2 -0.4 -3.7

An02g12505 similarity to pectin methylesterase pmeA - Aspergillus oryzae 0.0 0.0 0.0

An15g05370 endopolygalacturonase II pgaII - Aspergillus niger 0.0 3.2 0.9

 starch degrading enzymes

An04g06920 extracellular alpha-glucosidase aglU - Aspergillus niger ≥6.6 ≥6.6 0.0

An11g03340 acid alpha-amylase - Aspergillus niger 4.4 4.7 0.1

An03g06550 glucan 1,4-alpha-glucosidase glaA - Aspergillus niger 5.0 3.6 -0.7

 Putative starch degrading enzymes

An16g00540 similarity to large secreted protein - Streptomyces coelicolor [truncated ORF] ≥6.6 ≥6.6 0.0

 (putative) other carbohydrates

An08g08370 similarity to alpha-1,2-mannosidase aman2 - Bacillus sp. 0.0 ≥6.6 0.0

An12g08280 exo-inulinase inu1 - Aspergillus niger 0.0 ≥6.6 0.0

An01g12550 strong similarity to mannosyl-oligosaccharide 1,2-alpha-mannosidase msdS 
- Aspergillus saitoi ≥6.6 0.0 0.0

An08g03060 strong similarity to hypothetical protein CC0533 - Caulobacter crescentus ≥6.6 0.0 0.0

An03g00500 strong similarity to diglycosidase related protein SEQ ID NO:10 from patent 
WO200018931-A1 - Aspergillus fumigatus 6.0 1.9 -2.2

cell wall/ morphogenesis enzymes

An08g03580 strong similarity to 1,3-beta-glucanosyltransferase bgt1 - Aspergillus 
fumigatus 0.0 0.0 -≥6.6

An01g12450 strong similarity to hypothetical glucan beta-1,3 exoglucanase exgS - 
Aspergillus phoenicis 0.1 0.7 -1.0

An03g05290 glucan endo-1,3-beta-glucosidase eglC precursor - Aspergillus niger 1.0 1.4 -1.0

An14g01820 strong similarity to hypothetical cell wall protein binB - Aspergillus nidulans -0.7 -0.7 0.0

An01g11010 strong similarity to cell wall protein Crh1 - Saccharomyces cerevisiae -1.1 0.9 -2.3

An01g01920 similarity to beta-N-acetylhexosaminidase - Vibrio furnissii 0.0 ≥6.6 0.0

An09g02240 strong similarity to beta-N-acetylhexosaminidase from patent 
WO9839459-A1 - Penicillium chrysogenum ≥6.6 ≥6.6 0.0

 putative cell wall/ morphogenesis enzymes

An02g01550 strong similarity to secreted serine protease 19 kDa CS antigen CS-Ag - 
Coccidioides immitis 3.0 1.5 -1.5
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 Accession Description - Supplemental Table 5 (continued)
2 log ratio cycloheximide 

treated/ untreated 
colonies

xylanolytic enzymes - xylan zone 
1

zone 
3

zone 
5

An04g01230 strong similarity to hypothetical ECM33 homolog SPCC1223.12c - 
Schizosaccharomyces pombe 1.4 2.3 0.4

An09g00670 strong similarity to glycosylphosphatidylinositol-anchored beta(1-3)
glucanosyltransferase gel3 - Aspergillus fumigatus 2.2 2.5 2.1

 phytases

An12g01910 strong similarity to phytase phyA3 - Aspergillus fumigatus ≥6.6 ≥6.6 0.0

An08g11030 acid phosphatase aph, 3-phytase phyB - Aspergillus niger 2.4 4.7 4.8

 proteases

An14g04710 aspartic proteinase aspergillopepsin I pepA - Aspergillus niger 0.2 0.4 -3.9

An15g06280 strong similarity to aspartic proteinase aspergillopepsin I pepA - Aspergillus 
niger [truncated ORF] 0.0 0.0 -5.0

An07g08030 serine carboxypeptidase pepF - Aspergillus niger 5.1 ≥6.6 0.0

An08g04490 endoprotease Endo-Pro precursor EPR -Aspergillus niger 0.1 2.9 0.4

An01g00370 strong similarity to aspergillopepsin apnS - Aspergillus phoenicis 4.7 4.8 0.0

An02g04690 strong similarity to serine-type carboxypeptidase I cdpS - Aspergillus saitoi 4.1 0.0 0.0

An12g05960 strong similarity to dipeptidyl peptidase II DPPII - Rattus norvegicus ≥6.6 0.0 0.0

An06g00190 strong similarity to lysosomal pepstatin insensitive protease CLN2 - Homo 
sapiens 0.0 ≥6.6 0.7

An03g01010 strong similarity to lysosomal pepstatin insensitive protease CLN2 - Homo 
sapiens 2.1 4.5 0.0

An08g04640 strong similarity to hypothetical lysosomal pepstatin insensitive protease 
CLN2 - Canis lupus 0.1 1.6 -0.7

An01g01750 similarity to lysosomal protease CLN2 - Rattus norvegicus 2.4 3.2 -0.3

An16g09010 strong similarity to carboxypeptidase I protein from patent WO9814599-A1 - 
Aspergillus oryzae [putative frameshift] ≥6.6 0.0 0.0

An03g05200 strong similarity to carboxypeptidase S1 - Penicillium janthinellum 2.5 3.7 1.2

An04g01440 strong similarity to precursor of pepsin A3 - Homo sapiens 0.0 5.5 0.0

An14g02150 strong similarity to serine-type carboxypeptidase precursor cpdS - 
Aspergillus phoenicis 0.0 4.3 0.0

An12g03300 strong similarity to aspartic protease pr1 - Phaffia rhodozyma 2.4 2.8 0.0

An02g13750 strong similarity to glutaminase A gtaA - Aspergillus oryzae 3.9 4.2 0.0

 putative proteases

An14g02470 strong similarity to protein PRO304 from patent WO200104311-A1 - Homo 
sapiens ≥6.6 ≥6.6 -1.5

 related to other enzymes

An01g01820 catalase R catR - Aspergillus niger ≥6.6 ≥6.6 0.0

An01g01550 strong similarity to catalase cat1 - Aspergillus fumigatus ≥6.6 ≥6.6 0.0

An01g13660 strong similarity to laccase I precursor yA - Aspergillus nidulans 0.0 0.0 0.0

An07g02360 similarity to 6-hydroxy-D-nicotine oxidase 6-HDNO - Arthrobacter oxidans 5.7 0.0 0.0

An08g00490 strong similarity to lactonohydrolase - Fusarium oxysporum ≥6.6 0.0 0.0

An02g09690 strong similarity to lipase I precursor TFLI - Geotrichum fermentans ≥6.6 ≥6.6 0.0

An07g08940 similarity to acetyl-esterase I from patent WO9502689-A - Aspergillus 
aculeatus ≥6.6 5.6 1.9

An13g01880 strong similarity to cephalosporin esterase - Rhodosporidium toruloides 5.0 3.9 1.2

An16g03700 strong similarity to phospholipase B from patent US6146869-A - Aspergillus 
oryzae 5.2 4.8 0.0

An10g00790 similarity to hypothetical protein SCE6.29 - Streptomyces coelicolor ≥6.6 0.0 0.0

An11g01220 strong similarity to precursor of tannase - Aspergillus oryzae ≥6.6 0.0 0.0
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 Accession Description - Supplemental Table 5 (continued)
2 log ratio cycloheximide 

treated/ untreated 
colonies

An01g14940 similarity to nonhemolytic phospholipase C PC-PLC - Burkholderia 
pseudomallei 3.9 1.9 -0.4

An01g15200 strong similarity to mature penicillin V amidohydrolase PVA from patent 
US5516679-A - Fusarium oxysporum [truncated ORF] ≥6.6 ≥6.6 0.0

An10g00800 strong similarity to purine nucleoside permease NUP - Candida albicans 0.0 2.8 0.0

An02g00190 similarity to enantiomer-selective amidase amdA - Rhodococcus sp. ≥6.6 ≥6.6 0.0

An02g09090 strong similarity to mutarotase enzyme from patent JP07039380-A - Sus 
scrofa 5.9 5.4 0.0

An11g00040 weak similarity to cDNA for 59-kDa readthrough protein RT - Sorghum 
chlorotic spot virus -0.1 -0.7 -5.1

An01g10580 strong similarity to ribonuclease T2 precursor rntB - Aspergillus oryzae -0.9 -0.2 -3.0

An14g02660 strong similarity to hypothetical necrosis and ethylene inducing protein 
BH0395 - Bacillus halodurans 0.0 2.3 -3.9

An07g01320 strong similarity to antifungal protein precursor paf - Penicillium 
chrysogenum 3.9 -1.9 -≥6.6

 related to unknown

An16g00670 similarity to hypothetical protein AAO51454.1 - Dictyostelium discoideum -0.9 0.0 0.0

An02g13650 strong similarity to hypothetical protein Afu4g00380 - Aspergillus fumigatus 0.9 -0.4 -3.3

An04g08730 strong similarity to hypothetical conserved protein SPAC12B10.16c - 
Schizosaccharomyces pombe ≥6.6 ≥6.6 0.0

An15g07790 similarity to hypothetical protein encoded by An11g02730 - Aspergillus niger 0.6 0.4 0.0

An02g11890 strong similarity to hypothetical protein encoded by An14g01330 - 
Aspergillus niger ≥6.6 0.0 0.0

An08g04630 strong similarity to hypothetical protein Afu2g15420 - Aspergillus fumigatus 0.0 0.0 0.0

An15g02250 hypothetical protein 0.0 -≥6.6 -≥6.6

 related to intracellular proteins

An14g01790* strong similarity to alpha-galactosidase Afu4g03580 - Aspergillus fumigatus ≥6.6 0.0 0.0

An02g03900* hypothetical protein 0.0 0.0 0.0

An12g00240* strong similarity to translational inhibitor uk14 - Homo sapiens [truncated 
ORF] ≥6.6 ≥6.6 0.0

An01g00610* strong similarity to hypothetical protein BAC69773.1 - Streptomyces 
avermitilis ≥6.6 0.0 0.0

An03g06870* strong similarity to cytidine deaminase - Homo sapiens ≥6.6 0.0 0.0

An14g01685* strong similarity to hypothetical acetyltransferase Afu4g03600 - Aspergillus 
fumigatus 2.4 2.7 0.0

An13g01830* weak similarity to SAK-b serine-threonine kinase from patent CA2150789-A 
- Mus musculus 1.3 0.0 0.0
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Supplemental Table 6. Quantitative differences between the secretome of cycloheximide treated and untreated 
colonies of A. niger. This material is available free of charge via the Internet at http://pubs.acs.org
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Supplemental Figure 1. 2log ratios of the technical duplicate of individual proteins of zone 3 as obtained by 
labeling the peptides with two different dimethyl labels (see Figure 1).  The data of the biological duplicates are 
shown.
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Supplemental Figure 2. Localization of protein synthesis and protein secretion in sandwiched colonies of A. 
niger that had been grown in the absence or presence of the protein synthesis inhibitor cycloheximide by labeling 
with 14C-labelled amino-acids. Upper panel shows autoradiograms of the colonies, while the lower panels show 
autoradiograms of protein binding PVDF membranes that had been placed between the sandwiched colony and 
the agar medium. 
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Supplemental Figure 3. SDS PAGE of the secretome of the concentric zones of 7-days-old maltose-grown 
colonies that had either (+) or not (-) been treated for 24 h with 0.1 mg ml-1 cycloheximide. Gels were stained 
with Coommassie Brilliant Blue. Zone 1 represents the innermost zone, whereas zone 5 represents the outermost 
zone of the colony. 
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Supplemental Figure 4. Proteins released into the medium of xylose-grown (A, B) and maltose-grown (C, D) 
liquid shaken cultures after 6, 24, 48, and 72 h of incubation. Cycloheximide was either (+) or not (-) added after 
6 h (A, C) or 24 h (B, D) of growth in MM and incubation of the cultures was prolonged up to 72 h. 
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Chapter 3

Deletion of flbA results 
in increased secretome 

complexity and reduced 
secretion heterogeneity in 
colonies of Aspergillus niger

This Chapter is based on Krijgsheld P, Nitsche BM, Post H, Levin AM, Müller WH, 
Heck AJR, Ram AFJ, Altelaar AFM, and Wösten HAB (2013). Deletion of flbA 
results in increased secretome complexity and reduced secretion heterogeneity 
in colonies of Aspergillus niger. Journal of Proteome Research 12: 1808-1819. doi: 
10.1021/pr301154w. Copyright © 2013 American Chemical Society.
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ABSTRACT Aspergillus niger is a cell factory for the production of enzymes. This 
fungus secretes proteins in the central part and at the periphery of the 
colony when the culture has been transferred to fresh medium. The 

sporulating zone of the colony overlapped with the non-secreting sub-peripheral 
zone, indicating that sporulation inhibits protein secretion. Indeed, strain ∆flbA 
that is affected early in the sporulation program secreted proteins throughout the 
colony. In contrast, the ∆brlA strain that initiates but not completes sporulation 
did not show altered spatial secretion. The secretome of 5 concentric zones of 
xylose-grown ΔflbA colonies was assessed by quantitative proteomics. In total 138 
proteins with a signal sequence for secretion were identified in the medium of 
∆flbA colonies. Of these, 18 proteins had never been reported to be part of the 
secretome of A. niger, while 101 proteins had previously not been identified in the 
culture medium of xylose-grown wild-type colonies. Taken together, inactivation 
of flbA results in spatial changes in secretion and in a more complex secretome. 
The latter may be explained by the fact that strain ∆flbA has a thinner cell wall 
compared to the wild-type, enabling efficient release of proteins. These results are 
of interest to improve A. niger as a cell factory.
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INTRODUCTION

The genus Aspergillus represents species that are among the most abundant 
fungi in nature. As such, aspergilli play an important role in global recycling of 

organic material. The genus Aspergillus also comprises species that are pathogens 
of plants, animals, and humans. Chapter 1, 1 Moreover, it includes species such as 
Aspergillus niger that are used by the industry for the production of enzymes and 
metabolites. 2 
 Germination of the asexual spores of aspergilli, known as conidia, results 
in a colony. This colony consists of a mycelium of interconnected hyphae. The 
center and the periphery of the colony represent the oldest and youngest part of 
the mycelium, respectively. Hyphae at the periphery of the colony are exposed 
to unexplored organic material, whereas the substrate is (partly) utilized in the 
colony center. Colonization of the substrate includes the degradation of polymers 
by secreted enzymes. The breakdown products can be taken up by the fungus to 
serve as nutrients. Notably, Aspergillus colonies show zonal differences in gene 
expression, growth and protein secretion. 3-8, Chapter 2 This secretion heterogeneity 
would imply that substrates are broken down in a sequential order. Chapter 2, 7 It was 
shown that a major part of the secreted proteins are retained in the cell walls of 
hyphae of A. niger. 4, Chapter 2, 7 These proteins were released in the medium after 
a cycloheximide treatment. Chapter 2, 7 So far, it is not known whether cell wall 
associated enzymes have a role in substrate degradation.
 At a certain moment, colonies of Aspergillus form conidiophores that 
produce conidia. Chapter 1,1 Conidiophore development includes the formation 
of a stalk, a vesicle bud, metulae, phialides, and conidia. This process has been 
well studied in A. nidulans. Chapter 1, 1, 9 The brlA gene is the central regulator of 
conidiophore development. 10, 11 The ∆brlA strain of A. nidulans has a bristle 
phenotype caused by stalks that are 20-30 times longer than those of wild-
type. 12 Moreover, vesicle formation is not initiated in a ∆brlA strain. Gene brlA 
is activated by the production of an extracellular signal that is released by the 
FluG protein. 13, 14 This extracellular signal releases the repression of SfgA on 
several flb genes that activate brlA expression (Figure 1). Chapter 1, 1, 15 For instance, 
the protein encoded by flbA activates brlA expression and negatively regulates 
vegetative growth, thereby allowing asexual development. The ∆flbA strain of A. 
nidulans has a fluffy phenotype (hence the name fluffy low brlA expression). Its 
mycelium proliferates uncontrolled and masses of undifferentiated aerial hyphae 
are formed. When ∆flbA colonies mature, both submerged and aerial hyphae 
start to autolyse. 14, 16 Gene flbA encodes an RGS domain protein that stimulates 
the intrinsic GTPase activity of the Gα-subunit FadA. This Gα-subunit is part 
of a heterotrimeric G-protein complex that also contains a Gβ- (SfaD) and Gγ-
subunit (GpgA) (Figure 1). The activated Gα-subunit and the Gβ-Gγ dimer both 
stimulate vegetative growth. The protein product of flbA converts the active 
Gα-subunit-GTP to its inactive GDP bound stage, thereby repressing vegetative 
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growth and promoting asexual development. 
 Here we show that brlA and flbA of A. niger have a similar role in 
asexual development as in A. nidulans. We also show that zones that are actively 
sporulating do not secrete proteins. This can be abolished by deletion of flbA but 
not brlA. The reduced secretion heterogeneity between zones of the ΔflbA colonies 
is accompanied by a more complex secretome. It includes proteins that had not 
been reported in the secretome of A. niger before. These results and the fact that 
the ΔflbA strain forms a thinner cell wall are of interest to improve A. niger as a 
cell factory. 

MATERIAL AND METHODS
Strain and Culture Conditions
A. niger N402 and the derived ∆brlA and ΔflbA strains were grown at 30 ˚C. Static 
cultures were grown as sandwiched cultures6 on minimal agar medium (MM) 17 
with 1.5 % agar and 25 mM xylose as a carbon source. To this end, a perforated 
polycarbonate (PC) membrane (0.1 µm pores, 76 mm diameter; Profiltra, Almere, 
The Netherlands) was placed on the agar medium and topped with a 0.45 mm 
layer of 1.25 % agarose. A 1 mm plug of mycelium was positioned in the center 
of the agarose layer and covered with another 76 mm wide PC membrane. After 
7 days of growth, colonies were transferred for 24 h to fresh agar medium or to a 
ring plate. 4 The five concentric wells in the ring plate were filled with liquid MM 
supplemented with 25 mM xylose. 

Figure 1: Model of the sporulation pathway in Aspergillus. FluG is involved in the synthesis and / or secretion 
of an extracellular factor that releases the inhibition of SfgA on Flb proteins. These proteins in turn activate 
brlA that induces asexual development. FlbA is an RGS protein that regulates the signaling of the Gα-subunit 
FadA. GTP-bound FadA stimulates vegetative growth. FlbA enhances the intrinsic activity of GTP hydrolysis, 
converting FadA-GTP to the inactive hetrotrimeric FadA-SfaD-GpgA GDP-bound G-protein complex (Adapted 
from 1, Chapter 1). 
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Plasmid construction
Upstream and downstream flanking regions of brlA (An01g10540) and flbA 
(An02g03160) were amplified from chromosomal DNA of A. niger N40218 using 
Taq polymerase and primer pairs 1 and 2, and 3 and 4, respectively (Table 1). 
In the case of the brlA deletion construct, the primers introduced a BglII and a 
NheI site at the 5’ and 3’ ends of the upstream flank, respectively, and a HindIII 
and XbaI site at the 5’ and 3’ ends of the downstream flank. The PCR fragments 
were cloned in pGEMTeasy (Promega, Maddison, MI, USA) and transformed to 
E. coli DH5α. The brlA downstream flank was digested with HindIII and XbaI 
and ligated into pAN7-119 that had been digested with the same enzymes. The 
resulting construct was digested with BglII and NheI and ligated with the BglII-
NheI upstream fragment of brlA. This resulted in the brlA deletion construct PKO-
brlA consisting of the hygromycine resistance cassette flanked by the upstream 
and downstream sequences of brlA. In the case of the flbA deletion construct, the 
upstream and downstream flanks were blunt end ligated in pJET1.2 (Fermentas, 
Thermo Fischer Scientific, Waltham, MA, USA). A NotI, and XbaI/XhoI site had 
been introduced at the 5’ and 3’ end of the upstream flank, respectively, and a 
XhoI and KpnI site at the 5’ and 3’ end of the downstream flank. The resulting 
plasmids were digested with NotI and XhoI and XhoI and KpnI, respectively. This 
was followed by a three point ligation with pBluescriptII SK(+) that had been 
digested with NotI and KpnI. The XhoI/XbaI fragment of pAN7-1 containing 
the hygromycine resistance cassette was inserted in the vector containing both 
flanks of flbA. This resulted in the flbA deletion construct BNO-flbA. The deletion 
constructs PKO-brlA and BNO-flbA were digested with BglII and HindIII and 

Primer Primer description Sequence ‘5- ‘3

Primer 1a (PK001) 5’flank brlA  FW  gagatctATCCCTCCGCTGCAAC

Primer 1b (PK002) 5’flank brlA  REV gctagGCAACGACTTCGGTCTTC

Primer 2a (PK003) 3’flank brlA  FW  gtctagaACCCTTGGGCACCTGAG

Primer 2b (PK004) 3’flank brlA  REV gaagcttGACTCACCGCTGGAAGG

Primer 3a (BN018) 5’flank flbA  FW  ataagaatgcggccgcCGGTCGCCTGTAGGAACCTTAC

Primer 3b (BN019) 5’flank flbA  REV ccgctcgagttaatcctagtctagaCAAGACGGAGTGGGAGGAAAG   

Primer 4a (BN020) 3’flank flbA  FW ccgctcgagGCAGCATGTGTGTCATGCAG

Primer 4b (BN021) 3’flank flbA   REV cggggtaccCTGATCGTGAAGAGGACAACCCTC  

Table 1. Primers used in this study. 

NotI and KpnI, respectively, and the flanking sequences interspersed with the 
antibiotic resistance marker were introduced in A. niger N402. Gene replacement 
by homologous recombination was confirmed by Southern analysis (data not 
shown). 
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Transformation of Aspergillus niger
Transformation of A. niger was performed as described by Meyer et al. 20 using 
40 mg lysing enzymes (L-1412, Sigma-Aldrich, Zwijndrecht, The Netherlands) 
per g wet weight of mycelium. Transformants were isolated from MMS plates21 
supplemented with 200 µg ml-1 hygromycine and 50 µg ml-1 caffeine. 

Localization of Protein Synthesis and Protein Secretion
Protein synthesis, secretion, and growth were monitored as described. 6, 7, Chapter 2 

Sandwiched cultures were labeled for 4 h with 185 kBq 14C-amino acids (NEC-
445E amino acid mixture, L-[14C(U)]- specific activity 1.94 GBq milliatom-1; 
Perkin Elmer, Waltham MA, USA) to visualize protein synthesis. A polyvinylidene 
difluoride (PVDF) membrane (Immobulon-P, Millipore, Bedford, USA) was 
placed in between the sandwiched colony and the agar medium to immobilize 
secreted proteins. Growth was visualized by labeling for 10 min with 185 kBq 
14C-N-acetylglucosamine (CFA485 N-acetyl-D-[1-14C] glucosamine, specific 
activity 1.85–2.29 GBq mmol-1 ; GE Healthcare, Westborough, MA, USA,). Label 
was placed on top of the colony after absorbing it to a piece of rice paper (Steicher 
& Schuell, Dassel, Germany) with the size of the colony. Colonies were fixed with 
4% formaldehyde in phosphate buffered saline (PBS) for 1 h at room temperature. 
For the visualization of protein synthesis and secretion, sandwiched colonies and 
PVDF membranes were washed 3 times 60 min with 1% casamino acids (Becton, 
Dickinson and company, Le-Pont-De-Claix, France). For monitoring growth, 
sandwiched colonies were washed 3 times 60 min with 0.44 mM N-acetyl-
glucosamine in water. After drying overnight at room temperature, colonies and 
PVDF membranes were exposed to Kodak Biomax XAR film (Sigma-Aldrich, 
Saint Louis, USA). 

SDS-PAGE
SDS-PAGE and Coomassie staining was performed as described before.Chapter 

2, 7 Gels were imaged with an Odyssey Infrared Imaging System (Licor, Bad-
Homburg, Germany) using the 700 nm channel. 

Sample Preparation and Dimethyl Labeling for Mass Spectrometry 
Medium samples were concentrated 10-fold with ultra-concentration columns (4 
ml Amicon ultra centrifugal filter units, 10 kDa cut-off; Millipore, Amsterdam, 
Netherlands). To this end, 500 µl of culture medium of each zone was transferred 
to the column and centrifuged for 30 min at 4000 g in a swing out rotor. The 
retentate was washed twice with 2.5 ml PBS (Sigma-Aldrich, Zweindrecht, The 
Netherlands). Proteins in the concentrated sample (final volume of 50 µl) were 
then subjected to in-solution-digestion. To this end, samples were lys-C and 
trypsin-digested, and concentrated and desalted with µElution plates as described 
before. Chapter 2, 7 Stable isotope dimethyl labeling was performed in a total volume 
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of 50 µl. Chapter 2,7, 22 Zone 1 and 3 were labeled with the light dimethyl label, zone 
2 and 4 with the intermediate dimethyl label and zone 3 and 5 with the heavy 
dimethyl label. In the biological duplicate dimethyl labels were swapped resulting 
in an intermediate-labeled zone 1 and 3, a heavy-labeled zone 2 and 4, and a light-
labeled zone 3 and 5. Labeling efficiency was ≥ 97% as was shown by running an 
aliquot of the labeled samples on a regular LC MS/MS and comparing the number 
of dimethyl labeled peptides versus the total number of peptides.  

Nano LC-LTQ-Orbitrap-MS
Stable isotope dimethyl labeling was performed as described before. Chapter 2, 7 
Labeling was performed in a final volume of 50 μl. Two µl aliquots of samples 
were mixed and the volume was adjusted to 10 μl taking into account a final 
concentration of formic acid of 10% (v/v). Samples (4 μl) were analyzed on an 
LTQ-Orbitrap XL (Thermo Fischer Scientific, Bremen, Germany) that was 
connected to an Agilent 1200 HPLC system. Samples were loaded on a trap 
column (ReproSil-Pur C18-AQ, 20 mm × 100 µm inner diameter, packed in 
house; Dr Maisch, Ammerbuch, Germany) at 5 µL min-1 in 100% solvent A 
(0.1 M acetic acid in water). Peptides were eluted from the trap column onto an 
analytical column (ReproSil-Pur C18-AQ, 40 cm × 50 µm inner diameter, packed 
in-house) at 100 nL min-1 during 120 min using a gradient from 0-28% solvent 
B (0.1 M acetic acid in 8:2 v/v ACN/water) in 60 min and 28-50% solvent B in 
25 min. The eluent was sprayed via distal coated emitter tips connected to the 
analytical column. The mass spectrometer was operated in data-dependent mode, 
automatically switching between MS and MS/MS. Full-scan MS spectra (from 
m/z 350 to 1500) were acquired in the Orbitrap with a resolution of 60,000 at m/z 
400 after accumulation to a target value of 500,000 in the linear ion trap. The three 
most intense ions were selected for collision-induced fragmentation in the linear 
ion trap at an normalized collision energy of 35% after accumulation to a target 
value of 10,000.

Protein Identification and Quantification
The database that was used to assign peptides consisted of 14,166 A. niger CBS 
513.88 sequences23, 14,166 reversed A. niger sequences, 256 common contaminant 
sequences, and 256 reversed contaminant sequences. Thermo Proteome 
Discoverer 1.2.0.207 (Thermo Fischer Scientific, Bremen, Germany) was used 
in combination with a Mascot search engine (version 2.2.1) software platform 
(Matrix Science, London, UK). The following settings of Mascot were used: 
trypsin with 2 missed cleavages, precursor mass tolerance of 50 ppm, fragment 
ions mass tolerance of 0.6 Da and carbamidomethyl (C) as fixed modification. 
Oxidation (M), light-dimethyl (K- and N-term), intermediate-dimethyl 
(K- and N- term) and heavy-dimethyl (K- and N- term) were set as variable 
modifications. The following settings of Proteome discoverer were used: peptide 
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score filter: Mascot (ion score) > 20, maximum peptide rank = 1, peptide length: 
7-35 and a peptide mass deviation 10 ppm. In Thermo Proteome Discoverer 1.2 
simultaneously heavy/light, medium/heavy, medium/light Quan values were 
calculated. A technical control experiment was performed with zone 3 that had 
been labeled with two different labels (Supplemental Figure 1). The 2log ratio for 
most of the proteins was expected to be 0. This was indeed the case for ≥ 90% of 
the proteins (Supplemental Figure 1). Since proteins can be identified in one zone 
of the colony only, files were also loaded with the option replaced Missing Quan 
values, which allows quantification of ‘on/off ’ situations. Proteins with at least one 
peptide in both biological replicates were included in the analysis. Protein release 
was considered differential when the average 2log ratio value was higher than 2 
or lower than -2 in one sample or at least higher than 1 or lower than -1 in both 
biological replicates. To calculate the False Discovery Rate (FDR), spectra were 
searched against a reverse protein database. The spectra of the quantification of 
concentric zones of ∆flbA colonies had an FDR of < 1.5%.

Scanning Electron Microscopy
Sandwiched colonies were grown in the absence of the agarose layer on a PC 
membrane. Samples (8 x 5 mm) were cut from the periphery and the center of 
the colony and fixed with 3 % glutaraldehyde (Agar Scientific, Essex, UK) in 0.1 
M PBS for one day at 4 °C. Samples were rinsed 3 times in PBS and 3 times in 
distilled water and post-fixed in 1 % (w/v) aqueous osmium tetroxide (EMS, 
Hatfield, PA, USA) for 16 h at 4 °C. Samples were washed 3 times for 20 min 
with distilled water, and gradually dehydrated for 15 min in 25 % (v/v) ethanol, 
50 % (v/ v) ethanol, 70 % (v/ v) ethanol, 80 % (v/v) ethanol, 90 % (v/v) ethanol, 
95 % (v/ v) ethanol, 100 % (two times) ethanol, ethanol: anhydrous acetone (1:1; 
1:2), and finally in anhydrous acetone (i.e. acetone containing 1 % (v/v) acidified 
2,2-dimethoxypropane). Samples were carefully transferred under anhydrous 
acetone into the chamber of a Balzers CPD 030 (Bal-Tec, Schalksmülhe, Germany), 
and critical point dried at 40 °C and 85 bar. Samples were mounted on stubs and 
coated with Pt/Pd by the use of a Cressington sputter coater 208HR (Cressington 
Scientific Instruments, Watford, England). Mycelium was viewed with a Field 
Emission Scanning Electron Microscope (FEI, Eindhoven, The Netherlands) at 
an acceleration voltage of 5 kV and a working distance of about 5 mm.  

Transmission Electron Microscopy
Sample preparation and transmission electron microscopy (TEM) was performed 
as described. Chapter 2, 7 Samples were viewed with a transmission electron microscope 
Tecnai 12 (FEI, Eindhoven, The Netherlands) at an acceleration voltage of 100 kV. 
The thickness of the cell wall and the hyphal diameter of treated and untreated 
colonies were determined in cross sections. Four measurements (north, south, 
east, and west) per hyphae were used to measure cell wall thickness, whereas two 
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measurements were made to measure hyphal diameter (north-south, west-east). 
Statistical analysis was performed with IBM Statistics 20 (SPSS statistics; IBM, 
New York USA). Mean hyphal diameter and cell wall thickness of central and 
peripheral hyphae were statistically analyzed with a confidence of p ≤ 0.05 using a 
Welch’s t-test (accounting for unequal error variances).

RESULTS
Sporulation inhibits secretion
Sandwiched colonies of the wild-type strain were grown for 7 days on solid 
minimal medium with 25 mM xylose as carbon source. Five concentric zones 
were distinguished in these colonies. The most inner zone is referred to as zone 
1, whereas the most outer zone is called zone 5 (Figure 2). Labeling with 14C-N-
acetylglucosamine showed that growth of the wild-type colony took place in 
zone 5 (Figure 2A). Labeling with a mixture of 14C-amino acids demonstrated 
that proteins were formed throughout the mycelium (Figure 2B), while secretion 
only occurred at the periphery of the colony (Figure 2C). When colonies were 
transferred to fresh xylose medium, spatial growth and protein production was 
not affected (Figure 2DE). Protein secretion (Figure 2F), however, was not only 
observed at the periphery (ring 5) but also in central parts of the mycelium (zones 
1, 2 and 3). Interestingly, zone 4 did not secrete proteins. This zone started to 
sporulate when the upper polycarbonate membrane was removed from the 
sandwiched culture (Figure 2G). This was irrespective of the fact whether the 
colony had been transferred to fresh medium or not. Yet, sporulation was more 
abundant in transferred colonies. Taken together, these results indicate that the 
capacity to sporulate inhibits secretion in the vegetative mycelium. 

Inactivation of flbA but not of brlA affects secretion
Wild-type N402 colonies form stalks that further develop into conidiophores that 
produce chains of asexual spores (Figure 3AB). Genes brlA and flbA were deleted 
in A. niger to assess their role in conidiophore development. The N402∆flbA and 
N402∆brlA strains showed a fluffy and bristle phenotype, respectively. Scanning 
electron microscopy of the ∆brlA strain on agar plates showed that this mutant 
formed stalks with infinite growth (Figure 3EF). These stalks reached a length 
of up to 1000 µm, which is 20-30 times longer than that of wild-type stalks. The 
∆flbA mutant formed aerial hyphae but conidiophore stalks were not formed 
(Figure 3CD). Colonies of the wild-type strain and those of the ∆flbA and ∆brlA 
strains had formed a similar biomass on xylose after 3, 5, and 7 days of growth 
(Figure 3G). 
 Growth, protein synthesis and protein secretion in ΔbrlA was similar 
to wild-type colonies, irrespective whether the colonies had or had not been 
transferred to fresh medium (Supplemental Figure 2). Interestingly, deletion 
of flbA did affect spatial secretion (Figure 2JM). Protein secretion in the ΔflbA 
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strain before transfer (Figure 2J) was most pronounced in the center and was also 
observed at the periphery of the colony. After transfer, secretion in ΔflbA occurred 
throughout the colony (Figure 2M) but the amount of secreted protein was lower 
when compared to the center and the periphery of the non-transferred colony. 
Growth in ΔflbA colonies was observed throughout the colony before (Figure 
2H) and after transfer (Figure 2K) to fresh medium. This is in contrast to that 
observed in the wild-type (Figure 2A) and the ΔbrlA strain (Supplemental Figure 
2). Aerial hyphae were formed throughout the colony when the upper membrane 
of a sandwiched ΔflbA colony was removed (Figure 2N). 

Quantification of the ΔflbA secretome
Protein profiles released by the concentric zones of 7-days-old xylose-grown 
sandwiched colonies were monitored by SDS PAGE. To this end, the colonies 
were transferred for 24 h to a ring plate. 4, 7, Chapter 2 The ring plate consists of five 
concentric wells that were filled with xylose-containing liquid minimal medium. 

N402

ΔflbA

Non transferred Transferred

Figure 2: Growth, (ADHK), protein synthesis (BEIL), and secretion (CFJM) in 7-days-old xylose-grown wild-
type (A-G) and ∆flbA (H-N) colonies. Colonies were analyzed before (ABC, HIJ) and after transfer (DEF, KLM) 
to fresh xylose medium. Growth was detected with 14C-labeled N-acetylglucosamine. Protein synthesis and 
secretion were monitored by incorporation of 14C-labeled amino acids. Secreted proteins were immobilized by a 
PVDF membrane that had been placed underneath the colony. Conidia forming conidiophores were observed 
after 24 hours of growth in the sub-peripheral zone 4 of the wild-type when the upper membrane of a sandwiched 
was removed at day 7 (G), while the ∆flbA  strain formed aerial hyphae throughout the colony (N). 
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Figure 3: Scanning electron microscopy (A-F) of 7-days-old A. niger wild-type (N402) (A,B), ΔflbA (C,D), and 
ΔbrlA (E,F), colonies and their biomass after 3, 5 and 7 days of growth (G). Wild-type colonies formed masses 
of conidia (thin arrows). The ΔflbA strain formed abundant aerial hyphae (thick arrows), while the ΔbrlA strain 
produced both aerial hyphae (thick arrows) and stalks (arrow heads). 

The innermost zone of the colony released proteins in zone 1, whereas the 
outermost part of the colony secreted proteins in zone 5 of the ring plate. The 
protein profiles of each of the zones were the result of proteins that had been 
formed and released after transfer to the ring plate and proteins that had been 
formed before transfer and that slowly diffused out of the cell wall in which they 
had been trapped. 4, 7, Chapter 2 It was previously shown that cycloheximide treatment 
induces release of trapped proteins from the cell wall. 7, Chapter 2 The ΔbrlA colonies 
showed a similar protein pattern as the wild-type in the absence and presence 
of cycloheximide during incubation on the ring plate (Figure 4AB). The ΔflbA 
(Figure 4C) colonies did show a different protein profile in the medium when 
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compared to wild-type colonies. Moreover, based on the SDS PAGE profiles, 
cycloheximide treatment did not increase release of protein in the medium of the 
ΔflbA strain. In fact, the amount of some of the proteins was reduced as shown by 
the lower intensity after staining the SDS PAGE gel.

∆flbA wild-type7
wild-type  

cycloheximide 
treatment7

Cellulases 16 10 20

Xylanases 16 9 15

Mannosidases 1 0 2

Pectinases 7 5 6

Amylases 3 2 5

Other carbohydrates 3 0 6

Proteases 14 9 17

Phytases 1 1 4

Fungal cell wall remodeling 23 9 14

Other enzymes
superoxide dismutases

/ oxidases
13 0 7

lipases 3 0 1

phospholipases 6 0 2

other 14 7 13

Unknown 18 6 8

Proteins without SigP 33 1 4

Total 171 59 124

 Since the ΔflbA strain showed a different protein profile when compared 
to the wild-type, we decided to analyse the secretome of this mutant strain by 
quantitative MS/MS. To this end, 7-days-old xylose-grown colonies of the ΔflbA 
strain were transferred to a ring plate for 24 h. Proteins contained in each of 
the wells of the ring plate were isolated, concentrated, digested with lys-C and 
trypsin, and labeled with different isotopomeric dimethyl labels. 22 The addition 
of the light-dimethyl-label, the intermediate-dimethyl-label, and the heavy-
dimethyl-label results in a mass shift of 28, 32, and 36 Da per primary amine 
of a peptide, respectively. 22 Labeled peptides of the three innermost zones 1, 
2 and 3 (containing the light, intermediate and heavy label, respectively) were 
mixed and analyzed in a single LC-MS/MS run. Similarly, peptides of zones 3, 
4, and 5 (containing the light, intermediate and heavy label, respectively) were 
mixed and analyzed by LC-MS/MS. By including the zone 3 sample in both runs, 
the peptides of each of the zones could be quantitatively compared. To prevent 

Table 2. Number of representatives of protein classes in the secretome of 7-days-old xylose grown ∆flbA colonies. 
Numbers are compared to the proteins found in wild-type with or without cycoheximide treatment. Chapter 2, 7 
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label-specific peptide modifications, a biological duplicate was performed with 
a label swap on the peptides of the different concentric zones (see Material and 
Methods). The peptides in the ΔflbA secretome were assigned to 723 sequences in 
the A. niger database (data not shown). Of these, 300 passed the filter criteria (see 
Material and Methods), and 171 of them were present in at least one of the zones 
of both biological duplicates. These 171 proteins were used for quantification 
(Supplemental Table 1). This selection comprised 138 proteins with a signal 
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Figure 4: SDS-PAGE of the secretome of 
concentric zones of 7-days-old xylose-
grown colonies of wild-type (A), ΔbrlA 
(B), and ΔflbA (C) that had either (+) or 
not (-) been treated with cycloheximide. 
Gels were stained with coomassie brilliant 
blue. Zone 1 and 5 represent the most 
central and peripheral zone, respectively. 
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Figure 5: Heat map of 2log ratios of secreted 
proteins in xylose grown ΔflbA colonies. Zone 1 
and 5 represent the innermost and outermost zone 
of the colony, respectively. Green shading indicates 
a 2log fold change of ≤2, whereas red shading 
indicates a 2log fold change in ratio of ≤-2. 

Table 3. Proteins identified in concentric zones of 7-days-old xylose grown ∆flbA colonies that had not been 
identified in the secretome of A. niger before.  

Accession Description

(putative) cellulases

An15g04900 probable endoglucanase D eglD - Aspergillus niger

An11g06090 strong similarity to beta-glucosidase2 BGL2 - Saccharomycopsis fibuligera

An03g05380 similarity to cellulase FI-CMCase - Aspergillus aculeatus

(putative) cell wall/ morphogenesis enzymes

An07g01160 strong similarity to cell wall protein Utr2 - Saccharomyces cerevisiae

An16g06120 strong similarity to glycosylphosphatidylinositol-anchored beta(1-3)glucanosyltransferase gel3 - Aspergillus 
fumigatus

An03g06220 strong similarity to glycosylphosphatidylinositol-anchored beta(1-3)glucanosyltransferase gel3 - Aspergillus 
fumigatus

(putative) proteases

An07g03880 serine proteinase pepC - Aspergillus niger

An05g02170 strong similarity to serine-type carboxypeptidase F CPD-II - Aspergillus niger

related to other enzymes

An02g08560 similarity to hypothetical dioxygenase SCOEDB - Streptomyces coelicolor

An03g05210 strong similarity to reticuline oxidase bbe1 - Eschscholzia californica

An11g06480 weak similarity to antigenic protein f86.aa from patent WO9859071 - Borrelia burgdorferi

An13g02510 strong similarity to allergen rAsp f 9 - Aspergillus fumigatus

An11g07730 similarity to mucin MUC4 - Homo sapiens

An10g00950 strong similarity to tannase precursor from patent JP08080196-A - Aspergillus oryzae

related to unknown

An14g02350 weak similarity to protein belonging to the presenilin superfamily protein S182 - Mus musculus

An12g07430 similarity to homeostasis assocoiated protein sequence SEQ ID NO:380 from patent WO200100842-A2 - 
Corynebacterium glutamicum

An09g01580 weak similarity to RING finger protein rngB - Dictyostelium discoideum

An01g13600 strong similarity to mitochondrial phosphate transport protein Mir1 - Saccharomyces cerevisiae
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sequence and 33 proteins that did not have a signal sequence for secretion 
(Table 2; Supplemental Table 1). 23, 24 SecretomeP predicted that 18 out of these 
33 proteins contain a motif for non-classical secretion (Supplemental Table 2). 
Within the pool of proteins with a signal sequence, 101 had not been identified 
in the secretome of 7-days-old xylose-grown wild-type colonies 7, Chapter 2, and 18 
had even never been reported to be part of the secretome of A. niger (Table 3; 
Supplemental Table 1). 7, Chapter 2, 24-26 On the other hand, 20 proteins were absent in 
the ΔflbA strain that were present in the secretome of 7-days-old xylose-grown 
wild-type colonies.7, Chapter 2 Out of the 138 proteins with a signal sequence within 
the secretome of the ΔflbA strain, 51 proteins were released ≥ 4-fold lower in the 
peripheral zone 5 when compared to the intermediate zone 3 of the colony (Table 
4; Figure 5; Supplemental Table 1). Out of 4 proteins that were less abundantly 
released in zone 4 when compared to zone 3, 3 were also released to a lower extent 
in zone 5. In the central zone 1, 4 proteins were released 4-fold lower compared to 
zone 3. In total, only 4 proteins (i.e. 1 in zone 1, 2 in zone 2, and 1 in zone 5) were 
4-fold more abundant in another zone when compared to zone 3. 

Table 4. Secreted proteins released in zones 1, 2, 4 and 5 of 7-days-old xylose grown sandwiched ∆flbA colonies 
that show a 2log fold change ≥ 2 in abundance when compared to zone 3. Proteins are shown with a 2log fold 
change ≥ 2 in one biological sample and at least a 2log fold change ≥ 1 in the biological duplicate. Green and 
red shading indicate increased and decreased abundance respectively. y*,y**, and y indicate proteins found by 
SigP3.0 prediction24 SigP2.0 prediction23, and proteins found in both SigP databases, respectively.  

Accession Description - Table 4 2log ratio zones SigP

xylanolytic enzymes - xylan zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

An01g00780 endo-1,4-beta-xylanase B precursor xlnB - Aspergillus 
niger 0.1 1.0 0.6 -2.0 y

An01g09960 exo-1,4-beta-xylosidase xlnD - Aspergillus niger 0.1 0.3 -1.0 -2.9 y

An14g05800 alpha-glucuronidase aguA - Aspergillus niger -0.1 0.0 -0.6 -2.5 y

An09g03300 strong similarity to alpha-xylosidase XylS - Sulfolobus 
solfataricus 1.0 0.8 -1.4 -6.3 y

xylanolytic enzymes - xyloglucan xylan galactomannan

An02g11150 alpha-galactosidase aglB - Aspergillus niger 0.7 0.7 -0.1 -2.0 y

An09g00260 alpha-galactosidase aglC - Aspergillus niger [truncated 
ORF] 0.3 0.1 -1.6 -3.1 y

An01g00330 alpha-N-arabinofuranosidase A precursor abfA - 
Aspergillus niger 1.1 0.6 -0.7 -2.7 y

An09g01190 endo 1,5-alpha-arabinanase abnA - Aspergillus niger 1.0 0.5 -0.6 -3.2 y

putative xylan/ hemicellulose degrading enzymes

An08g01900 strong similarity to xylan 1,4-beta-xylosidase - 
Butyrivibrio fibrisolvens 0.1 0.0 -0.3 -2.0 y

An17g00300
strong similarity to bifunctiona xylosidase-arabinosidase 
xarB - Thermoanaerobacter ethanolicus [putative 
frameshift]

0.6 0.3 -1.7 -4.5 y

Cellulases

An14g02760 endoglucanase A eglA - Aspergillus niger 0.8 0.7 0.0 -2.0 y

An07g09330 1,4-beta-D-glucan cellobiohydrolase A precursor cbhA - 
Aspergillus niger 0.3 -0.1 -1.0 -2.8 y

An18g03570 Probable beta-glucosidase A precursor bglA  - 
Aspergillus niger 0.4 0.4 -1.0 -3.1 y

putative cellulases

An12g02220 Probable 1,4-beta-D-glucan cellobiohydrolase C - 
Aspergillus niger -0.7 -0.2 -0.4 -2.8 y
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Accession Description - Table 4  (continued) 2log ratio zones SigP

zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

An14g01770 strong similarity to beta-glucosidase bgln - Candida 
molischiana 0.9 0.6 -1.0 -2.1 y

An01g10930 strong similarity to enzyme with sugar transferase 
activity from patent JP11009276-A - Acremonium sp. -0.4 0.1 -1.4 -3.6 y

An01g01540 strong similarity to alpha,alpha-trehalase treA - 
Aspergillus nidulans 0.7 0.5 -0.7 -2.0 y

starch degrading enzymes

An15g07800 strong similarity to precursor of alpha-amylase A - 
Aspergillus niger 0.5 0.4 -1.2 -2.8 y

An03g06550 glucan 1,4-alpha-glucosidase glaA - Aspergillus niger 0.9 0.7 -0.2 -2.1 y

(putative) other carbohydrates

An11g06540 beta-mannosidase mndA - Aspergillus niger 0.4 0.1 -0.6 -2.0 y

An07g07700 similarity to hypothetical glycosyl hydrolase BAC68337.1 
- Streptomyces avermitilis 0.1 0.6 -0.9 -3.4 y*

Accession cell wall/ morphogenesis enzymes

An01g12450 strong similarity to hypothetical glucan beta-1,3 
exoglucanase exgS - Aspergillus phoenicis 0.1 0.1 -0.6 -2.0 y

An01g11010 strong similarity to cell wall protein Crh1 - 
Saccharomyces cerevisiae 0.9 0.7 -0.6 -2.0 y

An11g01540 strong similarity to cell wall protein Crh1 - 
Saccharomyces cerevisiae 0.2 0.5 -0.4 -2.8 y

An09g02240 strong similarity to beta-N-acetylhexosaminidase from 
patent WO9839459-A1 - Penicillium chrysogenum 1.0 0.6 -2.0 -4.0 y

putative cell wall/ morphogenesis enzymes

An18g04100 probable glucan 1,3-beta-glucosidase A exgA -0.2 0.1 -1.1 -2.9 y

An14g02100 strong similarity to cell wall antigen MP1 - Penicillium 
marneffei -2.0 0.1 -0.7 -1.4 y

An01g03090 strong similarity to 1,3-beta-glucanosyltransferase gel1 - 
Aspergillus fumigatus 0.2 0.5 -0.9 -3.1 y

An02g03310
strong similarity to hypothetical phosphatidylglycerol/
phosphatidylinositol transfer protein pltpao - Aspergillus 
oryzae

-2.0 -0.6 -0.4 -1.6 y

An02g01550 strong similarity to secreted serine protease 19 kDa CS 
antigen CS-Ag - Coccidioides immitis -0.2 0.2 -0.7 -2.3 y

An02g11620 strong similarity to hypothetical cell wall protein 
Afu3g08110 - Aspergillus fumigatus -2.6 0.0 0.1 -0.7 y

phytases

An12g01910 strong similarity to phytase phyA3 - Aspergillus 
fumigatus 0.9 0.8 -0.8 -3.3 y

Proteases

An14g04710 aspartic proteinase aspergillopepsin I pepA - Aspergillus 
niger 0.3 -0.4 -1.0 -4.2 y

An08g04490 probable endoprotease Endo-Pro precursor EPR 
-Aspergillus niger 0.0 -0.1 -0.2 -2.2 y

An03g05200 strong similarity to carboxypeptidase S1 - Penicillium 
janthinellum 0.7 0.4 -0.9 -2.5 y

An02g13750 strong similarity to glutaminase A gtaA - Aspergillus 
oryzae 0.2 0.3 -1.0 -4.3 y

An02g07210 aspartic protease pepE - Aspergillus niger 0.0 0.0 -0.9 -3.0 y

An07g03880 serine proteinase pepC - Aspergillus niger -2.7 -0.4 0.2 -0.1 y

putative proteases

An03g01660 strong similarity to vacuolar aminopeptidase Y Ape3 - 
Saccharomyces cerevisiae -0.5 -0.1 -0.7 -2.1 y

related to other enzymes

superoxide/dismutases

An01g01550 strong similarity to catalase cat1 - Aspergillus fumigatus 0.4 0.1 -1.0 -6.3 y

An01g14740 glucose oxidase precursor goxC - Aspergillus niger 
[putative sequencing error] 2.0 1.0 0.0 -0.5 y

An08g00490 strong similarity to lactonohydrolase - Fusarium 
oxysporum 0.4 0.3 -1.0 -3.0 y*
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Accession Description - Table 4  (continued) 2log ratio zones SigP

(putative) Lipases zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

An16g08870 strong similarity to triacylglycerol lipase lipI - Geotrichum 
candidum 0.5 0.5 -1.2 -4.6 y

(putative) phospholipases

An16g03700 strong similarity to phospholipase B from patent 
US6146869-A - Aspergillus oryzae 0.0 0.0 -0.7 -2.5 y

An02g13220 strong similarity to lysophospholipase phospholipase B - 
Penicillium notatum 0.8 1.0 -0.6 -2.6 y

related to other enzymes

An10g00790 similarity to hypothetical protein SCE6.29 - 
Streptomyces coelicolor 0.1 0.2 -0.9 -2.9 y

An02g09090 strong similarity to mutarotase enzyme from patent 
JP07039380-A - Sus scrofa 0.4 0.3 -1.0 -2.7 y

An01g06280 strong similarity to IgE-binding protein - Aspergillus 
fumigatus 1.0 2.0 0.0 0.0 y

An11g07730 similarity to mucin MUC4 - Homo sapiens -0.4 0.2 -1.0 -4.2 y**

An03g05260 similarity to chitosanase csnA - Aspergillus oryzae -0.3 -0.1 -0.1 -2.0 y

An07g08640 strong similarity to mutanase mutA - Penicillium 
purporogenum 1.0 1.1 -4.5 -5.8 y

An10g00950 strong similarity to tannase precursor from patent 
JP08080196-A - Aspergillus oryzae 0.0 2.9 0.0 0.0 y

An02g06720 strong similarity to glutaminase A gtaA - Aspergillus 
oryzae -0.4 0.4 -1.0 -4.9 y

related to unknown

An10g00800 strong similarity to purine nucleoside permease NUP - 
Candida albicans 0.4 0.3 -0.7 -2.1 y

An06g00160 strong similarity to hypothetical protein AN1813.2 - 
Aspergillus nidulans 1.0 0.9 -1.1 -2.6 y

An04g08730 strong similarity to hypothetical conserved protein 
SPAC12B10.16c - Schizosaccharomyces pombe 0.2 0.2 -0.8 -2.2 y

An07g02730 strong similarity to SUN family protein su1p - 
Schizosaccharomyces pombe 0.0 0.0 0.9 4.1 y

An09g01580 weak similarity to RING finger protein rngB - 
Dictyostelium discoideum 0.0 0.0 -3.4 0.0 y*

An14g04240 strong similarity to hypothetical conserved protein 
CC0533 - Caulobacter crescentus 0.1 0.3 -0.8 -2.2 y*

An04g07160 similarity to hypothetical protein MLD14.3 - Arabidopsis 
thaliana 0.0 0.0 -3.6 -4.5 y

 The 138 proteins with a signal sequence in the secretome of 7-days-old 
xylose-grown ΔflbA colonies comprised 46 proteins involved in carbohydrate 
degradation (Table 2). They are involved in hydrolysis of cellulose (16), xylan (16), 
pectin (7), starch (3) and other carbohydrates (4). Out of the 46 proteins involved 
in carbohydrate degradation, 21 were ≥ 4-fold less abundant in zone 5 when 
compared to all other zones (Table 4). The products of 15 out of the 16 XlnR-
regulated genes were found in the culture medium of 7-days-old xylose-grown 
colonies of the ΔflbA strain (Table 5). Only the endo-glucanase EglB (An16g06800) 
was not identified in the secretome. Unlike the wild-type secretome 7 products of 
the genes regulated by XlnR were homogenously released in the various zones of 
the colony. For instance, the endoxylanases XlnB, XlnC, and XlnD, the acetyl xylan 
esterase AxeA, the α-glucuronidase AguA, the arabinofuranohydrolase AxhA, the 
arabinofuranosidase AbfA, and the α-arabinase AbnA are equally abundant in 
central zones 1-4. Only in the peripheral zone 5, a 4-fold lower amount of protein 
is seen (Table 5; Supplemental Table 1). This can be explained by the fact that 
hyphae colonized this zone during the transfer to the ring plate, thus yielding a 
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Table 5. Presence of proteins encoded by XlnR regulated genes in the secretome of 7-days-old xylose-grown 
∆flbA colonies. Numbers are compared to the proteins found in wild-type A. niger colonies that had either or 
not been treated with cycloheximide. Chapter 2, 7  

Accession Description ∆flbA wild-type7
wild-type

cycloheximide 
treated7

Xylanases

An01g00780 endo-1,4-xylanase xlnB - Aspergillus niger x x x

An03g00940 endo-1,4-beta-xylanase A precursor xlnC - Aspergillus niger x x

An01g09960 xylosidase xlnD - Aspergillus niger x x x

Accessory enzymes

An12g05010 acetyl xylan esterase axeA - Aspergillus niger x x x

An03g00960 1,4-beta-D-arabinoxylan arabinofuranohydrolase axhA - 
Aspergillus niger x x x

An01g00330 alpha-l-arabinofuranosidase a precursor abfA - Aspergillus niger x x x*

An15g02300 arabinofuranosidase B abfB  - Aspergillus niger x x x

An14g05800 alpha-glucuronidase aguA  - Aspergillus niger x x

An02g11150 alpha-galactosidase aglB  - Aspergillus niger x x x

An01g12150 beta-galactosidase lacA  - Aspergillus niger x x x

An09g00120 ferulic acid esterase A faeA  - Aspergillus niger x x

An14g02760 endoglucanase A eglA  - Aspergillus niger x x x

Hemicellulolytic and cellulolytic enzymes

An16g06800 strong similarity to endoglucanase eglB  - Aspergillus niger x x

An03g05290 glucan endo-1,3-beta-glucosidase eglC  - Aspergillus niger x x x

An07g09330 1,4-beta-D-glucan cellobiohydrolase A precursor cbhA - 
Aspergillus niger x x x

An01g11660 1,4-beta-D-glucan cellobiohydrolase B precursor cbhB  - 
Aspergillus niger x x x

putative XlnR regulated

An01g11670 strong similarity to endo-beta-1,4-glucanase A eglA - Aspergillus 
nidulans x x

An01g14600 endo-1,4-beta-xylanase precursor - Aspergillus niger x x x

low density mycelium in this part of the colony. 
 The majority (i.e. 92 out of 138) of the secreted proteins in the secretome 
of 7-days-old xylose grown ΔflbA colonies are involved in other processes than 
plant polysaccharide degradation. These proteins include a phytase (1), proteases 
(10), superoxide dismutases and oxidases (13), lipases (3), phospholipases (6), 
enzymes involved in cell wall synthesis and morphogenesis (23), other enzymes 
(14) or enzymes with unknown function (18). One protein (An10g00950) with 
unknown function is found 8-fold higher in the center of ΔflbA (Table 4). Other 
proteins (39) are found in relatively low amount in the periphal zone 5 as shown 
by a negative 2log ratio in 5/3. 

Influence of cycloheximide on the cell wall of ΔflbA hyphae 
The presence of cycloheximide results in thinner cell walls in the central zones 
of a 7-days-old wild-type colony. In contrast, the peripheral zones of the colony 
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showed thicker cell walls compared to untreated colonies. 7, Chapter 2 Here, the effect 
of cycloheximide on the cell wall of 7-days-old colonies of the ∆flbA strain was 
studied with transmission electron microscopy. The diameter of hyphae at the 
periphery and at the center of a ∆flbA colony that had or had not been treated 
with cycloheximide was not statistically different. The diameter of the hyphae in 
the centre of ΔflbA colonies was 3.5 ± 0.16 µm and 3.1 ± 0.15 µm in the absence 
and presence of cycloheximide, respectively. These values were 3.9 ± 0.27 µm 
and 3.6 ± 0.17 µm for hyphae at the periphery of the ΔflbA colony (Figure 6). 
Cycloheximide treatment did also not affect the width of the cell wall at the 
colony center. The width was 101.0 ± 5.9 and 118.6 ± 7.9 nm with and without 
cycloheximide treatment. In contrast, cell walls at the periphery of untreated 
colonies were thinner than those that had been treated with cycloheximide (91.0 
± 4.9 nm and 120 ± 9.8 nm, respectively). 

140
120
100

80
60
40
20

0

4000

3000

2000

1000

0

Periphery

PeripheryCentre

Centre

Untreated
Treated

* *

A

B

C

D

E

F

1µm 1µm

500 nm 500 nm

Figure 6. Transmission electron microscopy of hyphae from the center of a ∆flbA colony that had not (A, B) or 
had (C, D) been treated with cycloheximide and analysis of hyphal diameter (E) and width of cell walls (F) of 
hyphae from the center and the periphery of a ∆flbA colony. Bars in A, B and C, D represent 1 μm and 500 nm, 
respectively. Black arrows indicate the outer and inner parts of the cell wall. Hyphal diameter and cell wall width 
in E and F are given in nm. * represents significant difference, p ≤ 0.05.

DISCUSSION

Colonies of A. niger are heterogeneous with respect to growth and secretion. 
Until recently it was believed that only growing hyphae secrete proteins. This 

was partly based on the finding that protein secretion and growth were mainly 
observed at the periphery of sandwiched colonies. 6 Levin et al. 3 and this study, 
however, showed that protein secretion can also occur in non-growing zones of 
a sandwiched colony. Growth was still localized at the periphery when 7-days-
old xylose-grown colonies were transferred for 24 hours to fresh medium, while 
proteins were secreted in the center as well. Notably, the non-growing sub-
peripheral zone (zone 4) still did not secrete proteins. Here, we showed that this 
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zone started to sporulate when the upper membrane of the sandwiched colony 
was removed. This indicates that sporulation represses secretion of the vegetative 
mycelium. To test this hypothesis spatial secretion of proteins was studied in A. 
niger strains that had a deletion of the sporulation genes flbA or brlA. It was shown 
that inactivation of flbA, but not brlA, affects the spatial secretion pattern and that 
the secretome of the ΔflbA strain is more complex when compared to the wild-
type. These results indicate that the ∆flbA strain is a good candidate strain for 
industrial fermentations. 
 Asexual development of aspergilli has been best studied in A. nidulans. 
Experimental evidence has shown that mechanisms underlying this developmental 
process in A. fumigatus and A. oryzae are similar but not identical to that of A. 
nidulans. 23, 27-29 Until now, no experimental data were available for the regulatory 
program underlying asxual reproduction in A. niger. Its genome sequence predicts 
that this program is similar to that of A. nidulans. 23 In A. nidulans, the ΔbrlA strain 
forms stalks that do not stop their growth after they have reached a length of 100 
µm. In contrast, the ΔbrlA strain of A. fumigatus does not initiate conidiophore 
development at all. 29 We here showed that the A. niger ΔbrlA strain has a similar 
phenotype with respect to asexual reproduction when compared to A. nidulans 
This indicates that BrlA acts earlier in asexual development in A. fumigatus when 
compared to A. nidulans and A. niger. Deletion of flbA in A. nidulans, A. oryzae, 
and A. fumigatus results in a low brlA expression, abundant formation of aerial 
hyphae and absence of conidiation. 13, 16, 27-30 Inactivation of flbA in A. niger also 
resulted in abundant aerial hyphae and abolished formation of conidiophores. 
Location of growth and secretion was similar in the ΔbrlA strain when compared 
to the wild-type strain of A. niger. In contrast, more zones of the colony were active 
in growth and protein secretion in the ΔflbA strain when compared to the wild-
type. Colonies of the ∆flbA strain that had not been transferred to fresh medium 
secreted proteins both at the periphery and in the colony center. Thus, the spatial 
release of proteins was similar to that of wild-type and ΔbrlA colonies that had 
been transferred to fresh medium. Transferred ∆flbA colonies on the other hand 
secreted proteins throughout the colony. Mass spectrometry analysis showed that 
the differences in quantitiative composition of the secretome of the four inner 
zones of the ∆flbA colonies are smaller than that observed in the wild-type.7, Chapter 

2 The peripheral zone 5 of the ∆flbA colony secreted less protein but this can be 
explained by the fact that the mycelium had not fully colonized this part of the 
medium. Taken together, it is concluded that flbA has a role in heterogeneity of 
growth and protein secretion in A. niger colonies. This is not the case for brlA. This 
can be explained by the fact that brlA acts more downstream in the developmental 
pathway of sexual reproduction. 
 Inactivation of flbA resulted in a different protein secretion profile when 
compared to the wild-type and the ΔbrlA strain. This change in the protein profile 
may be partly due to pH changes. The ∆flbA mutant maintained its pH at 6 during 
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the 24 h transfer on the ring plate. In contrast, the pH dropped to as low as 2 
in the case of xylose-grown wild-type colonies (data not shown). However, the 
differences in the secretome cannot fully be attributed to changes in pH. This 
is based on the finding that α-galactosidase, cellobiohydrolase, and xylosidase 
activity were higher in the ∆flbA strain than in the wild-type when the pH of the 
medium was kept at pH 5.0 by using a stronger buffer (data not shown). 
 The secretome of ∆flbA colonies consisted of 138 protein with a signal 
sequence. Of these, 18 had not been reported in any secretome studyChapter 2, 7, 

24, 26, 31, 32 and 101 had not been identified in the secretome of 7-days-old xylose 
grown wild-type colonies that had not been treated with cycloheximide.7, Chapter 

2,Cycloheximide not only inhibits protein synthesis, it also induces partial cell wall 
degradation.7, Chapter 2 As a consequence, secreted proteins that are associated to the 
cell wall of the wild-type strain are effectively released. Indeed, cycloheximide 
treatment reduced the number of proteins absent in the wild-type secretome Chapter 

2, 7 but present in the ∆flbA strain from 101 to 70. For instance, the products of the 
XlnR regulated genes xlnC, aguA and faeA were absent in the secretome of wild-
type colonies that had not been treated with cycloheximide but were found in the 
secretome of the ∆flbA strain and cycloheximide treated wild-type colonies.7, Chapter 

2 These data suggest that absence of FlbA affects the cell wall. Indeed, the cell wall 
of hyphae of the ΔflbA strain is thinner than that in the wild-type, especially in 
the colony centre. In the case of peripheral hyphae the cell wall of the ΔflbA strain 
is 91 nm, while it is 106 nm in the case of the wild-type. 7, Chapter 2 These values are 
119 nm and 205 nm for hyphae in the center, respectively. Moreover, unlike the 
wild-type,7, Chapter 2 cycloheximide treatment did not affect the width of the cell wall 
in the centre of ΔflbA colonies. Of interest, glucanosyltransferase GelD and BgtE, 
both annotated as homologues of cell wall morphogenesis and synthesis proteins, 
were found in the secretome of the ∆flbA mutant but not in the wild-type. These 
proteins may affect cell wall composition of the mutant strain.
 Submerged and aerial hyphae of the ∆flbA strain of A. nidulans go in 
autolysis when colonies get older. 14, 16, 27, 28 However, this was not observed in 
A. fumigatus. 29 We also do not have definite proof for autolysis in sandwiched 
cultures of the A. niger ΔflbA strain. The secretome of the A. niger ΔflbA strain 
contained 33 proteins without a signal sequence, of which 18 were predicted to 
be released via the non-classical secretion pathway. So, only a limited number of 
intracellular proteins were observed in the culture medium. On the other hand, 
3 predicted intracellular proteases were contained in the secretome of the ∆flbA 
strain that were absent in the wild-type. These proteases (i.e. lysine aminopeptidase 
apsA (An04g03930), dipeptidyl peptidase III (An04g00410), and vacuolar 
aminopeptidase Ysci (An09g06250) may point to autolytic activity. However, 
a semi-tryptic Mascot search assigned only twelve extra proteins (i.e. 8.5 %) in 
the culture medium. This indicates that proteinases are not highly active on the 
proteins in the culture medium of the ∆flbA strain. The most strong indication for 
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autolysis is the presence of chitinase chiB (An02g07020) in the secretome of the 
A. niger ΔflbA strain. This enzyme has been related to autolysis of the mycelium 
of the ∆flbA strain in A. nidulans. 33 Inactivation of chiB in A. nidulans did not 
suppress the developmental defects of the ΔflbA strain but abolished autolysis. It 
would be of interest to assess whether inactivation of chiB also reduces release of 
intracellular proteins in the ΔflbA strain of A. niger and whether the ΔflbAΔchiB 
strain is a preferred strain for use as a cell factory. 
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ASSOCIATED CONTENT
Supplemental Table 1. Quantitative analysis of the secretome of concentric zones of sandwiched colonies of the 
ΔflbA strain of A. niger. This material is available free of charge via the Internet at http://pubs.acs.org.

Supplemental Table 2. Proteins of the secretome of 7-days-old xylose grown sandwiched colonies of the ΔflbA 
strain of A. niger that are predicted to be released into the culture medium via the non-classical secretion 
pathway by the SecretomeP prediction tool. The abundance  (expressed as the 2log fold change) of these proteins 
in zones 1, 2, 4 and 5 is related to zone 3. Green and red shading indicate increased and decreased abundance, 
respectively, when compared to zone 3. 

Accession Quantitative analysis ΔflbA secretome 2log ratio zones

related to non-classical secreted proteins zone 1/3 zone 2/3 zone 4/3 zone 5/3

An02g07020 chitinase chiB - Aspergillus niger 0.1 0.2 -3.9 -5.4

An12g00240 strong similarity to translational inhibitor uk14 - 
Homo sapiens [truncated ORF] -0.5 0.0 -0.5 -2.2

An01g00370 aspergillopepsin apnS - Aspergillus niger 0.0 0.0 0.0 0.0

An09g00270 alpha-galactosidase aglC - Aspergillus niger 
[truncated ORF] 0.2 0.3 -1.0 -3.1

An02g01830 cytochrome c cyc - Aspergillus niger 0.0 0.0 -0.7 -2.3

An09g02830 strong similarity to acylaminoacyl-peptidase DPP 
V - Aspergillus fumigatus 0.7 0.7 -3.9 0.0

An15g05960 strong similarity to hypothetical protein Afu2g15710 
- Aspergillus fumigatus -1.3 -0.4 -0.9 -3.4

An11g01120 strong similarity to NADPH-dependent aldehyde 
reductase - Sporobolomyces salmonicolor -1.5 -0.1 0.7 1.1

An12g08570 similarity to type 2 peroxiredoxin PrxII - Brassica 
napus -2.6 -0.3 1.0 0.5

An04g06510 strong similarity to polyubiquitin 5 Ubi4 - 
Saccharomyces cerevisiae -3.3 -1.1 -0.1 -1.2

An01g02500 strong similarity to thioredoxin - Aspergillus nidulans -2.3 -0.8 0.0 -1.1

An02g08660 strong similarity to hypothetical protein H04M03.4 - 
Caenorhabditis elegans -0.8 -0.5 0.2 -1.5

An16g08760 similarity to zinc metalloprotease ZmpB from patent 
WO9964610-A1 - Streptococcus pneumoniae 0.0 0.0 -0.4 -2.4

An07g05830 strong similarity to formamidase fmdS - Aspergillus 
nidulans -0.8 0.0 0.0 0.0

An03g06870 strong similarity to cytidine deaminase - Homo 
sapiens -1.9 -1.0 -1.0 -4.7

An14g02250 strong similarity to flavocytochrome b2 L-lactate 
dehydrogenase CYB2 - Pichia anomala 0.0 0.0 0.1 0.0

An18g04590 strong similarity to rho GDP dissociation inhibitor 
Rdi1 - Saccharomyces cerevisiae 0.0 0.0 1.0 1.0

An07g01100 similarity to glutathione S-transferase omega - Sus 
scrofa 0.0 0.0 -0.4 0.0
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Supplemental Figure 1: 2log ratios of the technical duplicate of proteins of zone 3 as obtained by labeling the 
peptides with two different dimethyl labels
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Chapter 3

N402

ΔbrlA

Non transferred Transferred

Supplemental Figure 2. Growth, (ADGJ), protein synthesis (BEHK), and secretion (CFIL) in 7-days-old xylose-
grown wild-type (A-F) and ∆brlA (G-L) colonies. Colonies were analyzed before (ABC, GHI) and after transfer 
(DEF, JKL) to fresh xylose medium. Growth was detected with 14C-labeled N-acetylglucosamine. Protein 
synthesis and secretion were monitored by incorporation of 14C-labeled amino acids. Secreted proteins were 
immobilized by a PVDF membrane that had been placed underneath the colony. 
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4
Chapter 4

Transcriptome analysis of 
zones of colonies of the ΔflbA 

strain of Aspergillus niger

This Chapter is based on Krijgsheld P and Wösten HAB. Transcriptome analysis 
of zones of colonies of the ΔflbA strain of Aspergillus niger. Fungal Genomics & 
Biology Submitted.
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ABSTRACT Wild-type colonies of Aspergillus niger grow and secrete enzymes 
at their periphery when they are grown continuously on an agar 
medium. It has been shown that sporulation inhibits secretion 

in such colonies. Inactivation of the sporulation gene flbA results in colonies 
that not only secrete proteins at their periphery but also in central zones. This is 
accompanied by a more complex secretome, growth throughout the mycelium 
and by thinner cell walls. Here, gene expression was studied at the periphery, 
an intermediate zone, and the centre of wild-type and ∆flbA colonies using 
whole genome microarrays. Heterogeneity in gene expression was not reduced 
in the ∆flbA colonies when compared to wild-type colonies despite decreased 
heterogeneity in zonal secretion and growth. It was shown that 1152 genes had a 
fold change in expression ≥ 2 when the averaged expression profiles of the zones 
of the wild-type were compared with those of the ΔflbA colonies. This gene set 
contained 13 genes predicted to be involved in reproduction, 12 genes involved 
in cell wall biosynthesis, modification and degradation, 345 genes encoding 
secreted proteins, and 38 genes encoding transcriptional regulators. These genes 
may account for the differences between wild-type and ΔflbA colonies in zonal 
growth and secretion, the complexity of the secretome and the thickness of the 
cell wall. The set of differentially expressed genes, in particular the genes encoding 
transcriptional regulators, may be instrumental to improve Aspergillus niger as a 
cell factory for the production of enzymes.
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INTRODUCTION

Aspergillus species are among the most abundant fungi worldwide. They feed 
on a large variety of organic substrates, in particular on plant material.1 To 

this end, enzymes are secreted that degrade the organic polymers within the 
substrate into small molecules that can be taken up as nutrients. The capacity of 
Aspergillus species to secrete proteins is enormous. For instance, some strains of 
Aspergillus niger secrete more than 30 grams per liter of glucoamylase.2 This and 
the fact that a variety of secreted enzymes of aspergilli are used in the industry or 
as pharmaceutical proteins makes these fungi important cell factories. 
 Aspergilli form colonies that consist of hyphae that grow at their tips and 
that branch subapically.3, Chapter 1 Growth and protein secretion mainly occur at the 
periphery of the colony when they are grown continuously on an agar medium.4, 

5 Hyphae at the periphery of the colony are thus exposed to unexplored organic 

Figure 1. Model of the role of FlbA in the sporulation pathway of Aspergillus. FlbA is an RGS protein regulating 
signaling of the Gα-subunit FadA. GTP-bound FadA stimulates vegetative growth. FlbA enhances the intrinsic 
activity of GTP hydrolysis, converting FadA-GTP to the inactive hetrotrimeric FadA-SfaD-GpgA GDP-bound 
G-protein complex. FlbA also inhibits fluG and activates brlA. The latter may be a direct effect or the result of 
inactivation of FadA. Stippled lines represent regulation of FlbA in A. niger based on the transcriptional analysis 
described in this study. (Adapted from 3).
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material, whereas hyphae in the intermediate and central zones are confronted 
with a (partly) utilized substrate. The composition of the substrate explains 
about 50 % of the variation in gene expression between different zones of the 
colonies.6 The other half of the variation is caused by differentiation processes in 
the vegetative mycelium. 
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 Recently, it was shown that zones that have the capacity to sporulate 
hardly secrete proteins.7, Chapter 2 This suggested that secretion by vegetative 
hyphae is repressed by the sporulation process. Indeed, a ΔflbA strain that does 
not sporulate, not only secrete proteins at the periphery of the colony but also 
within central zones of the mycelium. This is accompanied by a secretome with 
increased complexity, a reduced width of cell walls and growth throughout the 
mycelium.8, Chapter 3 Gene flbA encodes an RGS domain protein that stimulates the 
intrinsic GTPase activity of the Gα-subunit FadA.9 This Gα-subunit is part of a 
heterotrimeric G-protein complex that also consists of the Gβ- and Gγ-subunits 
SfaD and GpgA, respectively (Figure 1). The activated Gα-subunit and the Gβ-
Gγ dimer both stimulate vegetative growth. FlbA converts the active Gα-subunit-
GTP into its inactive GDP bound stage, thereby repressing vegetative growth 
and promoting asexual development.10-12 Taken together, these data indicate that 
FlbA stimulates sporulation and at the same time represses vegetative growth and 
secretion by the vegetative mycelium. Moreover, it promotes cell wall synthesis, 
thus increasing the width of this outer layer of hyphae. The underlying molecular 
mechanisms are not yet known. 

Here, the impact of inactivation of flbA on spatial gene expression in the 
A. niger colony was assessed. A total of 1152 genes had changed their expression 
≥2 fold when RNA profiles of wild-type and ΔflbA colonies were compared. This 
set includes genes involved in reproduction and cell wall synthesis, and genes 
encoding transcriptional regulators and secreted proteins and is of interest to 
improve A. niger as a cell factory. 

MATERIAL AND METHODS
Plasmids, fungal strains and growth conditions
The wild-type A. niger strain N40213 and its derivative N402ΔflbA8, Chapter 3 were 
used in this study. These strains were grown as sandwiched colonies between 
porous polycarbonate membranes (0.1 µm pores, 76 mm diameter; Profiltra, 
Almere, The Netherlands) placed on top of solidified minimal medium with 25 
mM xylose as a carbon source.4-6 Cultures were inoculated with a 1 mm mycelial 
plug and grown at 30 °C .

RNA preparation and analysis 
RNA was isolated from a biological duplicate of concentric zones of 7-days-old 
colonies. Zone 1 represented the most central zone, zone 3 an intermediate zone, 
and zone 5 the peripheral zone.6 Mycelium of zones was harvested from three 
colonies, frozen in liquid nitrogen, and ground with a TissueLyser (Qiagen, Venlo, 
The Netherlands) in a 2 ml Eppendorf tube with two metal balls (4.76 in diameter) 
for 1 min at 25 Hz. The frozen material was taken up in 1 ml TRIzol reagent 
(Invitrogen, Bleiswijk, Netherlands) by vortexing. Samples were incubated for 2 
min after mixing with 200 µl chloroform. This was followed by centrifugation at 
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10000 g for 10 min. RNA was purified using an RNA clean up column (Machery 
Nagel, Düren, Germany) after addition of 1 volume 70 % EtOH to the water phase. 
After loading the sample on the column, it was centrifuged for 30 sec at 10000 
rpm. This was followed by addition of 600 µl RA3 buffer (provided by the RNA-
clean up kit). After 2 min of centrifugation at 10000 g, 250 µl RNA3 was added, 
followed by another 2 min centrifugation at 10000 g. RNA was eluted after a 10 
min incubation in two steps with 40 µl and 50 µl RNAse free water. The eluted RNA 
was pooled and 1 µl was checked for concentration and purity using the nanodrop 
ND-1000 spectrophotometer (Nanodrop Technology, Wilmington, USA) and the 
Bioanalyser 2100 (Agilent Technologies, Santa Clara, USA), respectively. 

cDNA labeling, microarray hybridization and data analysis
cDNA labeling, microarray hybridization, and scanning were performed at 
ServiceXS (Leiden, The Netherlands) according to Affymetrix protocols. From 
each RNA sample 100 ng was used to synthesize biotin-labeled cRNA with the 
Affymetrix 3’ IVT-Express Labeling Kit. Quality of the cRNA was checked with 
the nano-lab-on-a chip Bioanalyzer 2100 (Agilent Technology, Santa Clara, CA, 
USA). 15 µg cRNA was fragmented and half of it was used for hybridization 
on Affymetrix A. niger GeneChips. After an automated process of washing and 
staining, absolute values of expression were calculated from the scanned array 
using the Affymetrix Command Console v1 software. The Affymetrix probe sets 
on the chip represent 14,259 annotated ORFs and genetic elements of A. niger (see 
14; GEO 15 under accession no. GPL6758). The A. niger array data of this study have 
been deposited in the GEO database under accession number GSE44391. MAS5.0 
was used to determine the number of expressed genes in colonies and its zones. 
Absent/present calls showed that on average 50 % and 48 % of the genes were 
expressed in colonies of the wild-type and the ΔflbA strain, respectively. Genedata 
Expressionist and Genedata Analyst were used for normalization and statistical 
analysis of the arrays (Genedata, Basel, Switzerland). The arrays were condensed 
with the RMA algorithm and normalized on the quantile. Statistical assessment of 
differential expression was performed with t-test (p ≤ 0.01, using a false discovery 
rate (BHQ) of ≤ 0.05) or by ANOVA with p ≤ 0.01 and a BHQ ≤ 0.05. Differentially 
expressed genes (change in expression ≥ 2-fold) were clustered using K-Means 
clustering. A differentially expressed set of genes obtained by ANOVA was used 
for a maximal paired contrast analysis to find the zone or strain where the highest 
mean-difference was observed. The Functional Catalogue (FunCat, Munich 
Information Center for Protein Sequence, Munich, Germany)16 was used for 
functional classification of genes. Fisher’s exact test was used to identify over- or 
under-represented functional classes in the sets of differentially expressed genes 
(p ≤ 0.001, BHQ  ≤  0.05).   
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RESULTS
Five concentric zones can be distinguished in 7-days-old sandwiched colonies of 
A. niger.4, 5 Zone 1, 3, and 5 represent the most inner zone, an intermediate zone, 
and the most outer zone of the colony, respectively. Gene expression was assessed 
in these three zones of xylose-grown colonies of the wild-type and the ΔflbA strain 
of A. niger using Affymetrix microarrays. Principal component analysis (PCA) 
showed that the transcriptomes of the wild-type zones and those of the ΔflbA 
strain cluster in the first component of the analysis. This component accounts 
for 54 % of the variation in the datasets (Figure 2). The second component of 
the analysis accounted for 27 % of the variation and separates the transcriptomes 
from zones 1 and 3 of the wild-type and the ΔflbA strain from zone 5 of these 
strains (Figure 2). Expression in the central zone 1 and the intermediate zone 3 of 
the wild-type correlated to a high extent (Pearson’s r2 ≥ 0.97) when compared to 
the duplicates of these zones (Pearson’s r2  ≥ 0.97 and  ≥ 0.98, respectively). Wild-
type zone 5 was more distinct from zone 3 and 1 (Pearson’s r2  = 0.91 and 0.93). 
The expression profile of zone 5 was also most different within the ∆flbA colony 
(Figure 2). The fact that zone 5 has the most distinct expression profile was also 
illustrated by the number of genes with a fold change in expression ≥ 2 between 
the zones of wild-type and ΔflbA colonies (Figure 3). The number of differentially 
expressed genes between zone 1 and zone 3 of the wild-type colony was 5, between 
zone 3 and zone 5 119, and between zone 1 and zone 5 325. These numbers were 
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(�¿¾) colonies.
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0, 115, and 595 for the ΔflbA strain, respectively (Figure 3). Of these differentially 
expressed genes only 138 were found in both the wild-type and the ΔflbA strain. 

In the next analysis, the number of genes was determined that are 
differentially expressed when zones of the wild-type and the ΔflbA strain 
were compared (Figure 3). The number of genes differentially expressed 
in zone 1 of the wild-type and the ΔflbA strain was 233. Of these, 104 
and 129 were up- and down-regulated in the ΔflbA strain, respectively. A 
total of 235 genes were found to be differentially expressed in zone 3. Of 
these, 89 were up-regulated in ΔflbA, whereas 149 were up-regulated in 
the wild-type. In zone 5, 297 genes were differentially expressed, of which 
126  and 153 were up- and down-regulated in the ΔflbA strain, respectively. 
 
Expression analysis of functional gene classes. 
Fisher’s exact test was used to determine whether functional gene classes16 were 

233

235

297

wild type ∆flbA strain

325

119

5 0

115

595

Figure 3. Differentially expressed genes that show 2-fold lower or higher expression between zones of wild-type 
and / or ΔflbA colonies.  

Table 1. Over- (O) and under- (U) representation of functional gene classes in the pool of genes that are 
differentially expressed in the intermediate and central zone when compared to the periphery of the wild-type 
and ΔflbA strain. 

FunCat
        wt up
intermediate/ 

center
wt  up

periphery 
ΔflbA up

Intermediate/ 
center 

ΔflbA up
periphery 

01 METABOLISM O O O O

01.01.10 amino acid degradation (catabolism) O   O

01.03.19 nucleotide transport    O

01.05.01 C-compound and carbohydrate 
utilization    O

02 ENERGY  O  O
02.11.05 accessory proteins of electron 
transport and membrane-associated energy 
conservation

 O   

03 CELL CYCLE AND DNA PROCESSING   U  

04 TRANSCRIPTION  U U U

04.05.01 mRNA synthesis  U  U

05 PROTEIN SYNTHESIS  O U  

08 CELLULAR TRANSPORT AND TRANSPORT 
MECHANISMS    O

40 SUBCELLULAR LOCALISATION    U

99 UNCLASSIFIED PROTEINS U U U U
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over- or underrepresented in the set of genes that are differentially expressed 
in zones 1 and 3 compared to zone 5 of the wild-type and the ΔflbA strain 
(Table 1). The functional classes metabolism and amino acid degradation were 
overrepresented in the up-regulated genes of zones 1 and 3 of the wild-type 
colony (Table 1), whereas the functional classes metabolism, energy, accessory 
proteins of electron transport and membrane associated energy conservation, 
and protein synthesis were overrepresented in the peripheral wild-type zone 5 
(Table 1). The functional classes transcription, mRNA synthesis, and unclassified 
proteins were under-represented in this cluster of genes, while only the latter 
functional group was underrepresented in zone 1 and 3 of the wild-type. In the 
up-regulated genes in the central and intermediate zone of the ΔflbA strain, the 
functional class metabolism was over-represented, whereas cell cycle and DNA 
processing, transcription, protein synthesis, and unclassified proteins were under-
represented (Table 1). Metabolism, amino acid degradation, nucleotide transport, 
C-compound and carbohydrate utilization, energy and cellular transport and 
transport mechanisms were over-represented in the up-regulated genes in the 
peripheral zone of ΔflbA colonies (Table 1). On the other hand, transcription, 
mRNA synthesis, subcellular localization and unclassified proteins were under-
represented. 

Table 2. Over- (O) and under- (U) representation of functional gene classes in the pool of genes that are ≥2 fold 
up- or down-regulated in the ΔflbA strain when compared to the wild-type. 

FunCat zone 1
Up

zone 1
Down

zone 3
Up

zone 3
Down

zone 5
Up

zone 5
Down

01 METABOLISM O O O O O

01.01.07 amino acid transport O

01.05.01 C-compound and 
carbohydrate utilization O

03 CELL CYCLE AND DNA 
PROCESSING U

06.13.99 other proteolytic 
degradation O

08 CELLULAR TRANSPORT AND 
TRANSPORT MECHANISMS O

99 UNCLASSIFIED PROTEINS U U U U

Funcat analysis was performed on the differentially expressed genes 
between the zones of the wild-type and the ΔflbA colonies (Table 2). Up-regulated 
genes in zone 1 of ΔflbA compared to wild-type zone 1 were overrepresented 
in metabolism and amino acid transport, whereas unclassified proteins were 
underrepresented. Metabolism and unclassified proteins were also over- and 
underrepresented, respectively, in the down-regulated genes in zone 1 of ΔflbA 
compared to wild-type zone 1. The same was observed in the down-regulated 
genes in zone 3, whereas only the gene class metabolism was overrepresented in 
the up-regulated genes of this zone. Cellular transport and transport mechanisms 
were overrepresented in the up-regulated genes of the peripheral zone 5 of ΔflbA 
colonies. In contrast, the down-regulated genes in this zone showed an over-
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representation of genes of the functional classes metabolism, C-compound and 
carbohydrate utilization, and other proteolytic degradation, whereas cell cycle 
and DNA processing and unclassified proteins were underrepresented (Table 2). 

Expression analysis of specific functional gene classes
The expression profiles of zones 1, 3, and 5 of the wild-type were pooled and 
compared with the pooled profiles of zones 1, 3, and 5 of the ΔflbA strain. In 
other words, for each gene the mean expression within the wild-type colony 
was compared to the mean expression within the ΔflbA strain. This was done 
to increase the statistical power of the comparison (comparing 6 instead of 2 
arrays in each case). The number of genes up-regulated in the ΔflbA colonies 
was 520, while 632 genes were down-regulated. Funcat analysis showed that the 
up-regulated genes are overrepresented in the functional categories metabolism 
and cellular transport and transport mechanisms, whereas transcription and 
unclassified proteins were underrepresented (Table 3). Down-regulated genes were 
overrepresented in metabolism and C-compound and carbohydrate utilization, 
and underrepresented in energy, cell cycle and DNA processing, mitotic cell cycle 
and cell cycle control, protein synthesis, subcellular localisation, and unclassified 
proteins (Table 3). 

Table 3. Over- (O) and under- (U) representation of functional gene classes in the pool of genes that are 2 fold 
up- or down-regulated between the mean expression values of the ΔflbA strain and the mean expression values 
of the wild-type strain.

FunCat up-regulated 
in ΔflbA

Down-
regulated in 

ΔflbA
01 METABOLISM O O

01.01.07 amino acid transport

01.05.01 C-compound and carbohydrate utilization O

02 ENERGY U

03 CELL CYCLE AND DNA PROCESSING U

03.03.01 mitotic cell cycle and cell cycle control U

04 TRANSCRIPTION U

05 PROTEIN SYNTHESIS U

08 CELLULAR TRANSPORT AND TRANSPORT MECHANISMS O

40 SUBCELLULAR LOCALISATION U

99 UNCLASSIFIED PROTEINS U U

 Twenty-six out of the 50 genes with the highest up-regulation (≥ 2-fold) 
in ΔflbA compared to wild-type are predicted to encode proteins with a signal 
sequence for secretion (sigP) (Table 4). This number was 22 in the top 50 of 
genes with the highest down-regulation in ΔflbA colonies. Among the top 50up-
regulated and down-regulated genes 47 and 43 genes are not yet characterized, 
respectively, of which 18 and 23 belong to the family of unclassified proteins. 
These gene sets also contain genes involved in development, cell wall biosynthesis 
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/ remodelling and genes encoding transcriptional regulators. Up- and down-
regulated (≥ 2-fold) genes of these classes17 were analyzed in more detail and are 
described below. 

Transcriptional changes associated to asexual and sexual development 
Of the 68 genes implicated in asexual and / or sexual reproduction in A. niger, 13 
are found to be differentially expressed between the wild-type and ΔflbA strain 
(Table 5; Supplemental Table 1). Of these genes, 6 are down-regulated in the ΔflbA 
strain, and 7 are up-regulated. Of the genes indicated in Figure 1, flbD and sfaD 
are ≥ 2-fold higher expressed in the ΔflbA strain. 

Transcriptional changes associated to cell wall synthesis
A total of 102 genes are predicted to be involved in cell wall synthesis.17 Of these 
genes, 10 and 2 were found to be up- and down-regulated in the ΔflbA strain 
when compared to the wild-type, respectively (Table 6; Supplemental Table 
1). Among the up-regulated genes are three glucanosyltransferase genes, two 
chitin synthase genes, the chitinase gene chiB, two glucanase genes, and two 
glycosylphosphatidylinositol-anchored endo-mannanase genes. One of these 
glucanosyltransferases, a gelD homologue of A. nidulans was 48-fold up-regulated 
in ΔflbA compared to wild-type. In contrast, the annotated gelD gene of A. niger 
was found to be 40-fold down-regulated in ΔflbA. The other down-regulated gene 
in the ΔflbA strain is the glucan beta-1,3 exoglucanase gene exsG. 

Transcriptional changes associated to proteins with a signal sequence for secretion 
As mentioned above, wild-type and ∆flbA were grown on minimal medium 
supplemented with xylose. This carbon source activates XlnR, a transcriptional 
regulator that controls 16 genes encoding xylanolytic enzymes.18-24 Of these, none 
were higher expressed in the ∆flbA strain, whereas 6 (xlnB, xlnC, axhA, aglB, eglB, 
cbhA, chbB) were found to be 2-fold lower expressed when compared to the wild-
type (Table 7, Supplemental Table 1). In fact, xlnC, xlnB, and axhA are among 
the highest expressed genes at the periphery of wild-type colonies, while they are 
hardly expressed in the ΔflbA strain (Table 4). Thirty-two other carbohydrases 
are down-regulated in the ∆flbA strain (e.g. the glucoamylase gene glaA) and 8 
carbohydrolasess are found to be up-regulated in this strain. Among these genes 
are the α-galactosidase gene aglC, α-glucan synthase agsE, pectin lysase pelB, and 
the pectin esterase pmeA (Table 7). 
 Of the total number of 2612 genes with a predicted signal sequence for 
secretion, 156 and 189 were up- and down-regulated, respectively (Supplemental 
Table 1, Supplemental Table 2). The up-regulated genes are mainly uncharacterized 
proteins, but include some carbohydrases (see above), a putative cytochrome P450 
reductase, and two putative proteases. Among the down-regulated are also several 
carbohydrate degrading enzymes (see above, Supplemental Table 1, Supplemental 
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Table 2), a phytase (phyB), and six (putative) proteases. 
 Previously, we identified 138 proteins with a signal sequence for secretion 
in the secretome of ΔflbA colonies when grown on fresh xylose medium.8, Chapter 

3 Of these, 70 were not found in the wild-type secretome (i.e. even after partial 
degradation of the cell wall by the addition of cycloheximide).8, Chapter 3 Out of the 
70 encoding genes, 23 were differentially expressed (Table 8). One of these genes 
was down-regulated, whereas 22 were up-regulated in the ΔflbA colonies. Most of 
these genes are uncharacterized, but encode proteins that are putative carbohydrate 
degrading enzymes (3), proteases (2), cell wall/ morphogenesis enzymes (2), 
lipases (2), phospholipases (2) oxidases and superoxide-dismutates (5), and other/
unkown proteins (6) (Table 8). Futhermore, out of the 30 proteins contained in 
the ΔflbA secretome8, Chapter 3 that were absent in the wild-type secretome7, Chapter 2 
and that were predicted to be secreted via non-classical secretion (15) (SecP), or 
have no prediction for secretion (15),8, Chapter 3 2 and 5 genes were up- and down-
regulated respectively (Table 8). The secretome of the cycloheximide treated 
wild-type strain contained 55 proteins7, Chapter 2 that were absent in the ΔflbA 
secretome,8, Chapter 3 of which 35 encoding genes were differentially expressed. The 
two up-regulated genes in the ΔflbA strain encode uncharacterized proteins. The 
33 down-regulated genes encode carbohydrate degrading enzymes (17), phytases 
(2), proteases (5), oxidase (1), and other/unknown proteins (5) (Table 8). Of the 37 
proteins that were identified in both the wild-type and ΔflbA secretome 6 and 14 
encoding genes were found to be 2-fold higher and lower expressed in the ΔflbA 
strain, respectively (Table 8). The up-regulated genes consist of putative cell wall/ 
morphogenesis enzymes (3), carbohydrate degrading enzymes (1), a protease (1), 
and a superoxide dismutase (1), while the down-regulated genes encode putative 
carbohydrate degrading enzymes (11), a cell wall/ morphogenesis enzyme (1), a 
phospholipase (1), and a lipase (1).  

Transcriptional changes associated to transcription factors
Pel et al.17 described 623 A. niger transcription factors. Of these, 20 and 18 are 
found to be up- and down-regulated in the ΔflbA strain, respectively (Table 9, 
Supplemental Table 1). Of these genes, 28 encode transcription factors with an 
unknown function, while 3 are homologous to transcription factor genes of A. 
oryzae and 1 to A. fumigatus. These orthologues encode atfB (An14g06250), 
xlnR (An11g06290), amyR (An01g06900), and rosA (An04g07400), respectively. 
Moreover, the regulator of extracellular protease prtT was found to be down-
regulated in the ΔflbA strain. In contrast, pacC that is activated upon exposure 
to alkaline pH and acuB that activates acetate metabolism are ≥ 2-fold higher 
expressed in the ΔflbA strain. Among the genes encoding transcriptional activators 
that are up-regulated in ΔflbA are abaA and flbD that are involved in reproductive 
development (see above). 
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DISCUSSION

Colonies of a strain in which flbA is inactivated do not sporulate. Instead, 
they grow throughout the colony and show secretion in a large part of the 

mycelium. Moreover, cell walls of the ΔflbA strain are thinner than those of the 
wild-type. The molecular mechanisms underlying these phenomena are not 
known. Here, the impact of inactivation of flbA on spatial gene expression in the 
A. niger colony was assessed with emphasis on genes encoding secreted proteins, 
genes involved in cell wall synthesis, genes involved in asexual and sexual 
development, and genes encoding transcriptional regulators. The latter genes may 
control spatial growth and secretion, cell wall synthesis, or may have a role in 
reproduction. 
 Genes that could account for a sexual pathway have been identified in 
A. niger.17 However, so far only asexual reproduction has been shown to occur 
in this fungus. Asexual development involves the formation of conidia forming 
conidiophores. This process has been studied in most detail in A. nidulans.25 
Based on its genome, A. niger is expected to have similar mechanisms underlying 
conidiophore development. Indeed, the central regulator of conidiophore 
formation brlA as well as flbA have a similar role in asexual development in A. niger 
and A. nidulans.26. Inactivation of flbA of A. niger does not have a major impact 
on the expression of genes involved in asexual development. Of the 68 genes 
implicated in reproduction, only 13 were differentially expressed when compared 
to the wild-type. Genes flbD and sfaD (Figure 1) were among the 6 genes that were 
up-regulated ≥ 2-fold in the ΔflbA strain. In contrast, flbD and sfaD expression 
was not increased in the ΔflbA strains of A. nidulans and A. oryzae.27, 28 Transcripts 
of brlA were absent in wild type A. niger colonies, while some brlA expression 
was observed in the center of ΔflbA colonies. In contrast to A. niger, FlbA directly 
or indirectly stimulates expression of brlA in A. nidulans9, A. oryzae28, and A. 
fumigatus.29 Taken together, it can be concluded that the sporulation pathway 
of A. niger is similar but not identical to that of A. nidulans, A. oryzae, and A. 
fumigatus. Our data also indicate that FlbA has repressing activity in A. niger 
colonies in a zone that does no longer have the potential to sporulate. It might be 
that this also occurs in other aspergilli. This should be studied by extracting RNA 
of zones rather than the whole mycelium, as is routinely done. 
 A total of 102 genes are predicted to be involved in cell wall synthesis17. 
Of these genes, only 10 and 2 were found to be up- and down-regulated in the 
ΔflbA strain, respectively. It is tempting to speculate that these genes are involved 
in the changed spatial distribution of growing hyphae in the colony. The up-
regulation of two chitin synthase genes is of particular interest in this respect. The 
chsD homologue of A. nidulans is expressed throughout the A. niger colony. Upon 
deletion of flbA up-regulation occurs in all zones of the colony. The chsF chitin 
synthase gene is even more interesting. This gene is periphery specific in wild-
type colonies, and its expression thus correlates with growth. Expression levels are 
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similar in the central zones in the ΔflbA strain when compared to the periphery 
of the wild-type strain, and is even higher at the periphery of the ΔflbA strain. 
Genes involved in cell wall synthesis are not only involved in growth but also in 
architecture and thickness of the cell wall. Cell walls in the central part of wild-
type colonies are thicker than those at the periphery (i.e. 200 vs 145 nm).7, Chapter 2 
Cell walls of the  ΔflbA strain are generally thinner than those of the wild-type (i.e. 
about 120 nm in width both at the periphery and the centre of the colony).8, Chapter 

3 The differentially expressed genes involved in cell wall synthesis may impact cell 
wall thickness in the ΔflbA strain. This may involve synthesizing activity, cell wall 
processing activity (i.e. crosslinking), as well as degradation activity.  
 The secretome of the wild-type and the ΔflbA strain was determined by 
transferring 7-days-old colonies that had been grown on agar medium to a ring 
plate containing fresh medium. During the 24 h incubation time, proteins were 
released in the wells of the ring plate that had been formed during the 7 days 
of growth on the agar plate by slowly diffusing through the cell wall as well as 
proteins that were formed during the last 24 h and that were immediately released 
into the culture medium. FlbA was shown to have a more complex secretome 
when compared to the wild-type.8, Chapter 3 Out of 138 secreted proteins of the ΔflbA 
strain,8, Chapter 3 101 had not been identified in the secretome of wild-type colonies.8, 

Chapter 3  Cycloheximide treatment releases proteins into the culture medium that 
had been trapped in the cell walls of the wild-type strain.8, Chapter 3   Still, 70 secreted 
proteins were found in the ∆flbA secretome that were absent in the medium of 
cycloheximide treated wild-type colonies. Of these proteins, 23 were differentially 
expressed, of which 22 were up-regulated in the ΔflbA strain. This shows that part 
of the differences in the secretome are caused by transcriptional control during 
the 7-days of growth on the agar medium. Another part of the differences may 
be explained by induction of genes after transfer to fresh medium and by (post)-
translational regulation. Moreover, we can not exclude that part of the proteome 
is still trapped in or associated with the wild type cell wall after cycloheximide 
treatment. 55 proteins were identified in the wild-type secretome that were absent 
in the culture medium of the ∆flbA strain.8, Chapter 3 Of the genes encoding these 
proteins, 35 were differentially expressed, of which 33 were down-regulated in 
the ΔflbA strain. This shows that transcriptional control during growth on the 
agar medium has a major impact on genes encoding proteins that are released 
by the wld-type strain but not by the ΔflbA strain. Finally, 20 out of 37 genes 
encoding proteins that were released both in wild-type and the ∆flbA secretome 
were differentially expressed. Quantitative proteomics should reveal whether this 
differential expression also results in quantitative differences in levels of these 
proteins in the medium. In this study, A. niger was grown on xylose. XlnR is the 
xylanolytic regulator that controls expression of at least 16 genes. All encoded 
proteins were identified in the wild-type secretome after cycloheximide treatment, 
whereas 15 out of 16 proteins were identified in the ΔflbA secretome. 6 out of 16 
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XlnR regulated genes were shown to be down-regulated in the ΔflbA strain. This is 
not in conflict with the proteomics data per se, since quantitative proteomics was 
not performed on wild-type versus ΔflbA. Moreover, proteomics was performed 
on colonies that had been transferred to fresh medium (see above). 
 Spatial growth and secretion and cell wall synthesising, modifying and 
degrading activities are most probably regulated by transcriptional regulators. 
In total, 38 transcriptional regulators were found to be differentially regulated in 
the ΔflbA strain. Most of these regulators have not been characterised. However, 
the list includes 9 genes with a known function or that are homologous to a 
transcription factor that has been characterized in another Aspergillus species. 
Genes that have homology to rosA of A. fumigatus and atfB of A. oryzae (both 
down-regulated in ΔflbA), and to flbD and abaA of A. nidulans (both up-
regulated in ΔflbA) are involved in development (rosA, flbD, and abaA) and 
stress tolerance of conidia (attB).3, 30-32 Genes homologous to xlnR and amyR of 
A. oryzae, prtT33and acuB34, 35 (all down-regulated in ΔflbA) are predicted to be 
involved in degradation of polysaccharides, proteins, and acetate. Gene prtT has 
been shown to be the transcriptional activator of protease genes in A. niger.33 Its 
down-regulation in ΔflbA colonies is in agreement with the finding that only 6 
protease genes were up-regulated in ΔflbA, while 13 were down-regulated. The 
transcriptional regulatory gene pacC [36] was found to be up-regulated at the 
periphery of ∆flbA colonies. It is not known how pacC expression is exactly 
regulated in Aspergillus. The pH does not seem to regulate its expression or that 
of the six pH-sensing pal components.36 However, PacC protein is abundant in 
alkaline growth conditions, where it is activated by proteolytical cleavage.36-38 At 
alkaline pH, alkaline-associated genes are activated (palD, prtA, xlnA, acvA, ipnA, 
pacC, sidA, mirA, mirB)39, and acid-associated genes (pacA, xlnB, abfB, gabA, and 
stcU) are repressed by PacC in A. nidulans.40 In A. niger these genes are not fully 
annotated, but homologues of mirA (An02g14190), mirB (An03g03560) sidA 
(An05g00220), and pacC itself are up-regulated in ∆flbA, whereas xlnB, putative 
gabA (An12g10000), but also xlnA are down-regulated when compared to wild-
type. This might be explained by the overexpression of PacC, but is in conflict 
with the extracellular pH of 4 that was observed in the ∆flbA strain.8, Chapter 3 In A. 
nidulans PacC is only minimally processed under these acidic growth conditions.41 
However, PacC processing might be different in A. niger, since this strain has the 
tendency to acidify its culture medium to as low as pH 2. Genes An11g06290 and 
An01g06900 are homologous to the xylanolytic and amylolytic regulatory genes 
xlnR and amyR of A. oryzae, respectively. However, they do not encode the XlnR 
and AmyR regulators of A. niger since these functions have been attributed to the 
A. niger xlnR (An15g05810) 19, 23, 24 and amyR (An04g06910) genes.42 The xlnR 
gene of A. niger  was down-regulated 1.5 fold, which may explain the high number
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(i.e. 9 out of 16) of xylanolytic genes that are down-regulated compared to wild-
type. Apart from the 9 transcriptional regulatory genes with a predicted function, 
there are 29 of such genes with an unknown role in growth and development of 
A. niger. One or more of these genes may be involved in spatial growth, spatial 
secretion, cell wall formation and asexual development. As such, they are of 
interest to improve A. niger as a cell factory. 

ACKNOWLEDGEMENTS
This project was carried out within the research programme of the Kluyver 
Centre for Genomics of Industrial Fermentation which is part of the Netherlands 
Genomics Initiative / Netherlands Organization for Scientific Research.



164

REFERENCES
1. Bennett JW (2010) In An overview of the genus Aspergillus: Aspergillus: 
Molecular Biology and Genomics. Caiser Academic Press, Portland. 1-17. 

2. Finkelstein DB, Rambosek J, Crawford MS, Soliday CL, McAda PC (1989) In 
Protein secretion in Aspergillus niger: Genetics and Molecular Biology of Industrial 
Microorganisms. American Society of Microbiology, Washington DC. 295-300. 

3. Krijgsheld P, Bleichrodt R, van Veluw GJ, Wang F, Müller WH, Dijksterhuis J, 
Wösten HAB (2013) Development in Aspergillus. Stud. Mycol. 74: 1-29. 

4. Levin AM, de Vries RP, Wösten HAB (2007) Localization of protein secretion 
in fungal colonies using a novel culturing technique; the ring-plate system. J 
Microbiol. Meth. 69: 399-401. 

5. Wösten HAB, Moukha SM, Sietsma JH, Wessels JG (1991) Localization of 
growth and secretion of proteins in Aspergillus niger. J. Gen. Microbiol. 137: 2017-
2023. 

6. Levin AM, de Vries RP, Conesa A, de Bekker C, Talon M, Menke HH, van Peij 
NNME, Wösten HAB (2007) Spatial differentiation in the vegetative mycelium of 
Aspergillus niger. Eukaryot. Cell. 6: 2311-2322. 

7. Krijgsheld P, Altelaar AFM, Post H, Ringrose JF, Müller WH, Heck AJR, Wosten 
HAB (2012) Spatially Resolving the Secretome within the Mycelium of the Cell 
Factory Aspergillus niger. J. Proteome Res. 11: 2807-2818. 

8. Krijgsheld P, Nitsche BM, Post H, Levin AM, Müller WH, Ram AFJ, Heck AJR, 
Altelaar AFM, Wosten HAB (2013) Deletion of flbA results in increased secretome 
complexity and reduced secretion heterogeneity in colonies of Aspergillus niger . 
J. Proteome Res. In press.

9. Wieser J, Lee BN, Fondon JW, Adams TH (1994) Genetic requirements for 
initiating asexual development in Aspergillus nidulans. Curr. Genet. 27: 62-69. 

10. D’Souza CA, Lee BN, Adams TH (2001) Characterization of the role of the 
FluG protein in asexual development of Aspergillus nidulans. Genetics. 158: 1027-
1036. 

11. Yu JH, Rosén S, Adams TH (1999) Extragenic suppressors of loss-of-function 
mutations in the Aspergillus FlbA regulator of G-protein signaling domain protein. 
Genetics. 151: 97-105. 

12. Yu JH, Wieser J, Adams TH (1996) The Aspergillus FlbA RGS domain protein 
antagonizes G protein signaling to block proliferation and allow development. 
The EMBO Journal. 15: 5184-5190. 

13. Bos CJ, Debets AJM, Swart K, Huybers A, Kobus G, Slakhorst SM (1988) 
Genetic analysis and the construction of master strains for assignment of genes to 
six linkage groups in Aspergillus niger. Curr. Genet. 14: 437-443. 

14. Jacobs DI, Olsthoorn MMA, Maillet I, Akeroyd M, Breestraat S, Donkers S, 



Chapter 4

165

Hoeven RAM, van den Hondel CAMJJ, Lapointe T, Menke H, Meulenberg R, 
Misset M, Müller WH, van Peij NNME, Ram AFJ, Rodriguez S, Roelofs MS, 
Roubos JA, van Tilborg MWEM, Verkleij AJ, Pel HJ, Stam H, Sagt CMJ (2008) 
Effective lead selection for improved protein production in Aspergillus niger based 
on integrated genomics. Fungal Genet. Biol. 46: S141-S152. 

15. Edgar R, Domrachev M, Lash AE (2002) Gene Expression Omnibus: NCBI 
gene expression and hybridization array data repository. Nucleic Acids Res. 30: 
207-210. 

16. Ruepp A, Zollner A, Maier D, Albermann K, Hani J, Mokrejs M, Tetko I, 
Guldener U, Mannhaupt G, Munsterkotter M, Mewes HW (2004) The FunCat, a 
functional annotation scheme for systematic classification of proteins from whole 
genomes. Nucleic Acids Res. 32: 5539-5545. 

17. Pel HJ, de Winde JH, Archer DB, Dyer PS, Hofmann G, Schaap PJ, Turner 
G, de Vries RP, Albang R, Albermann K, Andersen MR, Bendtsen JD, Benen JA, 
van den Berg M, Breestraat S, Caddick MX, Contreras R, Cornell M, Coutinho 
PM, Danchin EG, Debets AJ, Dekker P, van Dijck PW, van Dijk A, Dijkhuizen L, 
Driessen AJ, d’Enfert C, Geysens S, Goosen C, Groot GS, de Groot PW, Guillemette 
T, Henrissat B, Herweijer M, van den Hombergh JP, van den Hondel CAMJJ, van 
der Heijden RT, van der Kaaij RM, Klis FM, Kools HJ, Kubicek CP, van Kuyk 
PA, Lauber J, Lu X, van der Maarel MJ, Meulenberg R, Menke H, Mortimer MA, 
Nielsen J, Oliver SG, Olsthoorn M, Pál K, van Peij NNME, Ram AFJ, Rinas U, 
Roubos JA, Sagt CMJ, Schmoll M, Sun J, Ussery D, Varga J, Vervecken W, van de 
Vondervoort PJ, Wedler H, Wösten HAB, Zeng AP, van Ooyen AJ, Visser J, Stam 
H (2007) Genome sequencing and analysis of the versatile cell factory Aspergillus 
niger CBS 513.88. Nat. Biotechnol. 25: 221-231. 

18. van Peij NNME, Gielkens MMC, de Vries RP, Visser J, de Graaff LH (1998) 
The transcriptional activator XlnR regulates both xylanolytic and endoglucanase 
gene expression in Aspergillus niger. Appl. Environ. Microbiol. 64: 3615-3619. 

19. van Peij NNME, Visser J, de Graaff LH (1998) Isolation and analysis of xlnR, 
encoding a transcriptional activator co-ordinating xylanolytic expression in 
Aspergillus niger. Mol. Microbiol. 27: 131-142. 

20. Gielkens MM, Dekkers E, Visser J, de Graaff LH (1999) Two cellobiohydrolase-
encoding genes from Aspergillus niger require D-xylose and the xylanolytic 
transcriptional activator XlnR for their expression. Appl. Environ. Microbiol. 65: 
4340-4345. 

21. de Vries RP & Visser J (1999) Regulation of the feruloyl esterase (faeA) gene 
from Aspergillus niger. Appl. Environ. Microbiol. 65: 5500-5503. 

22. de Vries RP & Visser J (2001) Aspergillus enzymes involved in degradation 
of plant cell wall polysaccharides. Microbiol. Mol. Biol. Rev. 65: 497-522, table of 
contents. 

23. Hasper AA, Trindade LM, van der Veen D, van Ooyen AJ, de Graaff LH (2004) 
Functional analysis of the transcriptional activator XlnR from Aspergillus niger. 
Microbiology. 150: 1367-1375. 



166

24. Hasper AA, Visser J, de Graaff LH (2000) The Aspergillus niger transcriptional 
activator XlnR, which is involved in the degradation of the polysaccharides xylan 
and cellulose, also regulates D-xylose reductase gene expression. Mol. Microbiol. 
36: 193-200. 

25. Adams TH, Wieser JK, Yu JH (1998) Asexual sporulation in Aspergillus 
nidulans. Microbiol. Mol. Biol. Rev. 62: 35-54. 

26. Adams TH, Boylan MT, Timberlake WE (1988) brlA is necessary and sufficient 
to direct conidiophore development in Aspergillus nidulans. Cell. 54: 353-362. 

27. Ruger-Herreros C, Rodriguez-Romero J, Fernandez-Barranco R, Olmedo M, 
Fischer R, Corrochano LM, Canovas D (2011) Regulation of conidiation by light 
in Aspergillus nidulans. Genetics. 188: 809-822. 

28. Ogawa M, Tokuoka M, Jin FJ, Takahashi T, Koyama Y (2010) Genetic analysis 
of conidiation regulatory pathways in koji-mold Aspergillus oryzae. Fungal Genet. 
Biol. 47: 10-18. 

29. Mah JH & Yu JH (2006) Upstream and downstream regulation of asexual 
development in Aspergillus fumigatus. Eukaryot. Cell. 5: 1585-1595. 

30. Vienken K, Scherer M, Fischer R (2005) The Zn(II)2Cys6 putative Aspergillus 
nidulans transcription factor repressor of sexual development inhibits sexual 
development under low-carbon conditions and in submersed culture. Genetics. 
169: 619-630. 

31. Sakamoto K, Arima TH, Iwashita K, Yamada O, Gomi K, Akita O (2008) 
Aspergillus oryzae atfB encodes a transcription factor required for stress tolerance 
in conidia. Fungal Genet. Biol. 45: 922-932. 

32. Sheppard DC, Doedt T, Chiang LY, Kim HS, Chen D, Nierman WC, Filler 
SG (2005) The Aspergillus fumigatus StuA protein governs the up-regulation 
of a discrete transcriptional program during the acquisition of developmental 
competence. Mol. Biol. Cell. 16: 5866-5879. 

33. Punt PJ, Schuren FHJ, Lehmbeck J, Christensen T, Hjort C, van den Hondel 
CAMJJ (2008) Characterization of the Aspergillus niger prtT, a unique regulator of 
extracellular protease encoding genes. Fungal Genet. Biol. 45: 1591-1599. 

34. Meijer S, de Jongh WA, Olsson L, Nielsen J (2009) Physiological characterisation 
of acuB deletion in Aspergillus niger. Appl. Microbiol. Biotechnol. 84: 157-167. 

35. Papadopoulou S & Sealy-Lewis HM (1999) The Aspergillus niger acuA and 
acuB genes correspond to the facA and facB genes in Aspergillus nidulans. FEMS 
Microbiol. Lett. 178: 35-37. 

36. Tilburn J, Sarkar S, Widdick DA, Espeso EA, Orejas M, Mungroo J, Penalva 
MA, Arst HN,Jr (1995) The Aspergillus PacC zinc finger transcription factor 
mediates regulation of both acid- and alkaline-expressed genes by ambient pH. 
EMBO J. 14: 779-790. 



Chapter 4

167

37. Andersen MR, Lehmann L, Nielsen J (2009) Systemic analysis of the response 
of Aspergillus niger to ambient pH. Genome Biol. 10: R47. 

38. van den Hombergh JP, MacCabe AP, van de Vondervoort PJ, Visser J (1996) 
Regulation of acid phosphatases in an Aspergillus niger pacC disruption strain. 
Mol. Gen. Genet. 251: 542-550. 

39. Espeso EA & Penalva MA (1996) Three binding sites for the Aspergillus 
nidulans PacC zinc-finger transcription factor are necessary and sufficient for 
regulation by ambient pH of the isopenicillin N synthase gene promoter. J. Biol. 
Chem. 271: 28825-28830. 

40. Espeso EA & Arst HN,Jr (2000) On the mechanism by which alkaline pH 
prevents expression of an acid-expressed gene. Mol. Cell. Biol. 20: 3355-3363. 

41. Penalva MA, Tilburn J, Bignell E, Arst HN,Jr (2008) Ambient pH gene 
regulation in fungi: making connections. Trends Microbiol. 16: 291-300. 

42. vanKuyk PA, Benen JA, Wosten HA, Visser J, de Vries RP (2012) A broader 
role for AmyR in Aspergillus niger: regulation of the utilisation of D-glucose or 
D-galactose containing oligo- and polysaccharides. Appl. Microbiol. Biotechnol. 
93: 285-293. 

43. Braaksma M, Martens-Uzunova ES, Punt PJ, Schaap PJ (2010) An inventory 
of the Aspergillus niger secretome by combining in silico predictions with shotgun 
proteomics data. BMC Genomics. 11: 584. 



168

ASSOCIATED CONTENT
Supplemental Table 1. Microarray analysis of the central zone (zone 1), an intermediate zone (zone 3) and the 
periphery (zone 5) of 7-days-old xylose grown wildtype and ΔflbA colonies.  This information is available free 
of charge on http://goo.gl/BH1Kd
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Deletion of fluG results in 
reduced secretome complexity 
and secretion heterogeneity in 

colonies of Aspergillus niger  
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ABSTRACTWild-type colonies of Aspergillus niger do not secrete proteins in 
zones that have the capacity to reproduce asexually. This indicates 
that sporulation inhibits secretion in the vegetative mycelium. 

Indeed, inactivation of the sporulation gene flbA results in protein secretion 
throughout the mycelium, which is accompanied by a more complex secretome. 
Here, the role of fluG of A. niger in sporulation, growth and secretion was assessed. 
The ΔfluG colonies formed fully developed conidiophores although sterigmata 
also developed at the stalk of these reproductive structures. Moreover, 7-days-old 
ΔfluG colonies had formed 20-60 % more biomass and growth switched from the 
periphery to the center when 6-days-old colonies had been transferred to fresh 
maltose medium for 24 h. Thus, FluG seems to repress biomass formation and 
impacts spatial growth in colonies under particular growth conditions. Secretion 
of proteins in wild-type and ΔfluG colonies mainly took place at the periphery. 
Seventy-two and 45 proteins were identified in the culture medium of wild-type 
and ΔfluG colonies, respectively. Of these proteins, 29 and 8 were differentially 
released into the culture medium by the different zones of the colony. These data 
show that inactivation of fluG results in reduced secreteome complexity and 
secretion heterogeneity. This may be mediated by a repressing activity of FluG on 
components of the sporulation program.
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INTRODUCTION

Aspergillus species are among the most dominant fungi worldwide. They feed 
mainly on complex plant material.1 To this end, they secrete a wide variety 

of enzymes that degrade polymers into smaller molecules that can be taken up 
to serve as nutrients. Aspergilli have a high capacity of secreting enzymes, which 
makes them attractive cell factories for the production of pharmaceutical proteins 
or enzymes that are used in the industry. This is exemplified by some strains of 
Aspergillus niger that secrete more than 30 grams per liter glucoamylase.2 
 Germination of asexual spores of aspergilli results in the formation of a 
mycelium that consists of an interconnected network of hyphae. Hyphae within 
the periphery of the colony are in contact with unexplored organic material. 
In contrast, the centre and intermediate zones, representing older parts of the 
colony, is exposed to a (partially) consumed substrate. These differences in the 
composition of the substrate results in zonal differences in gene expression.3, 4, Chapter 

4 However, differentiation within the vegetative mycelium has a similar impact on 
gene expression.3 Differentiation within the vegetative mycelium is reflected by 
zonal differences in growth3, 5, Chapter 3 secretion 5-7, Chapter 2, 3 and sporulation.8, Chapter 

3 Notably, the zone of the colony that sporulates or that has the potential to do 
so when an overlaying membrane is removed does not secrete proteins.Chapter 3 
This indicated that secretion by vegetative hyphae is repressed by the sporulation 
process. 
  Asexual sporulation of aspergilli is initiated with the formation of 
conidiophores. Conidiophore formation starts with the formation of a stalk. The 
stalk is two times wider than aerial hyphae and is formed from a footcell. The 
stalk stops growing when it is about 100 µm in length and then forms a vesicle at 
its tip that is about 10 µm wide. At the surface of this vesicle sterigmata (metulae 
and phialides) develop that form chains of spores.9 Asexual development has been 
well studied in Aspergillus nidulans.9, 10 FluG is thought to function at the start of 
the developmental program that leads to asexual sporulation. Overexpression of 
fluG was sufficient to induce asexual development under conditions where conidia 
formation is normally suppressed.11 Vegetative and aerial hyphae were observed 
in strains in which the fluG gene was inactivated, but no further development was 
initiated in nutrient rich conditions.11 However, conidiophores were observed in the 
ΔfluG strain under carbon starvation. Apparently, FluG is involved in sporulation 
resulting from a developmental program but not from a stress response imposed 
by lack of nutrients. Sporulation in the ΔfluG strain was also observed when it 
was grown next to a wild-type strain, even when these strains were separated by 
a dialysis membrane. From this and other data 12 it was concluded that FluG is 
involved in the production of an extracellular signaling molecule that initiates 
conidiophore formation.13 The extracellular signaling molecule is assumed to 
activate a cascade of genes that ultimately leads to the activation of brlA encoding 
the central transcription factor of asexual development (Figure 1). It does so by 
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releasing the inhibition of SfgA on the flbA-E genes.14 All flb mutant strains show 
low brlA expression. They form aerial hyphae but stalks are not formed.15 FlbA is 
an RGS protein that regulates the signaling of the Gα-subunit FadA. GTP-bound 
FadA stimulates vegetative growth. FlbA converts the active FadA-GTP into the 
inactive FadA-GDP, thereby supressing the stimulation on vegetative growth15, 16 
(Figure 1). FlbA also (indirectly) activates brlA in A. nidulans. Inactivation of this 
central regulator of asexual development leads to indefinite growth of stalks. The 
vescicle, sterigmata and conidiospores are not formed.10 

 Asexual development in A. niger morphologically resembles that 
in A. nidulans.9 It was proposed that the underlying mechanism of asexual 
developmental of A. nidulans and A. niger are also similar. 17 Indeed, brlA and 
flbA of A. niger have a similar role in asexual reproduction as in A. nidulans.8, 
Chapter 3 In contrast, secretion of proteins occurred throughout the mycelium of the 
ΔflbA strain of A. niger, while zonal secretion in the ΔbrlA strain was similar to 
that in the wild-type. Apparently, inhibition of secretion is controlled early in the 
sporulation program. Colonies of the ΔflbA strain of A. niger also show a more 
complex secretome and the width of the cell wall is smaller than that observed in 
wild-type.8, Chapter 3 Here, the role of fluG of A. niger in asexual development, growth 

FadA (Gα)     -GDP

FlbA
(RGS)

PkaA
(PkaB)

Extracellular
FluG
signal

asexual 
development

Extracellular
signal ?

GPCR GpgA (Gγ)

GTP GDP

Pi FadA (Gα)     -GTP

SfaD (Gβ)

GpgA (Gγ)

SfaD (Gβ) vegetative growth
autolysis

BrlA

PhnA

FluG

SfgA

FlbB

FlbC

FlbB
FlbD

FlbE

brlA

Figure 1. Model for the sporulation pathway in A. nidulans. FluG is involved in the synthesis and / or secretion 
of an extracellular factor that releases the inhibition of SfgA on Flb proteins. FlbE and FlbB form a complex 
that activates brlA, thus inducing asexual development. FlbC activates brlA in concert with the FlbB/FlbD 
transcription complex, and also activates fluG. In contrast, FlbA inhibits fluG and activates brlA by inactivating 
FadA (Adapted from 9,Chapter 1). The sporulation pathway in A. niger is not identical to that in A. nidulans. FlbA 
of A. niger represses sfaD and flbD (stippled lines). Moreover, FluG has a different role in asexual development 
(this chapter).
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and spatial release of proteins was studied. It is shown that the ΔfluG strain of A. 
niger still sporulates. This is accompanied by a reduced secretome complexity and 
zonal secretion heterogeneity. 

MATERIAL AND METHODS
Strain and Culture Conditions
A. niger N40218 and the derived ∆fluG strain were grown at 30 ˚C. Colonies were 
grown as sandwiched cultures5 on minimal agar medium (MM)19 with 1.5 % agar 
and 25 mM maltose as a carbon source. To this end, a perforated polycarbonate 
(PC) membrane (0.1 µm pores, 76 mm diameter; Profiltra, Almere, Netherlands) 
was placed on the agar medium and topped with a 0.45 mm layer of 1.25 % agarose. 
A 1 mm plug of mycelium was positioned in the center of the agarose layer and 
covered with another 76 mm wide PC membrane. After 6 days of growth, colonies 
were either or not transferred for 24 h to fresh agar medium or to a ring plate.6 The 
five concentric wells in the ring plate were filled with liquid MM supplemented 
with 25 mM maltose. 

Plasmid construction
Upstream and downstream flanking regions of fluG (An14g03390) were amplified 
from chromosomal DNA of A. niger N402 using Taq polymerase and primer pairs 
1 and 2 (Table 1). The upstream and downstream flanks were blunt end ligated in 
pJET1.2 (Fermentas Thermo Scientific, Waltham, USA). A NotI and XbaI/XhoI 
site had been introduced at the 5’ and 3’ end of the upstream flank, respectively, 
and a XhoI and KpnI site at the 5’ and 3’ end of the downstream flank. The resulting 
plasmids were digested with NotI and XhoI and XhoI and KpnI, respectively. This 
was followed by a three point ligation with pBluescriptII SK(+) that had been 
digested with NotI and KpnI. The XhoI/XbaI fragment of pAN7-120 containing 
the hygromycine resistance cassette was inserted in the vector containing both 
flanks of fluG that had been digested with the same enzymes. This resulted in 
the fluG deletion construct BNO-fluG. This construct was digested with NotI 
and KpnI, and the flanking sequences interspersed with the antibiotic resistance 
marker hygR were introduced in A. niger N402. Gene replacement by homologous 
recombination was confirmed by Southern analysis (data not shown). 

Table 1. Primers used in this study

Primers Primer description Sequence ‘5- ‘3

Primer 1a 5’flank fluG  FW ataagaatgcggccgcgtgacttggaggagaggagctg

Primer 1b 5’flank fluG  REV ccgctcgagttaatcctagtctagagctgattggttggccggttc

Primer 2a 3’flank fluG  FW ccgctcgagaccctgtgcatacatacatagc

Primer 2b 3’flank fluG  REV cggggtacccctcgcactgatcgccatatc
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Transformation of Aspergillus niger
Transformation of A. niger was performed using 40 mg lysing enzymes (L-1412, 
Sigma-Aldrich, Zwijndrecht, Netherlands) per gram wet weight of mycelium as 
described.21 Transformants were isolated from MMS plates22 containing 200 µg 
ml-1 hygromycine and 50 µg ml-1 caffeine. 

Localization of Protein Synthesis and Protein Secretion
Protein synthesis, protein secretion, and growth were monitored as described.3, 8 
Sandwiched cultures were labelled for 4 h with 185 kBq 14C-amino acids (NEC-
445E amino acid mixture, L-[14C(U)]- specific activity 1.94 GBq milliatom-1 
Perkin Elmer, Waltham, USA) to visualize protein synthesis. A polyvinylidene 
difluoride (PVDF) membrane (Immobulon-P, Millipore, Bedford, USA) was 
placed between the sandwiched colony and the agar medium to immobilize 
secreted proteins. Growth was visualized by labelling for 10 min with 185 kBq 
14C-N-acetylglucosamine ([glucosamine-1-14C]- (MC276), specific activity 1.665 
GBq mmol-1, Movareck Biochemicals, Brea, California). Label was absorbed to 
a piece of rice paper (Schleicher & Schuell, Dassel, Germany) with the size of 
the colony, and placed on top of the mycelium. Colonies were fixed with 4 % 
formaldehyde in phosphate buffered saline (PBS) for 1 h at room temperature. 
For the visualization of protein synthesis and secretion, sandwiched colonies and 
PVDF membranes were washed 3 times 60 min with 1 % casamino acids (Becton, 
Dickinson and Company, Le-Pont-De-Claix, France). For monitoring growth, 
sandwiched colonies were washed 3 times 60 min with 0.44 mM N-acetyl-
glucosamine in water. After drying overnight at room temperature, colonies and 
PVDF membranes were exposed to Kodak Biomax XAR film (Sigma, Saint Louis, 
USA). 

SDS-PAGE
SDS-PAGE and Coomassie Brilliant Blue staining was performed as described.7 
Gels were imaged with an Odyssey Infrared Imaging System (Licor, Bad-Homburg, 
Germany) using the 700 nm channel.

Sample Preparation and Dimethyl Labelling for Mass Spectrometry 
Medium samples were concentrated, lys-C and trypsin-digested, and desalted and 
concentrated with µElution plates as described.7 Stable isotope dimethyl labelling 
was performed in a total volume of 50 µl.7, 23, 24 Proteins of zone 1 and 5 were 
labelled with the light dimethyl label, those of zone 2 and 4 with the intermediate 
dimethyl label, and those of zone 3 with heavy dimethyl label. Dimethyl labels 
were swapped in a biological duplicate resulting in a heavy labelled zone 1 and 
5, a light labelled zone 2 and 4, and an intermediate labelled zone 3. A technical 
duplicate of zone 3 was labelled with an intermediate- or light dimethyl label. 
Labelling efficiency was ≥ 96 % as was shown by running an aliquot of the labelled 
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samples on a regular LC MS/MS and comparing the number of dimethyl labelled 
peptides versus the total number of peptides. 

Nano LC-LTQ-Orbitrap-MS
Three µl aliquots of dimethyl-labelled samples were mixed and the volume 
was adjusted to 10 μl taking into account a final concentration of formic acid 
of 10 %. Samples (8 μl) were analyzed on a LTQ-Orbitrap XL (Thermo Fischer 
Scientific, Bremen, Germany) that was connected to an Agilent 1200 HPLC 
system (Agilent, Santa Clara, CA, USA).7 Samples were loaded on a trap column 
(ReproSil-Pur C18-AQ, 20 mm × 100 µm inner diameter, packed in house; Dr 
Maisch, Ammerbuch, Germany) at 5 µL min-1 in 100 % solvent A (0.1 M acetic 
acid in water). Peptides were eluted from the trap column onto an analytical 
column (ReproSil-Pur C18-AQ, 40 cm × 50 µm inner diameter, packed in-house) 
at 100 nL min-1 during 120 min using a gradient from 0-28 % solvent B (0.1 M 
acetic acid in 8:2 v / v acetonitrile / water) in 60 min and 28-50 % solvent B in 
25 min. The eluent was sprayed via distal coated emitter tips connected to the 
analytical column. The mass spectrometer was operated in data-dependent mode, 
automatically switching between MS and MS/MS. Full-scan MS spectra (from 
m/z 350 to 1500) were acquired in the Orbitrap with a resolution of 60000 at m/z 
400 after accumulation to a target value of 500000 in the linear ion trap. The three 
most intense ions were selected for collision-induced fragmentation in the linear 
ion trap at an normalized collision energy of 35 % after accumulation to a target 
value of 10000.

Protein Identification and Quantification 
The database that was used to assign peptides consisted of 14166 A. niger CBS 
513.88 sequences,17 14166 reversed A. niger sequences, 256 common contaminant 
sequences, and 256 reversed contaminant sequences. Thermo Proteome 
Discoverer 1.3.0.339 (Thermo Fischer Scientific, Bremen, Germany) was used 
in combination with a Mascot search engine (version 2.3.02) software platform 
(Matrix Science, London, UK). The following settings of Mascot were used: 
trypsin with 2 missed cleavages, precursor mass tolerance of 50 ppm, fragment 
ions mass tolerance of 0.6 Da and carbamidomethyl (C) as fixed modification. 
Oxidation (M), light-dimethyl (K- and N-term), intermediate-dimethyl (K- and 
N- term) and heavy-dimethyl (K- and N- term) were set as variable modifications. 
The following settings of Proteome discoverer were used: peptide mass deviation 
5 ppm, peptide Mascot (ion score) > 30, maximum peptide rank = 1, peptide 
length: 6-35, and low peptide confidelity. Heavy/light, medium/heavy, medium/
light Quan values were calculated using Thermo Proteome Discoverer 1.3.0.339. 
A technical control experiment was performed with zone 3 that had been labelled 
with two different labels (Supplemental Figure 1). The 2log ratio for each of the 
proteins is expected to be 0. Since proteins can be identified in one zone of the 
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colony only, files were also loaded with the option replaced Missing Quan values, 
which allows quantification of ‘on / off ’ situations. Proteins with at least one 
peptide in both biological replicates were included in the analysis. Protein release 
was considered differential when the average 2log ratio value was higher than 2 or 
lower than -2 in one sample and at least higher than 1 or lower than -1 in the other 
biological replicate. The False Discovery Rate (FDR) was calculated by searching 
proteins against a reversed protein database. The spectra of the quantification of 
concentric zones of wild-type and ∆fluG colonies had an FDR of < 0.4 %.

Light and Scanning Electron Microscopy
Light microscopy images were taken with a Leica MZ16 FA fluorescence 
stereomicroscope (Leica Microsystems, Mannheim, Germany) connected to a 
Leica DFC420 C digital camera. Sandwiched colonies were grown in the absence 
of an agarose layer between PC membranes. Samples (8 x 5 mm) were cut from the 
periphery and the center of the colony and prepared as described.8 Mycelium was 
viewed with a Field Emission Scanning Electron Microscope (FEI, Eindhoven, 
The Netherlands) at an acceleration voltage of 5 kV and a working distance of 
about 5 mm.  

RESULTS
Inactivation of fluG results in aberrant conidiation
Gene fluG was deleted in A. niger (data not shown). The ∆fluG strain showed 
normal sporulation on agar plates when viewed by light microscopy (Figure 
2ABGH). Scanning electron microscopy revealed that ∆fluG colonies formed fully 
developed conidiophores (Figure 2I-L) similar to those of the wild-type (Figure 
2C-F). However, aberrant sterigmata formation was observed on the stalks of the 
∆fluG conidiophores (Figure 2IJK). The morphology of the ∆fluG conidia (Figure 
2L) were similar to those of the wild-type (Figure 2F). 

Inactivation of ΔfluG affects growth and secretion
Colonies of the wild-type and the ∆fluG strain formed a similar biomass on maltose 
after 3 and 5 days of growth (Figure 3). After 7 days of growth, however, the ∆fluG 
strain showed increased biomass on maltose containing medium (Figure 3). A 
similar result was obtained on xylose containing medium (Supplemental Figure 
2). In the next set of experiments, growth was localized in 7-days-old colonies by 
labeling with 14C-labelled N-acetylglucosamine. Growth was most pronounced in 
the peripheral zone 5 of both wild-type and ΔfluG colonies (Figure 4AG). Growth 
was still observed in the peripheral zone when wild-type colonies had been 
transferred after 6 days to fresh maltose medium (Figure 4D). Notably, growth 
of transferred ΔfluG colonies was shown to occur mainly in the colony centre 
(Figure 4J). Taken together, FluG seems to repress biomass formation and impacts 
spatial distribution of growth under particular growth conditions.
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Protein synthesis and secretion were monitored by labeling with 
14C-labelled amino acids. Protein synthesis was observed throughout the colony 
in non-transferred and transferred wild-type and ΔfluG colonies (Figure 4BEHK). 
Non-transferred 7-days-old wild-type and ΔfluG colonies secreted proteins mainly 
at the periphery of the colony (Figure 4CI). Secretion was still most pronounced at 
the periphery when colonies of both strains had been transferred to fresh medium 
after 6 days of growth (Figure 4FL). However, the amount of protein secreted in 
the intermediate and central zones had increased. This was especially the case for 
the ΔfluG colonies. 

Location of growth, protein synthesis and protein secretion of wild-type 
and ΔfluG colonies was similar in non-transferred xylose-grown colonies when 
compared to non-transferred maltose-grown colonies (Supplemental Figure 3). 
Growth and protein synthesis were not affected in wild-type and ΔfluG colonies 
when they had been transferred to fresh medium after 6 days of growth. However, 
they secreted more proteins in the central and intermediate zones 1-3. 

Quantification of the maltose grown wild-type and ΔfluG secretome
Proteins released by concentric zones of 7-days-old maltose-grown colonies of 
wild-type and ΔfluG were analyzed by SDS PAGE. For this, the colonies had been 
transferred for 24 h to a ring plate.6, 7 The five concentric wells of the ring plate 
had been filled with maltose-containing minimal medium. The outermost part 
of the colony secreted proteins in zone 5, while the innermost zone of the colony 
released proteins in zone 1 of the ring plate. Proteins that had been formed during 
the 6-days of growth before transfer, as well as proteins that had been formed 
while growing on the ring plate, are part of the secretome that is visualized by 
Coomassie Brilliant Blue staining of the SDS-PAA gel. Proteins that had been 
formed before transfer had been trapped in the cell wall or had interacted with 
cell wall polymers, slowing down their release into the culture medium.6, 7 The 
ΔfluG colonies showed a similar protein profile as wild-type colonies on xylose-
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Figure 3. Dry weight of 7-days-old maltose-
grown colonies of wild-type and ∆fluG. *indicates 
significant difference in biomass ( t-test p<0.05).
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containing medium (Supplemental Figure 4). The protein profile of maltose-grown 
ΔfluG colonies (Figure 5B) showed some differences when compared to maltose-
grown wild-type colonies (Figure 5A). For instance, ΔfluG colonies secreted a 
protein with an apparent molecular weight of 25 kDa that was not found in the 
culture medium of the wild-type. Cycloheximide treatment releases proteins that 
are trapped in the cell wall.7 In both wild-type and ΔfluG colonies cycloheximide 
treatment resulted in higher amounts of protein in the medium when compared to 
untreated colonies (Figure 5). Coomassie Brilliant Blue staining did not indicate 
differences in the amount of proteins in the culture medium of cycloheximide-
treated wild-type and ΔfluG colonies that had been grown on maltose (Figure 5) 
or xylose (Supplemental Figure 4). The 25 kDa protein band that was found in the 
culture medium of ΔfluG colonies was still absent in the wild-type secretome after 
cycloheximide treatment. 
 The secretome of maltose-grown wild-type and ΔfluG colonies was 
analysed by quantitative MS/MS. To this end, 6-days-old maltose-grown colonies 
had been transferred for 24 h to a ring plate. Proteins isolated from each of the 
wells of the ring plate were isolated, concentrated, digested with lys-C and trypsin, 

Non transferred Transferred

Figure 4:  Growth, (ADGJ), protein synthesis (BEHK), and secretion (CFIL) in 7-days-old maltose-grown wild-
type (A-F) and ∆fluG (G-L) colonies. Colonies were analysed before (ABC, GHI) and after transfer (DEF, JKL) 
to fresh maltose medium. Growth was detected with 14C-labeled N-acetylglucosamine. Protein synthesis and 
secretion were monitored by incorporation of 14C-labeled amino acids. Secreted proteins were immobilized by a 
PVDF membrane that had been placed underneath the colony. 
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and labeled with different isotopomeric dimethyl labels.24 The reductive amination 
resulted in a mass shift of 28, 32, and 36 Da per primary amine of a peptide when 
a light-dimethyl-label, an intermediate-dimethyl-label, or a heavy-dimethyl-label 
was added, respectively.24 Labeled peptides of the three innermost zones 1, 2 and 
3 (containing the light, intermediate and heavy label, respectively) were mixed 
and analyzed in a single LC-MS/MS run. The same was done for peptides of zones 
3, 4, and 5 (containing the high, intermediate and light label, respectively). By 
analysing the sample of zone 3 in both runs, the peptides of each of the zones 
could be quantitatively compared. To prevent label-specific peptide modifications, 
a biological duplicate was performed with a label swap on the peptides of the 
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- ---- + ++++
1 2 3 4 5 1 2 3 4 5B

cycloheximide - ---- + ++++
1 2 3 4 5 1 2 3 4 5zones

Figure 5. SDS-PAGE of the secretome of concentric zones of 7-days-old maltose-grown colonies of wild-type (A) 
and ΔfluG (B) that had either (+) or not (-) been treated with cycloheximide. Gels were stained with Coomassie 
Brilliant Blue. Zone 1 represents the center of the colony, whereas zone 5 represents the periphery.

Table 2. Number of representatives of protein classes identified in the culture medium of 7-days-old maltose-
grown colonies of the ΔfluG and wild-type strain of A. niger. For details see Supplemental Table 2 and 4.

Protein Class Wildype ∆fluG 

cellulases 8 4

Xylanases 8 3

Mannosidase 1 0

Pectinases 7 4

amylases 3 3

Inulinases 1 1

Proteases 16 11

Phytases 2 0

Fungal cell wall remodeling 8 7

Other enzymes 11 4

Unknown 5 5

Released via non-classical secretion (SecP) 1 1

Intracellular proteins (no SigP) 1 1

Total 72 45
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different concentric zones (see Material and Methods). 
A total of 72 proteins were identified in the duplicate secretome of maltose 

grown wild-type colonies (Supplemental Table 1). Only two of the proteins did not 
have a predicted signal for secretion, of which one is probably released via non-
classical secretion (Table 2, Supplemental Table 1). This indicates that lysis in the 
colony was only minor. 28 out of the 72 identified proteins are carbohydrases (Table 
2, Supplemental Table 1 and 2). Three of them are involved in starch degradation, 
while 24 are involved in hemicellulose (9), cellulose (8), and pectin degradation 
(7) (Table 2, Supplemental 1 and 2). Out of the 28 carbohydrases, 13 were found 
to be differentially released in the culture medium (Table 3, Supplemental Table 
1, 2). Of these 13 carbohydrases, 8 were found to be released at least 4-fold lower 
in central zone 1, compared to the intermediate zone 3 (Table 3). Three proteins 
were identified in a ≥ 4-fold higher amount in the peripheral zone 5 compared to 
the intermediate zone 3. On the other hand, three proteins were identified to be 
released at least 4-fold lower in the peripheral zone 4 compared to intermediate 
zone 3 (Table 3, Supplemental Table 1 and 2). One of them was also identified to 
be released ≥ 4-fold less in the peripheral zone 5. 

A total of 45 proteins identified in the wild-type secretome are involved 
in other processes than carbohydrate degradation. This set of proteins includes 
phytases, proteases, and proteins involved in cell wall synthesis / morphogenesis. 
Out of these 45 proteins, 16 were differentially released by the zones of the wild-
type colony (Table 3, Supplemental Table 1 and 2). Seven proteins were found 
to be released 4-fold lower in the central zone 1 compared to the intermediate 
zone 3. Three of these proteins were also identified 4-fold higher in the peripheral 
zone 5 (Table 3). These 7 proteins include 5 (putative) proteases, of which one is 
released via non-classical secretion. In addition, 3 other proteins were identified 
to be released 4-fold higher in the culture medium compared to the intermediate 
zone 3. Five proteins, of which 2 proteases, were found to be released 4-fold lower 
in the sub-peripheral zone 4 compared to intermediate zone 3 (Table 3). One 
uncharacterized protein was found to be highly released in the central zones 1 
and 2, compared to the intermediate zone. 
 AmyR is a transcription factor that regulates 14 genes encoding proteins 
that are involved in degradation of D-glucose or D-galactose containing oligo- 
and polysaccharides (including maltose).25 For instance, AmyR regulates the 
genes encoding 2 α-amylases, 2 glucoamylases, 2 α-glucosidases, 2 β-glucosidases, 
2 α-galactosidases, and 1 β-galactosidase.25, 26 Of the AmyR regulated genes, 10 
encode a protein with a signal sequence for secretion (Table 4). Only 4 of these 
proteins were identified in the secretome of maltose-grown wild-type colonies; 
AamA, AgdA, AglA, and GlaA.  

The secretome of maltose-grown ΔfluG colonies appears to be less 
complex than that of the wild-type. Only 45 proteins were identified (Supplemental 
Tables 3 and 4). One of them did not have a singal sequence for secretion, 
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Table 3. Secreted proteins with a 2log fold change ≥ 2 in at least one of the concentric zones of 7-days-old 
maltose-grown wild-type colonies. Protein release was considered differential when the average 2log ratio value 
was higher than 2 or lower than -2 in one sample and at least higher than 1 or lower than -1 in the other biological 
replicate.  Green and red shading indicate increased and decreased abundance in the secretome compared to 
zone 3, respectively. * In this case the average 2log value was below 2, or higher than -2, but the value was at least 
(-)2 or (-)1 in both biological replicates. ** In this case the average 2log value was higher than 2 or lower than -2, 
but not at least higher than 1, or lower than -1 in both biological replicates.

Annotation Protein 
name Description - Table 3 average 2log ratio

cellulases zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

an07g09330 cbha 1,4-beta-D-glucan cellobiohydrolase a precursor 
cbha - aspergillus niger -3.0 -1.3 0.2 1.0

an16g06800 EglB strong similarity to endoglucanase eglB - 
aspergillus niger -3.4 -1.8 -1.1 0.7

xylanolytic enzymes

an04g09700 strong similarity to endo-xylogalacturonan 
hydrolase xgha - aspergillus tubingensis -0.8 -0.1 1.7 2.0*

an12g05010 axea acetyl xylan esterase axea - aspergillus niger 0.0 -0.4 1.3 2.0*

an03g00960 axha 1,4-beta-D-arabinoxylan arabinofuranohydrolase 
axha - aspergillus niger -3.1 -1.5 0.6 1.3

an02g11150 aglB alpha-galactosidase aglB - aspergillus niger -5.4 -3.3 -0.4 0.9

pectinolytic enzymes

an02g04900 PgaB endo-polygalacturonases B pgaB - aspergillus 
niger 0.0 0.0 -4.3 -1.0**

an15g05370 PgaII polygalacturonase pgaII - aspergillus niger 0.0 0.0 -4.2 -2.0

an02g10550 abnc endo-alpha-1,5-arabinanase abnc - aspergillus 
niger -0.4 0.1 3.0 2.0

amylolitic enzymes

an04g06920 agda extracellular alpha-glucosidase agda- aspergillus 
niger -2.8 -1.1 -0.9 -0.2

an03g06550 glaa glucan 1,4-alpha-glucosidase glaa - aspergillus 
niger -2.0* -0.8 -2.0 -0.2

an11g03340 aama acid alpha-amylase aama - aspergillus niger -2.0* -0.6 -0.3 0.5

inulinolytic enzymes

an12g08280 InuE exo-inulinase inu1 - aspergillus niger -4.1 -2.1 0.1 1.4

(putative) proteases

an07g08030 PepF serine carboxypeptidase pepF - aspergillus niger -2.0 -0.8 1.6 2.0*

an02g13750 strong similarity to glutaminase a gtaa - aspergillus 
oryzae -2.1 -1.1 0.7 1.2

an07g01320 anafp strong similarity to antifungal protein precursor paf 
- Penicillium chrysogenum -1.4 -0.5 -2.9 -1.1

an12g03300 Protg strong similarity to aspartic protease pr1 - Phaffia 
rhodozyma -2.2 -0.6 -0.2 0.3

an06g00190 strong similarity to lysosomal pepstatin insensitive 
protease cLN2 - Homo sapiens 0.0 0.0 -4.5 -2.7

an14g02150 strong similarity to serine-type carboxypeptidase 
precursor cpdS - aspergillus phoenicis -2.2 -0.2 0.6 1.0

an02g04690 strong similarity to serine-type carboxypeptidase I 
cdpS - aspergillus saitoi -2.2 -0.2 0.9 0.9

(putative) cell wall synthesis/ morphogenesis 
enzyme

an14g01820 Phia cell wall protein binB - aspergillus nidulans -2.8 -1.6 -0.2 1.4

an06g00160 strong similarity to hypothetical protein aN1813.2 - 
aspergillus nidulans -1.1 -0.1 2.0 2.0*

related to other enzymes

an01g14940 similarity to nonhemolytic phospholipase c Pc-
PLc - Burkholderia pseudomallei -2.0* -0.3 2.3 2.0

an03g00500
strong similarity to diglycosidase related protein 
SEQ ID NO:10 from patent WO200018931-a1 - 
aspergillus fumigatus

0.0 0.0 -2.6 0.2

an08g04630 strong similarity to hypothetical protein afu2g15420 
- aspergillus fumigatus 0.0 0.0 0.8 2.0*
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whereas another protein was predicted to be released via non-classical secretion 
(Table 2). This indicates that lysis is minimal in ΔfluG colonies. 15 out of the 44 
identified proteins with a signal sequence for secretion are carbohydrases that are 
involved in the degradation of cellulose (4), xylan (3), pectin (4), and starch (4) 
(Supplemental Table 3). Twelve of these proteins were also identified in the wild-
type secretome. Only 2 pectinases and 1 amylase were not found in the wild-type 
secretome (Supplemental Table 4). Five out of the 15 carbohydrases (i.e. EglB, 
AbfB, PgaE, AamA, and InuE) were found to be differentially released by zones of 
the colony (Table 5). The amylolytic protein AamA and the inulinase InuE were 
found to be ≥ 4-fold lower released in the central zones 1 and 2 compared to zone 
3. The hemicellulase AbfB and the pectinase PgaE were released ≥ 4-fold higher in 
the peripheral zone 5 compared to zone 3. On the other hand, the cellulase EglB 
was found to be released ≥ 4-fold lower in the sub-peripheral zone 4 compared 
to intermediate zone 3. Of the 10 proteins with a signal sequence for secretion 

Annotation Protein 
name Description - Table 3 (continued) average 2log ratio

zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

an14g02660
strong similarity to hypothetical necrosis and 
ethylene inducing protein BH0395 - Bacillus 
halodurans

0.0 -0.3 -2.2 -0.3

an14g02470 strong similarity to protein PRO304 from patent 
WO200104311-a1 - Homo sapiens 0.0 0.0 -4.2 -0.1

related to unknown

an16g00670 similarity to hypothetical protein aaO51454.1 - 
Dictyostelium discoideum 2.0 2.0 0.0 0.0

Table 4. MS/MS detection of AmyR regulated proteins in concentric zones of 7-days-old maltose-grown wild-
type and ΔfluG A. niger colonies. 

Annotation Protein
name Description - Table 4 SigP Wild-type ΔfluG

an04g06920 agda extracellular alpha-glucosidase aglU - aspergillus 
niger y y (y)

an01g10930 agdB Putative alpha-glucosidase y n n

an11g03340 aama acid alpha-amylase aama - aspergillus niger y y y

an03g06550 glaa glucan 1,4-alpha-glucosidase glaa - aspergillus 
niger y y y

an12g03070 glaB Putative glucoamylase n n n

an04g06930 amyc alpha-amylase y n n

an05g02100 amya/
amyB

extracellular alpha-amylase amya/amyB - 
aspergillus niger y (y) y

an06g00170 agla alpha-galactosidase agla - aspergillus niger y y n

an06g00290 Lacc Beta-galactosidase lacc y n n

an14g01770 (Bgl) strong similarity to beta-glucosidase bgln - candida 
molischiana y n n

an09g00260 aglc alpha-galactosidase c aglc - aspergillus niger 
[truncated ORF] y n n

an09g00270 aglc alpha-galactosidase c aglc - aspergillus niger 
[truncated ORF] nc n n

an04g02700 (agl) hypothetical protein n n n

an06g02040 (Bgl) strong similarity to beta-glucosidase cbg1 - 
agrobacterium tumefaciens n n n



Chapter 5

203

that are encode by a AmyR-regulated gene, only 3 (AamA, AgdA and GlaA) were 
found to be released in the culture medium of ΔfluG colonies (Table 4).

A total of 30 other proteins were identified in the ΔfluG secretome. This 
set comprises 11 proteases, 1 catalase, and 7 cell wall synthesis / morphogenesis 
enzymes. Of these proteins only three proteases were found to be differentially 
released in the medium (Table 5). Taken together, these data indicate that 
heterogeneity in the colony is reduced upon deletion of fluG.

Table 5. Proteins with a 2log fold change ≥2 in at least one of the concentric zones of 7-days-old-maltose-grown 
colonies of the ΔfluG strain of A. niger. Protein release was considered differential when the average 2log ratio 
value was higher than 2 or lower than -2 in one sample and at least higher than 1 or lower than -1 in the 
other biological replicate. Green and red shading indicate increased and decreased abundance in the secretome 
compared to zone 3, respectively.

Annotation Protein 
name Description - Table 5 average 2log ratio

(putative) cellulases zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

an16g06800 EglB strong similarity to endoglucanase eglB - 
aspergillus niger 0.4 0.9 -2.1 -1.0

xylanolytic enzymes

an15g02300 abfB arabinofuranosidase B abfB - aspergillus niger -0.1 0.3 2.5 2.2

pectinolytic enzymes

an01g14670 PgaE polygalacturonase E precursor pgaE - aspergillus 
niger -0.1 0.1 2.0 1.5

amylolitic enzymes 

an11g03340 aama acid alpha-amylase aama - aspergillus niger -2.0 -2.1 -1.1 -0.1

inulinolytic enzymes

an12g08280 InuE exo-inulinase inu1 - aspergillus niger -2.7 -2.2 1.1 1.6

(putative) proteases

an02g13750 strong similarity to glutaminase a gtaa - aspergillus 
oryzae -2.4 -2.4 0.0 1.1

an14g04710 Pepa aspartic proteinase aspergillopepsin I pepa - 
aspergillus niger 0.0 0.0 0.0 -3.0

an01g01750 similarity to lysosomal protease cLN2 - Rattus 
norvegicus 0.0 0.0 -2.5 -0.2

Quantification of the zonal release of proteins in ΔfluG compared to wild-type
Proteins in the medium of zone 1, 3, and 5 of wild-type and ΔfluG colonies were 
quantitatively analysed to assess whether ΔfluG colonies have a higher secretion 
capacity. To this end, proteins of zone 1 of wild-type and ΔfluG colonies were 
mixed and analysed in a LC-MS/MS run. This was also done for zones 3 and 5. A 
total of 65 proteins could be used for the zonal quantification (Supplemental Table 
5 and 6). Of these, 25 were found to be differentially released between ΔfluG and 
wild-type zones (≥ 4-fold difference) (Table 6). These proteins did not contain 
amylolytic proteins. Twenty-two proteins were found to be released 4-fold higher 
in at least one zone of the wild-type colony, while only 3 proteins were found to 
be higher released by at least one zone of the ΔfluG colonies (Table 6). These 3 
proteins consist of the arabinofuranosidase AbfB, pectinase PgaE, and inulinase 
InuE. 
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Table 6. Quantitative difference between the secretome of colonies of the wild-type and the ΔfluG strain of A. 
niger. Proteins released in zones 1, 3, and 5 of ΔfluG were compared to zones 1, 3, and 5 of the wild-type. Heat 
map indicates the 2log fold change ≥2 of a protein identified in the ΔfluG secretome compared to that of wild-
type. Protein release was considered differential when the average 2log ratio value was higher than 2 or lower 
than -2 in one sample and at least higher than 1 or lower than -1 in the other biological replicate.  Green and red 
shading indicate increased and decreased abundance in the secretome compared to zone 3, respectively. * In this 
case the average 2log value was below 2, or higher than -2, but the value was at least (-)2 or (-)1 in both biological 
replicates. ** In this case the average 2log value was higher than 2 or lower than -2, but not at least higher than 1, 
or lower than -1 in both biological replicates.

Annotation Protein 
name Description - Table 6 average 2log ratio Δflug/wt

  cellulases zone 1/1 zone 3/3 zone 5/5

an16g06800 EglB strong similarity to endoglucanase eglB - 
aspergillus niger 0.1 0.6 -4.3

  xylanolytic enzymes    

an01g00780 XlnB endo-1,4-xylanase xlnB - aspergillus niger -2.4 0.0 -2.4

an01g14600  strong similarity to endo-1,4-beta-xylanase B xynB 
from patent WO9414965 - aspergillus tubingensis -3.0 -2.9 0.0

an15g02300 abfB arabinofuranosidase B abfB - aspergillus niger 2.2 3.6 0.0

an02g11150 aglB alpha-galactosidase aglB - aspergillus niger 0.0 0.0 -4.2

an04g09700  strong similarity to endo-xylogalacturonan 
hydrolase xgha - aspergillus tubingensis 0.0 -4.6 0.0

  inulinolytic enzymes    

an12g08280 InuE exo-inulinase inu1 - aspergillus niger 0.0 2.0* 1.0

  pectinolytic enzymes    

an16g06990 Pgaa endo-polygalacturonase a pgaa - aspergillus niger 
[putative frameshift] 0.0 -4.3 -1.1

an01g14670 PgaE polygalacturonase E precursor pgaE - aspergillus 
niger 0.0 3.0 0.0

an03g06310 Pmea pectinesterase pmea - aspergillus niger 0.0 -4.3 -2.0*

  (putative) cell wall synthesis/ morphogenesis 
enzyme    

an03g05290 BgtB glucan endo-1,3-beta-glucosidase eglc precursor - 
aspergillus niger -2.1 -1.5 -0.5

an01g12450 Exsg strong similarity to hypothetical glucan beta-1,3 
exoglucanase exgS - aspergillus phoenicis -2.0* -1.2 -1.0

an06g00160  strong similarity to hypothetical protein aN1813.2 - 
aspergillus nidulans 0.0 -2.3 0.0

an14g01820 Phia strong similarity to hypothetical cell wall protein 
binB - aspergillus nidulans -3.5 -5.6 0.0

  phospholypase    

an01g14940  similarity to nonhemolytic phospholipase c Pc-
PLc - Burkholderia pseudomallei 0.0 -4.8 0.0

  proteases    

an03g05200 ProtF strong similarity to carboxypeptidase S1 - 
Penicillium janthinellum -3.3 -2.9 -2.0*

an02g13750  strong similarity to glutaminase a gtaa - aspergillus 
oryzae -2.6 -2.1 -1.4

an14g04710 Pepa aspartic proteinase aspergillopepsin I pepa - 
aspergillus niger 0.0 0.0 -5.0

an07g08030 PepF serine carboxypeptidase pepF - aspergillus niger 0.0 -2.0 0.0

an02g04690  strong similarity to serine-type carboxypeptidase I 
cdpS - aspergillus saitoi -1.1 -3.0 0.0

an08g04640 ProtB strong similarity to hypothetical lysosomal pepstatin 
insensitive protease cLN2 - canis lupus -2.2 -1.2 -0.3

an14g02150  strong similarity to serine-type carboxypeptidase 
precursor cpdS - aspergillus phoenicis 0.0 -3.7 0.0

  related to other enzymes    

an07g01320 anafp strong similarity to antifungal protein precursor paf 
- Penicillium chrysogenum 0.0 -2.3 0.0

an08g10780  strong similarity to hypothetical protein t16K5.230 - 
arabidopsis thaliana 0.0 -2.5 0.0
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DISCUSSION

FluG of A. nidulans has been proposed to be involved in the production of an 
extracellular signaling molecule that is involved in the initiation of conidiophore 

formation.13 Here, the role of fluG of A. niger in sporulation, growth and secretion 
was studied. Inactivation of fluG of A. niger did not affect formation of conidia. 
This phenotype resembles that of ΔfluG of A. fumigatus27 but is different from that 
of A. nidulans15,12 and A. oryzae.28 Scanning electron microscopy revealed that 
sterigmata were not only formed at the vesicle of the conidiophores of the ΔfluG 
strain of A. niger but also at the stalk. Scanning electron microscopy should reveal 
whether this is also the case in A. fumigatus. From these data we propose that 
FluG of A. niger is responsible for proper spatial and / or temporal expression of 
component(s) of the sporulation pathway, thereby ensuring proper development 
of the conidiophore. So far, gene expression analysis in A. nidulans, A. oryzae and 
A. fumigatus has been performed on whole colonies. As a consequence, spatial 
differences in expression of genes involved in asexual development will not be 
revealed and interactions between genes may be easily missed. Zonal expression 
of genes involved in conidiophore formation in the ΔfluG strain will be subject 
of future studies. This should reveal a better understanding of the interaction of 
fluG with other genes. It is expected that it is more complex than that shown in 
Figure 1.  
  Growth was shown to occur at the periphery of 7-days-old maltose-grown 
colonies of the wild-type and the ΔfluG strain. As expected,3 spatial distribution of 
growth did not change in the wild-type when 6-days-old maltose-grown colonies 
had been transferred to fresh medium. In contrast, growth mainly occurred in 
the center of transferred ΔfluG colonies, a phenomenon not found when xylose 
was used as carbon source. Growth in the center of the colony was also observed 
after transfer of xylose-grown8, Chapter 3 and maltose-grown (unpublished data) 
ΔflbA colonies. In this case, growth was even observed throughout the colony. 
The impact of FluG on growth is also illustrated by the fact that ΔfluG colonies 
produced 20 % and 60 % more biomass than the wild-type after 7-days of growth 
on medium with maltose and xylose, respectively. These data indicate that not 
only FlbA but also FluG is a repressor of growth, at least in particular zones of the 
colony. 
 Protein secretion in the wild-type and the ΔfluG strain was most 

Annotation Protein 
name Description  - Table 6 (continued) average 2log ratio Δflug/wt

zone 1/1 zone 3/3 zone 5/5

an10g00800  strong similarity to purine nucleoside permease 
NUP - candida albicans 0.0 0.0 -2.4

  related to unknown proteins    

an02g13650  strong similarity to hypothetical protein afu4g00380 
- aspergillus fumigatus 0.0 0.0 -4.8
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pronounced at the periphery. However, the center of wild-type and ΔfluG 
colonies secreted more proteins after transfer to fresh medium. This effect was 
most pronounced in the case of the ΔfluG strain. Increased protein secretion in 
central and intermediate zones of the ΔfluG strain compared to the wild-type was 
not observed by quantitative mass spectrometry. Twenty-two proteins were more 
abundantly released in at least one zone of the wild-type colony, while this was only 
the case for 3 proteins in the ΔfluG strain (one of which may be the 25 kDa protein 
that was exclusively found in the secretome of the ΔfluG strain as shown by SDS 
PAGE). This discrepancy can be explained by the fact that localization of protein 
secretion was performed by pulse labeling with radioactive amino acids, while 
quantitative mass spectrometry was performed on these newly formed proteins 
as well as on proteins that had been formed before transfer. The latter proteins 
that represent the major part of the secretome6 are slowly released into the culture 
medium because they had been trapped in the cell wall or had been associated 
with cell wall polymers. Such proteins will not be labeled with radioactive amino 
acids in a pulse labelling. These data imply that FluG has a positive impact on 
release of proteins into the culture medium. As mentioned above, we propose that 
FluG of A. niger is responsible for proper spatial and / or temporal expression of 
component(s) of the sporulation pathway, thereby ensuring proper development 
of the conidiophore. FluG may have local repressing activity on genes involved in 
asexual development. This repression may stimulate secretion. Such a mechanism 
would be in line with the phenomenon of sporulation inhibited secretion.8, Chapter 3 
 We have identified 72 and 45 proteins in the secretome of maltose 
grown wild-type and ΔfluG colonies, respecively. Of these 45 proteins, 39 were 
also found in the secretome of the wild-type. This shows that the secretome of 
ΔfluG is less complex than that of the wild-type and far less complex than that 
of ΔflbA that consisted of 138 proteins with a signal sequence for secretion.8 68 
% and 59 % of the proteins of the secretome of the wild-type were also found in 
the secretome of xylose-grown colonies of the wild-type and ΔflbA, respectively. 
This was 67 % and 55 % for the ΔfluG strain. These data show that there is a 
considerable overlap between the secretomes of cultures that have been grown on 
different carbon sources. This can be explained by the fact that the carbon source 
is depleted in the central and intermediate zones of colonies that are continuously 
grown on the same agar medium.3 Most of the proteins that have been detected 
in our quantitative MS/MS have been formed during the time that the colony 
was exposed to the depleted agar medium (see above). AmyR is a transcription 
factor that activates 10 genes encoding secreted enzymes that degrade D-glucose 
or D-galactose containing oligo- and polysaccharides such as maltose.25 Of 
these, GlaA, AgdA, AamA, AglA were found in the secretome of maltose grown 
colonies, while GlaA, AamA, and AmyA/AmyB were found in the secretome of 
ΔfluG colonies. The medium of xylose-grown colonies contains 3 enzymes that are 
encoded by AmyR-regulated genes.7 Cycloheximide treatment released another 3 
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 AmyR regulated enzymes from the cell walls of these colonies.7 It may well be 
that maltose-grown colonies also have AmyR regulated proteins in their cell wall 
that can only be released upon cycloheximide treatment. It would be of interest to 
assess whether such enzymes are indeed found in the cell wall and whether they 
are instrumental in degradation of D-glucose or D-galactose containing oligo- 
and polysaccharides.
 Taken together, we have shown that FluG is involved in proper 
development of conidiophores, that it represses growth and that it has a positive 
impact on secretion heterogeneity and the complexity of the secretome. The 
latter may be due to a repressing effect of FluG on components of the sporulation 
pathway. As such, FluG has an opposite role when compared to FlbA. This protein 
reduces the complexity of the secretome and stimulates sporulation. Like FluG, 
FlbA represses growth. 

ACKNOWLEDGEMENTS
This project was financed by the Kluyver Centre for Genomics of Industrial 
Fermentation and by the Netherlands Proteomics Center, which are part of 
the Netherlands Genomics Initiative / Netherlands Organization for Scientific 
Research. 



208

REFERENCES 
1. Bennett JW (2010) In An overview of the genus Aspergillus: Aspergillus: 
Molecular Biology and Genomics. Caiser Academic Press, Portland. 1-17. 

2. Finkelstein DB, Rambosek J, Crawford MS, Soliday CL, McAda PC (1989) In 
Protein secretion in Aspergillus niger: Genetics and Molecular Biology of Industrial 
Microorganisms. American Society of Microbiology, Washington DC. 295-300. 

3. Levin AM, de Vries RP, Conesa A, de Bekker C, Talon M, Menke HH, van Peij 
NNME, Wösten HAB (2007) Spatial differentiation in the vegetative mycelium of 
Aspergillus niger. Eukaryot. Cell. 6: 2311-2322. 

4. Masai K, Maruyama J, Sakamoto K, Nakajima H, Akita O, Kitamoto K (2006) 
Square-plate culture method allows detection of differential gene expression and 
screening of novel, region-specific genes in Aspergillus oryzae. Appl. Microbiol. 
Biotechnol. 71: 881-891. 

5. Wösten HAB, Moukha SM, Sietsma JH, Wessels JG (1991) Localization of 
growth and secretion of proteins in Aspergillus niger. J. Gen. Microbiol. 137: 2017-
2023. 

6. Levin AM, de Vries RP, Wösten HAB (2007) Localization of protein secretion 
in fungal colonies using a novel culturing technique; the ring-plate system. J. 
Microbiol. Meth. 69: 399-401. 

7. Krijgsheld P, Altelaar AFM, Post H, Ringrose JF, Müller WH, Heck AJR, Wosten 
HAB (2012) Spatially Resolving the Secretome within the Mycelium of the Cell 
Factory Aspergillus niger. J. Proteome Res. 11: 2807-2818. 

8. Krijgsheld P, Nitsche BM, Post H, Levin AM, Müller WH, Ram AFJ, Heck AJR, 
Altelaar AFM, Wosten HAB (2013) Deletion of flbA results in increased secretome 
complexity and reduced secretion heterogeneity in colonies of Aspergillus niger. J. 
Proteome Res. In press.   

9. Krijgsheld P, Bleichrodt R, van Veluw GJ, Wang F, Müller WH, Dijksterhuis J, 
Wösten HAB (2013) Development in Aspergillus. Stud. Mycol. 74: 1-29. 

10. Adams TH, Wieser JK, Yu JH (1998) Asexual sporulation in Aspergillus 
nidulans. Microbiol. Mol. Biol. Rev. 62: 35-54. 

11. Lee BN & Adams TH (1996) FluG and flbA function interdependently to 
initiate conidiophore development in Aspergillus nidulans through brlA beta 
activation. EMBO J. 15: 299-309. 

12. Yager LN, Lee HO, Nagle DL, Zimmerman JE (1998) Analysis of fluG mutations 
that affect light-dependent conidiation in Aspergillus nidulans. Genetics. 149: 
1777-86. 

13. Lee BN & Adams TH (1994) The Aspergillus nidulans fluG gene is required for 
production of an extracellular developmental signal and is related to prokaryotic 
glutamine synthetase I. Genes Dev. 8: 641-651. 



Chapter 5

209

14. Seo JA, Guan Y, Yu JH (2006) FluG-dependent asexual development in 
Aspergillus nidulans occurs via derepression. Genetics. 172: 1535-1544. 

15. Wieser J, Lee BN, Fondon JW, Adams TH (1994) Genetic requirements for 
initiating asexual development in Aspergillus nidulans. Curr. Genet. 27: 62-69. 

16. Lee BN & Adams TH (1994) Overexpression of flbA, an early regulator of 
Aspergillus asexual sporulation, leads to activation of brlA and premature 
initiation of development. Mol. Microbiol. 14: 323-334. 

17. Pel HJ, de Winde JH, Archer DB, Dyer PS, Hofmann G, Schaap PJ, Turner 
G, de Vries RP, Albang R, Albermann K, Andersen MR, Bendtsen JD, Benen JA, 
van den Berg M, Breestraat S, Caddick MX, Contreras R, Cornell M, Coutinho 
PM, Danchin EG, Debets AJ, Dekker P, van Dijck PW, van Dijk A, Dijkhuizen L, 
Driessen AJ, d’Enfert C, Geysens S, Goosen C, Groot GS, de Groot PW, Guillemette 
T, Henrissat B, Herweijer M, van den Hombergh JP, van den Hondel CAMJJ, van 
der Heijden RT, van der Kaaij RM, Klis FM, Kools HJ, Kubicek CP, van Kuyk 
PA, Lauber J, Lu X, van der Maarel MJ, Meulenberg R, Menke H, Mortimer MA, 
Nielsen J, Oliver SG, Olsthoorn M, Pál K, van Peij NNME, Ram AFJ, Rinas U, 
Roubos JA, Sagt CMJ, Schmoll M, Sun J, Ussery D, Varga J, Vervecken W, van de 
Vondervoort PJ, Wedler H, Wösten HAB, Zeng AP, van Ooyen AJ, Visser J, Stam 
H (2007) Genome sequencing and analysis of the versatile cell factory Aspergillus 
niger CBS 513.88. Nat. Biotechnol. 25: 221-231. 

18. Bos CJ, Debets AJM, Swart K, Huybers A, Kobus G, Slakhorst SM (1988) 
Genetic analysis and the construction of master strains for assignment of genes to 
six linkage groups in Aspergillus niger. Curr. Genet. 14: 437-443. 

19. de Vries RP, Burgers K, van de Vondervoort PJ, Frisvad JC, Samson RA, Visser 
J (2004) A new black Aspergillus species, A. vadensis, is a promising host for 
homologous and heterologous protein production. Appl. Environ. Microbiol. 70: 
3954-9. 

20. Punt PJ, Oliver RP, Dingemanse MA, Pouweisa PH, van den Hondel CAMJJ 
(1987) Transformation of Aspergillus based on the hygromycin B resistance 
marker from Escherichia coli. Gene. 56: 117-124. 

21. Meyer V, Ram AFJ, Punt PJ (2010) In Genetics, genetic manipulation, and 
approaches to strain improvement of filamentous fungi: Manual of industrial 
microbiology and biotechnology. Wiley, New York. 3: 318-329. 

22. de Bekker C, Wiebenga LA, Aguilar G, Wösten HAB (2009) An enzyme cocktail 
for efficient protoplast formation in Aspergillus niger. J. Microbiol. Methods. 76: 
305-306. 

23. Boersema PJ, Aye TT, van Veen TA, Heck AJ, Mohammed S (2008) Triplex 
protein quantification based on stable isotope labeling by peptide dimethylation 
applied to cell and tissue lysates. Proteomics. 8: 4624-4632. 

24. Boersema PJ, Raijmakers R, Lemeer S, Mohammed S, Heck AJ (2009) 
Multiplex peptide stable isotope dimethyl labeling for quantitative proteomics. 
Nat. Protoc. 4: 484-494. 



210

25. vanKuyk PA, Benen JA, Wosten HA, Visser J, de Vries RP (2012) A broader 
role for AmyR in Aspergillus niger: regulation of the utilisation of D-glucose or 
D-galactose containing oligo- and polysaccharides. Appl. Microbiol. Biotechnol. 
93: 285-293. 

26. Yuan XL, Kaaij RM, van den Hondel CAMJJ, Punt PJ, Maarel MJEC, Dijkhuizen 
L, Ram AFJ (2008) Aspergillus niger genome-wide analysis reveals a large number 
of novel alpha-glucan acting enzymes with unexpected expression profiles. Mol. 
Genet. Genomics. 279: 545-561. 

27. Mah JH & Yu JH (2006) Upstream and downstream regulation of asexual 
development in Aspergillus fumigatus. Eukaryot. Cell. 5: 1585-1595. 

28. Ogawa M, Tokuoka M, Jin FJ, Takahashi T, Koyama Y (2010) Genetic analysis 
of conidiation regulatory pathways in koji-mold Aspergillus oryzae. Fungal Genet. 
Biol. 47: 10-18. 



Chapter 5

211

ASSOCIATED CONTENT
Supplemental Table 1. Quantitative secretome analysis of 7-days-old maltose-grown wild-type colonies of A. 
niger. Heat map indicates the 2log fold change of a protein compared to the intermediate zone 3. Protein release 
was considered differential when the average 2log ratio value was higher than 2 or lower than -2 in one sample 
and at least higher than 1 or lower than -1 in the other biological replicate. Green and red shading indicate 
increased and decreased abundance of proteins when compared to zone 3, respectively. * In this case the average 
2log value was below 2, or higher than -2, but the value was at least (-)2 or (-)1 in each of the biological replicates. 
** In this case the average 2log value was higher than 2 or lower than -2, but not at least higher than 1, or lower 
than -1 in both biological replicates.Y: yes; nc: non-classical; n: no.

Annotation Protein 
name Description - Supplemental Table 1 average 2log ratio  sigP

cellulases zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

an07g09330 cbha 1,4-beta-D-glucan cellobiohydrolase a 
precursor cbha - aspergillus niger -3.0 -1.3 0.2 1.0 y

an14g02760 Egla endoglucanase a egla - aspergillus niger -0.3 0.1 1.3 1.7 y

an16g06800 EglB strong similarity to endoglucanase eglB - 
aspergillus niger -3.4 -1.8 -1.1 0.7 y

an18g03570 Bgla Probable beta-glucosidase a precursor 
bgla  - aspergillus niger 0.0 0.0 -0.3 1.0 y

an08g05230 strong similarity to hypothetical 
endoglucanase IV - trichoderma reesei 0.0 0.0 -0.8 1.2 y

an14g02670 strong similarity to endoglucanase IV 
egl4 - trichoderma reesei 0.0 0.0 0.7 0.8 y

an03g05530
strong similarity to endo-beta-1,4-
glucanase EgIII-like from patent 
WO9931255-a2 - Emericella desertoru

-0.3 0.3 0.8 0.8 y

an03g04190
similarity to cellulase #2 from patent 
US2003036176-a1 - Xanthomonas 
campestris

0.4 -0.1 0.0 0.5 y

xylanolytic enzymes

an01g00780 XlnB endo-1,4-xylanase xlnB - aspergillus 
niger -1.0 -0.4 0.2 1.2 y

an01g14600
strong similarity to endo-1,4-beta-
xylanase B xynB from patent 
WO9414965 - aspergillus tubingensis

-0.1 0.3 1.6 1.9 y

an04g09700
strong similarity to endo-
xylogalacturonan hydrolase xgha - 
aspergillus tubingensis

-0.8 -0.1 1.7 2.0* y

an12g05010 axea acetyl xylan esterase axea - aspergillus 
niger 0.0 -0.4 1.3 2.0* y

an03g00960 axha
1,4-beta-D-arabinoxylan 
arabinofuranohydrolase axha - 
aspergillus niger

-3.1 -1.5 0.6 1.3 y

an06g00170 agla alpha-galactosidase agla - aspergillus 
niger 0.0 0.0 0.0 0.5 y

an02g11150 aglB alpha-galactosidase aglB - aspergillus 
niger -5.4 -3.3 -0.4 0.9 y

an15g02300 abfB arabinofuranosidase B abfB - aspergillus 
niger 1.3 1.3 0.0 0.0 y

pectinolytic enzymes

an03g06310 Pmea pectinesterase pmea - aspergillus niger 0.1 0.4 0.1 0.3 y

an16g06990 Pgaa endo-polygalacturonase a pgaa - 
aspergillus niger [putative frameshift] -1.2 -0.4 0.7 0.9 y

an09g03260 PgaD endo-polygalacturonase D pgaD - 
aspergillus niger -0.2 -0.1 1.0 0.9 y

an02g04900 PgaB endo-polygalacturonases B pgaB - 
aspergillus niger 0.0 0.0 -4.3 -1.0** y

an15g05370 PgaII polygalacturonase pgaII - aspergillus 
niger 0.0 0.0 -4.2 -2.0 y

an02g10550 abnc endo-alpha-1,5-arabinanase abnc - 
aspergillus niger -0.4 0.1 3.0 2.0 y

an18g05940 gala
arabinogalactan endo-1,4-beta-
galactosidase gala - aspergillus 
aculeatus

-0.9 0.0 0.0 1.2 y

amylolitic enzymes

an04g06920 agda extracellular alpha-glucosidase agda- 
aspergillus niger -2.8 -1.1 -0.9 -0.2 y

an03g06550 glaa glucan 1,4-alpha-glucosidase glaa - 
aspergillus niger -2.0* -0.8 -2.0 -0.2 y

an11g03340 aama acid alpha-amylase aama - aspergillus 
niger -2.0* -0.6 -0.3 0.5 y
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Annotation Protein 
name

Description  - Supplemental Table 1 
(continued) average 2log ratio  sigP

inulinolytic enzymes zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

an12g08280 InuE exo-inulinase inu1 - aspergillus niger -4.1 -2.1 0.1 1.4 y

mannosidases

an01g12550 MsdS
strong similarity to mannosyl-
oligosaccharide 1,2-alpha-mannosidase 
msdS - aspergillus saitoi

0.0 -1.0 0.3 1.0 y

(putative) proteases

an14g04710 Pepa aspartic proteinase aspergillopepsin I 
pepa - aspergillus niger -1.4 -0.4 -0.8 -0.1 y

an07g08030 PepF serine carboxypeptidase pepF - 
aspergillus niger -2.0 -0.8 1.6 2.0* y

an15g06280 Pepaa
strong similarity to aspartic proteinase 
aspergillopepsin I pepa - aspergillus 
niger [truncated ORF]

-0.9 -0.1 1.0 1.2 y

an02g01550
strong similarity to secreted serine 
protease 19 kDa cS antigen cS-ag - 
coccidioides immitis

-0.2 0.4 1.7 1.6 y

an02g13750 strong similarity to glutaminase a gtaa - 
aspergillus oryzae -2.1 -1.1 0.7 1.2 y

an01g01750 similarity to lysosomal protease cLN2 - 
Rattus norvegicus -0.1 0.0 -1.6 0.0 y

an04g01440 strong similarity to precursor of pepsin 
a3 - Homo sapiens -1.0 0.0 1.4 1.1 y

an07g01320 anafp strong similarity to antifungal protein 
precursor paf - Penicillium chrysogenum -1.4 -0.5 -2.9 -1.1 y

an08g04490 Prota Endoprotease Endo-Pro- precursor Epr - 
aspergillus niger 0.1 0.3 0.6 0.8 y

an03g05200 ProtF strong similarity to carboxypeptidase S1 
- Penicillium janthinellum -0.2 0.1 0.4 0.5 y

an12g03300 Protg strong similarity to aspartic protease pr1 
- Phaffia rhodozyma -2.2 -0.6 -0.2 0.3 y

an06g00190
strong similarity to lysosomal pepstatin 
insensitive protease cLN2 - Homo 
sapiens

0.0 0.0 -4.5 -2.7 y

an18g01320
strong similarity to extracellular protease 
precursor Bar1 - Saccharomyces 
cerevisiae

-0.1 0.3 -0.4 0.2 y

an08g04640 ProtB
strong similarity to hypothetical 
lysosomal pepstatin insensitive protease 
cLN2 - canis lupus

0.2 0.3 1.3 1.4 y

an14g02150
strong similarity to serine-type 
carboxypeptidase precursor cpdS - 
aspergillus phoenicis

-2.2 -0.2 0.6 1.0 y

an02g04690
strong similarity to serine-type 
carboxypeptidase I cdpS - aspergillus 
saitoi

-2.2 -0.2 0.9 0.9 y

(putative) phytases

an12g01910 Phya3 strong similarity to phytase phya3 - 
aspergillus fumigatus 0.0 0.0 -1.8 0.2 y

an09g00670 gelD
strong similarity to 
glycosylphosphatidylinositol-anchored 
beta(1-3)glucanosyltransferase gel3 - 
aspergillus fumigatus

-0.3 0.3 0.1 0.8 y

(putative) cell wall synthesis/ 
morphogenesis enzyme

an14g01820 Phia strong similarity to hypothetical cell wall 
protein binB - aspergillus nidulans -2.8 -1.6 -0.2 1.4 y

an03g05290 BgtB glucan endo-1,3-beta-glucosidase eglc 
precursor - aspergillus niger 0.2 0.5 0.7 1.0 y

an01g11010 crhD strong similarity to cell wall protein crh1 
- Saccharomyces cerevisiae 0.1 0.4 0.6 0.6 y

an01g12450 Exsg
strong similarity to hypothetical 
glucan beta-1,3 exoglucanase exgS - 
aspergillus phoenicis

0.6 0.5 1.5 1.4 y

an07g07530 crhB strong similarity to cell wall protein Utr2 - 
Saccharomyces cerevisiae 0.0 0.0 -1.4 -0.3 y

an06g00160 strong similarity to hypothetical protein 
aN1813.2 - aspergillus nidulans -1.1 -0.1 2.0 2.0* y

an02g00850
strong similarity to hypothetical mixed-
linked glucanase precursor related 
protein MLg1 - Neurospora crassa

-0.7 0.0 0.0 0.0 y

an04g01230 Ecma
strong similarity to hypothetical 
EcM33 homolog SPcc1223.12c - 
Schizosaccharomyces pombe

-0.5 0.0 0.6 0.8 y

related to other enzymes

an08g07350
strong similarity to precursor of 
glycophospholipid-anchored surface 
glycoprotein gas1 - Saccharomyces 
cerevisiae

-0.6 -0.4 -0.9 0.1 y

an01g14940 similarity to nonhemolytic phospholipase 
c Pc-PLc - Burkholderia pseudomallei -2.0* -0.3 2.3 2.0 y
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Annotation Protein 
name

Description  - Supplemental Table 1 
(continued) average 2log ratio  sigP

zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

an03g00500
strong similarity to diglycosidase 
related protein SEQ ID NO:10 from 
patent WO200018931-a1 - aspergillus 
fumigatus

0.0 0.0 -2.6 0.2 y

an08g04630 strong similarity to hypothetical protein 
afu2g15420 - aspergillus fumigatus 0.0 0.0 0.8 2.0* y

an10g00800 strong similarity to purine nucleoside 
permease NUP - candida albicans -0.5 0.1 -0.5 0.1 y

an11g00040
weak similarity to cDNa for 59-kDa 
readthrough protein Rt - Sorghum 
chlorotic spot virus

-1.4 -0.2 0.5 0.9 y

an14g01685
strong similarity to hypothetical 
acetyltransferase afu4g03600 - 
aspergillus fumigatus

0.0 0.4 0.0 0.0 y

an14g02660
strong similarity to hypothetical necrosis 
and ethylene inducing protein BH0395 - 
Bacillus halodurans

0.0 -0.3 -2.2 -0.3 y

an14g02470
strong similarity to protein PRO304 
from patent WO200104311-a1 - Homo 
sapiens

0.0 0.0 -4.2 -0.1 y

an01g10580 strong similarity to ribonuclease t2 
precursor rntB - aspergillus oryzae -0.8 0.0 1.2 1.4 y

an02g13650 strong similarity to hypothetical protein 
afu4g00380 - aspergillus fumigatus -1.5 -0.5 0.8 1.1 y

related to unknown

an15g02250 hypothetical protein -1.3 -0.5 -1.5 -0.4 y

an14g00800
similarity to hypothetical protein 
cac38347.1 - Schizosaccharomyces 
pombe

-1.1 -0.4 0.7 0.7 y

an15g07520 similarity to hypothetical protein mlr2143 
- Mesorhizobium loti -0.8 0.0 -0.3 0.3 y

an16g00670 similarity to hypothetical protein 
aaO51454.1 - Dictyostelium discoideum 2.0* 2.0* 0.0 0.0 y

an08g10780 strong similarity to hypothetical protein 
t16K5.230 - arabidopsis thaliana -0.6 0.1 0.7 1.0 y

released via non-classical secretion 
(secP)

an01g00370 Pepab strong similarity to aspergillopepsin 
apnS - aspergillus phoenicis -0.2 -0.8 2.5 2.0 nc

related to intracellular proteins (no SigP)

an07g08490 similarity to atP-dependent helicase 
pcra - Bacillus stearothermophilus 0.0 0.0 0.0 0.0 n
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Supplemental Table 2. Quantitative analysis of the secretome of concentric zones of 7-days-old maltose-grown 
wild-type colonies of A. niger. This material is available free of charge via the internet at http://goo.gl/BH1Kd
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Supplemental Table 3. Quantitative secretome analysis of 7-days-old maltose-grown colonies of the ΔfluG strain 
of A. niger. Heat map indicates the 2log fold change of a protein identified in the ΔfluG secretome compared to 
that of wild-type. Protein release was considered differential when the average 2log ratio value was higher than 2 
or lower than -2 in one sample and at least higher than 1 or lower than -1 in the other biological replicate. Green 
and red shading indicate increased and decreased abundance of proteins when compared to zone 3, respectively. 
Y: yes; nc: non-classical; n: no.

Annotation Protein 
name

Description - Supplemental Table 3 average 2log ratio  sigP

  (putative) cellulases zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3

an14g02760 Egla endoglucanase a egla - aspergillus niger -0.5 0.0 1.7 1.2 y

an16g06800 EglB strong similarity to endoglucanase eglB - 
aspergillus niger 0.4 0.9 -2.1 -1.0 y

an03g04190  
similarity to cellulase #2 from patent 
US2003036176-a1 - Xanthomonas 
campestris

0.0 0.0 0.0 0.0 y

an03g05530  
strong similarity to endo-beta-1,4-
glucanase EgIII-like from patent 
WO9931255-a2 - Emericella desertoru

0.3 0.3 0.4 0.4 y

  xylanolytic enzymes      

an01g00780 XlnB endo-1,4-xylanase xlnB - aspergillus 
niger -1.4 -1.5 0.7 0.6 y

an01g14600  
strong similarity to endo-1,4-beta-
xylanase B xynB from patent 
WO9414965 - aspergillus tubingensis

-0.5 -1.0 0.0 0.0 y

an15g02300 abfB arabinofuranosidase B abfB - aspergillus 
niger -0.1 0.3 2.5 2.2 y

  pectinolytic enzymes      

an14g04370 Pela pectin lyase pela - aspergillus niger 0.0 0.0 0.0 -1.3 y

an16g06990 Pgaa endo-polygalacturonase a pgaa - 
aspergillus niger [putative frameshift] 0.0 0.0 -2.3 -1.2 y

an01g14670 PgaE polygalacturonase E precursor pgaE - 
aspergillus niger -0.1 0.1 2.0 1.5 y

an02g10550 abnc endo-alpha-1,5-arabinanase abnc - 
aspergillus niger 0.4 0.4 1.7 1.2 y

  amylolitic enzymes      

an03g06550 glaa glucan 1,4-alpha-glucosidase glaa - 
aspergillus niger -0.8 -0.9 -0.4 0.3 y

an05g02100  extracellular alpha-amylase amya/amyB 
- aspergillus niger 0.0 0.0 0.0 0.0 y

an11g03340 aama acid alpha-amylase aama - aspergillus 
niger -2.0 -2.1 -1.1 -0.1 y

inulinolytic enzymes     

an12g08280 InuE exo-inulinase inu1 - aspergillus niger -2.7 -2.2 1.1 1.6 y

  (putative) proteases      

an02g13750  strong similarity to glutaminase a gtaa - 
aspergillus oryzae -2.4 -2.4 0.0 1.1 y

an14g04710 Pepa aspartic proteinase aspergillopepsin I 
pepa - aspergillus niger 0.0 0.0 0.0 -3.0 y

an03g05200 ProtF strong similarity to carboxypeptidase S1 
- Penicillium janthinellum -0.4 -0.7 -0.2 0.3 y

an01g01750  similarity to lysosomal protease cLN2 - 
Rattus norvegicus 0.0 0.0 -2.5 -0.2 y

an08g04490 Prota Endoprotease Endo-Pro- precursor Epr - 
aspergillus niger -0.3 -0.1 0.5 0.4 y

an14g02150  
strong similarity to serine-type 
carboxypeptidase precursor cpdS - 
aspergillus phoenicis

0.0 0.0 -1.2 -0.7 y

an08g04640 ProtB
strong similarity to hypothetical 
lysosomal pepstatin insensitive protease 
cLN2 - canis lupus

-0.6 -0.4 0.3 0.5 y

an12g03300 Protg strong similarity to aspartic protease pr1 
- Phaffia rhodozyma -1.5 -0.1 0.0 0.0 y

an02g01550  
strong similarity to secreted serine 
protease 19 kDa cS antigen cS-ag - 
coccidioides immitis

-0.6 0.0 1.0 1.3 y

an02g04690  
strong similarity to serine-type 
carboxypeptidase I cdpS - aspergillus 
saitoi

0.0 0.0 -1.0 -0.5 y

an18g01320  
strong similarity to extracellular protease 
precursor Bar1 - Saccharomyces 
cerevisiae

-0.2 0.1 -0.3 0.1 y
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Annotation Protein 
name

Description - Supplemental Table 3 
(continued) average 2log ratio  sigP

  superoxide dismutase zone 
1/3

zone 
2/3

zone 
4/3

zone 
5/3  

an01g01820 catR catalase R catR - aspergillus niger 0.0 0.0 0.0 0.0 y

  (putative) cell wall synthesising/ 
morphogenesis enzymes      

an14g01820 Phia strong similarity to hypothetical cell wall 
protein binB - aspergillus nidulans -0.5 0.0 -0.1 0.4 y

an03g05290 BgtB glucan endo-1,3-beta-glucosidase eglc 
precursor - aspergillus niger -0.2 0.0 -0.2 0.0 y

an01g11010 crhD strong similarity to cell wall protein crh1 
- Saccharomyces cerevisiae 0.2 0.4 0.8 0.4 y

an07g01160 crhc strong similarity to cell wall protein Utr2 - 
Saccharomyces cerevisiae 0.0 0.0 0.3 1.2 y

an01g12450 Exsg
strong similarity to hypothetical 
glucan beta-1,3 exoglucanase exgS - 
aspergillus phoenicis

0.0 0.2 1.5 1.6 y

an04g01230 Ecma
strong similarity to hypothetical 
EcM33 homolog SPcc1223.12c - 
Schizosaccharomyces pombe

-0.3 0.0 1.0 0.8 y

an09g00670 gelD
strong similarity to 
glycosylphosphatidylinositol-anchored 
beta(1-3)glucanosyltransferase gel3 - 
aspergillus fumigatus

-0.3 0.0 0.4 0.5 y

  related to other enzymes      

an11g00040  
weak similarity to cDNa for 59-kDa 
readthrough protein Rt - Sorghum 
chlorotic spot virus

-0.4 -0.1 0.2 0.5 y

an08g10780  strong similarity to hypothetical protein 
t16K5.230 - arabidopsis thaliana 0.0 0.0 1.3 0.0 y

an01g10580  strong similarity to ribonuclease t2 
precursor rntB - aspergillus oryzae -0.4 0.2 0.8 0.8 y

an10g00800  strong similarity to purine nucleoside 
permease NUP - candida albicans 0.0 0.0 0.0 0.0 y

  related to unknown      

an14g00800  
similarity to hypothetical protein 
cac38347.1 - Schizosaccharomyces 
pombe

-0.4 0.4 0.8 0.8 y

an15g07520  similarity to hypothetical protein mlr2143 
- Mesorhizobium loti 0.0 0.0 -0.2 0.4 y

an06g00160  strong similarity to hypothetical protein 
aN1813.2 - aspergillus nidulans 0.0 0.0 0.0 0.0 y

an16g00670  similarity to hypothetical protein 
aaO51454.1 - Dictyostelium discoideum 1.3 1.1 0.0 0.0 y

an02g13650  strong similarity to hypothetical protein 
afu4g00380 - aspergillus fumigatus 0.0 0.0 0.0 -1.4 y

  released via non-classical secretion 
(secP) 0.0 0.0 0.0 0.0  

released via non-classical secretion 
(secP)     

an14g01685  
strong similarity to hypothetical 
acetyltransferase afu4g03600 - 
aspergillus fumigatus

1.2 1.2 0.0 0.0 nc

  related to intracellular (no sigP)      

an13g01830  
weak similarity to SaK-b serine-
threonine kinase from patent 
ca2150789-a - Mus musculus

-0.2 -0.3 0.0 0.0 n
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Supplemental Table 4. Quantitative analysis of the secretome of concentric zones of maltose-grown colonies 
of the ΔfluG strain of A. niger. This material is available free of charge via the internet at http://goo.gl/BH1Kd
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Supplemental Table 5. Quantitative difference between the secretome of ΔfluG and wild-type A. niger colonies. 
Proteins released in zones 1, 3 and 5 of ΔfluG were compared to zones 1,3 and 5 of the wild-type, respectively. 
Heat map indicates the 2log fold change of a protein identified in the ΔfluG secretome compared to that of wild-
type. Protein release was considered differential when the average 2log ratio value was higher than 2 or lower 
than -2 in one sample and at least higher than 1 or lower than -1 in the other biological replicate. Green and red 
shading indicate increased and decreased abundance of proteins when compared to zone 3, respectively. * In this 
case the average 2log value was below 2, or higher than -2, but the value was at least (-)2 or (-)1 in both biological 
replicates. ** In this case the average 2log value was higher than 2 or lower than -2, but not at least higher than 1, 
or lower than -1 in both biological replicates.Y: yes; nc: non-classical; n: no.

Annotation Protein 
name Description - Supplemental Table 4 average 2log ratio Δflug/

wt SigP

cellulases zone 
1/1

zone 
3/3

zone 
5/5

an14g02760 Egla endoglucanase a egla - aspergillus niger -0.7 -0.4 -0.9 y

an16g06800 EglB strong similarity to endoglucanase eglB - 
aspergillus niger 0.1 0.6 -4.3 y

an07g09330 cbha 1,4-beta-D-glucan cellobiohydrolase a precursor 
cbha - aspergillus niger 0.0 0.0 0.0 y

an01g03340 Probable xyloglucan-specific endo-beta-1,4-
glucanase a precursor xgea  - aspergillus niger 0.0 0.3 0.0 y

an14g02670 strong similarity to endoglucanase IV egl4 - 
trichoderma reesei 0.0 0.0 0.0 y

an03g04190 similarity to cellulase #2 from patent 
US2003036176-a1 - Xanthomonas campestris 0.0 0.0 0.0 y

xylanolytic enzymes

an01g00780 XlnB endo-1,4-xylanase xlnB - aspergillus niger -2.4 0.0 -2.4 y

an01g14600 strong similarity to endo-1,4-beta-xylanase B xynB 
from patent WO9414965 - aspergillus tubingensis -3.0 -2.9 0.0 y

an12g05010 axea acetyl xylan esterase axea - aspergillus niger 0.0 0.0 0.0 y

an03g00960 axha 1,4-beta-D-arabinoxylan arabinofuranohydrolase 
axha - aspergillus niger 0.0 0.0 0.0 y

an15g02300 abfB arabinofuranosidase B abfB - aspergillus niger 2.2 3.6 0.0 y

an02g11150 aglB alpha-galactosidase aglB - aspergillus niger 0.0 0.0 -4.2 y

an04g09700 strong similarity to endo-xylogalacturonan 
hydrolase xgha - aspergillus tubingensis 0.0 -4.6 0.0 y

amylolitic enzymes

an03g06550 glaa glucan 1,4-alpha-glucosidase glaa - aspergillus 
niger 0.9 0.5 -0.4 y

an11g03340 aama acid alpha-amylase aama - aspergillus niger -0.4 0.1 0.9 y

an05g02100 extracellular alpha-amylase amya/amyB - 
aspergillus niger 0.0 0.0 0.0 y

an04g06920 agda extracellular alpha-glucosidase aglda- aspergillus 
niger 0.0 0.0 0.0 y

inulinolytic enzymes

an12g08280 InuE exo-inulinase inu1 - aspergillus niger 0.0 2.0* 1.0 y

pectinolytic enzymes

an16g06990 Pgaa endo-polygalacturonase a pgaa - aspergillus niger 
[putative frameshift] 0.0 -4.3 -1.1 y

an01g14670 PgaE polygalacturonase E precursor pgaE - aspergillus 
niger 0.0 3.0 0.0 y

an14g04200 RhgB rhamnogalacturonase rhgB - aspergillus niger 0.0 0.0 0.0 y

an14g04370 Pela pectin lyase pela - aspergillus niger 0.0 0.0 -0.8 y

an02g10550 abnc endo-alpha-1,5-arabinanase abnc - aspergillus 
niger -0.7 -1.3 -0.6 y

an03g06310 Pmea pectinesterase pmea - aspergillus niger 0.0 -4.3 -2.0* y

mannosidase

an01g12550 MsdS strong similarity to mannosyl-oligosaccharide 
1,2-alpha-mannosidase msdS - aspergillus saitoi 0.0 0.0 0.0 y

(putative) cell wall synthesis/ morphogenesis 
enzyme
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Annotation Protein 
name Description - Supplemental Table 4 (continued) average 2log ratio Δflug/

wt SigP

zone 
1/1

zone 
3/3

zone 
5/5

an03g05290 BgtB glucan endo-1,3-beta-glucosidase eglc precursor - 
aspergillus niger -2.1 -1.5 -0.5 y

an01g12450 Exsg strong similarity to hypothetical glucan beta-1,3 
exoglucanase exgS - aspergillus phoenicis -2.0* -1.2 -1.0 y

an01g11010 crhD strong similarity to cell wall protein crh1 - 
Saccharomyces cerevisiae 0.7 0.6 0.6 y

an04g01230 Ecma strong similarity to hypothetical EcM33 homolog 
SPcc1223.12c - Schizosaccharomyces pombe 0.5 0.3 0.1 y

an03g05530
strong similarity to endo-beta-1,4-glucanase 
EgIII-like from patent WO9931255-a2 - Emericella 
desertoru

0.8 0.3 0.6 y

an06g00160 strong similarity to hypothetical protein aN1813.2 - 
aspergillus nidulans 0.0 -2.3 0.0 y

an07g07530 crhB strong similarity to cell wall protein Utr2 - 
Saccharomyces cerevisiae 0.0 0.0 0.0 y

an14g01820 Phia strong similarity to hypothetical cell wall protein 
binB - aspergillus nidulans -3.5 -5.6 0.0 y

phospholypase

an01g14940 similarity to nonhemolytic phospholipase c Pc-
PLc - Burkholderia pseudomallei 0.0 -4.8 0.0 y

Superoxide dismutases

an01g01820 catR catalase R catR - aspergillus niger 0.0 0.0 0.6 y

(putative) proteases

an03g05200 ProtF strong similarity to carboxypeptidase S1 - 
Penicillium janthinellum -3.3 -2.9 -2.0* y

an02g13750 strong similarity to glutaminase a gtaa - aspergillus 
oryzae -2.6 -2.1 -1.4 y

an15g06280 Pepaa
strong similarity to aspartic proteinase 
aspergillopepsin I pepa - aspergillus niger 
[truncated ORF]

0.0 0.0 0.0 y

an14g04710 Pepa aspartic proteinase aspergillopepsin I pepa - 
aspergillus niger 0.0 0.0 -5.0 y

an07g08030 PepF serine carboxypeptidase pepF - aspergillus niger 0.0 -2.0 0.0 y

an06g00190 strong similarity to lysosomal pepstatin insensitive 
protease cLN2 - Homo sapiens 0.0 0.0 -0.8 y

an01g01750 similarity to lysosomal protease cLN2 - Rattus 
norvegicus 0.0 -1.0 0.0 y

an04g01440 strong similarity to precursor of pepsin a3 - Homo 
sapiens 0.0 0.0 0.0 y

an02g01550 strong similarity to secreted serine protease 19 kDa 
cS antigen cS-ag - coccidioides immitis -0.1 -0.2 0.3 y

an02g04690 strong similarity to serine-type carboxypeptidase I 
cdpS - aspergillus saitoi -1.1 -3.0 0.0 y

an08g04490 Prota Endoprotease Endo-Pro- precursor Epr - 
aspergillus niger -1.3 -1.6 -0.9 y

an08g04640 ProtB strong similarity to hypothetical lysosomal pepstatin 
insensitive protease cLN2 - canis lupus -2.2 -1.2 -0.3 y

an18g01320 strong similarity to extracellular protease precursor 
Bar1 - Saccharomyces cerevisiae 0.0 -0.9 -1.4 y

an01g00370 Pepab strong similarity to aspergillopepsin apnS - 
aspergillus phoenicis 0.0 0.0 0.0 n

an14g02150 strong similarity to serine-type carboxypeptidase 
precursor cpdS - aspergillus phoenicis 0.0 -3.7 0.0 y

an08g05230 strong similarity to hypothetical endoglucanase IV - 
trichoderma reesei 0.0 0.0 0.0 y

related to other

an07g01320 anafp strong similarity to antifungal protein precursor paf 
- Penicillium chrysogenum 0.0 -2.3 0.0 y

an12g03300 Protg strong similarity to aspartic protease pr1 - Phaffia 
rhodozyma 0.0 0.5 -0.3 y

an08g10780 strong similarity to hypothetical protein t16K5.230 - 
arabidopsis thaliana 0.0 -2.5 0.0 y

an09g00670 gelD
strong similarity to glycosylphosphatidylinositol-
anchored beta(1-3)glucanosyltransferase gel3 - 
aspergillus fumigatus

1.4 1.4 0.0 y

an10g00800 strong similarity to purine nucleoside permease 
NUP - candida albicans 0.0 0.0 -2.4 y

an11g00040 weak similarity to cDNa for 59-kDa readthrough 
protein Rt - Sorghum chlorotic spot virus -0.4 -1.3 -1.2 y

an14g00800 similarity to hypothetical protein cac38347.1 - 
Schizosaccharomyces pombe 0.0 0.1 0.0 y
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Annotation Protein 
name Description - Supplemental Table 4 (continued) average 2log ratio Δflug/

wt SigP

related to unknown proteins zone 
1/1

zone 
3/3

zone 
5/5

an02g13650 strong similarity to hypothetical protein afu4g00380 
- aspergillus fumigatus 0.0 0.0 -4.8 y

an08g04630 strong similarity to hypothetical protein afu2g15420 
- aspergillus fumigatus 0.0 0.0 0.0 y

an01g10580 strong similarity to ribonuclease t2 precursor rntB - 
aspergillus oryzae -1.1 -1.6 -1.2 y

an16g00670 similarity to hypothetical protein aaO51454.1 - 
Dictyostelium discoideum 0.1 0.0 0.0 y

an15g02250 hypothetical protein 0.0 0.0 0.0 y

released via non-classical secretion (secP)

an13g01830 weak similarity to SaK-b serine-threonine kinase 
from patent ca2150789-a - Mus musculus 0.0 1.4 0.0 nc

related to intracellular proteins (no sigP)

an14g01685 strong similarity to hypothetical acetyltransferase 
afu4g03600 - aspergillus fumigatus 0.6 0.0 0.0 n
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Supplemental Table 6. Quantitative analysis of the secretome of concentric zones of maltose-grown colonies of 
the ΔfluG strain of A. niger compared to the wild-type. This material is available free of charge via the internet 
at http://goo.gl/BH1Kd
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Supplemental Figure 1: 2log ratios of the technical duplicate of individual proteins of zone 3 of wild-type 
(A) and ΔfluG (B) as was obtained by labeling the peptides with two different dimethyl labels. The data of the 
biological duplicates are shown. 
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Supplemental Figure 2. Dry weight of 7-days-old xylose-grown colonies of wild-type and ∆fluG. *indicates 
significant difference in biomass ( t-test p<0.05). 
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Supplemental Figure 3:  Growth, (ADGJ), protein synthesis (BEHK), and secretion (CFIL) in 7-days-old 
xylose-grown wild-type (A-F) and ∆fluG (G-L) colonies. Colonies were analysed before (ABC, GHI) and after 
transfer (DEF, JKL) to fresh xylose medium. Growth was detected with 14C-labeled N-acetylglucosamine. 
Protein synthesis and secretion were monitored by incorporation of 14C-labeled amino acids. Secreted proteins 
were immobilized by a PVDF membrane that had been placed underneath the colony. 
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Supplemental Figure 4: SDS-PAGE of the secretome of concentric zones of 7-days-old xylose-grown colonies 
of wild-type (A) and ΔfluG (B) that had either (+) or not (-) been treated with cycloheximide. Gels were stained 
with Coommassie Brilliant Blue. Zone 1 represents the central zone, whereas the peripheral zone is represented 
by zone 5. 
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Chapter 6

Summary and General 
Discussion

Part of this Chapter was published as Wösten HAB, van Veluw GJ, de Bekker C, 
Krijgsheld P (2013) Heterogeneity in the mycelium; implications for the use of 
fungi as cell factories. Biotechnol. Lett. 2013 Apr 17. [Epub ahead of print] doi: 
10.1007/s10529-013-1210-x. Copyright © 2013 Springer Science Business Media.
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INTRODUCTIONAspergillus species are among the most abundant fungi in the world. The 
Aspergillus genus comprises up to 837 species1-3 that contribute to element 

recycling in nature by degrading dead organic material. They particularly degrade 
complex plant material.4 As such, aspergilli can cause spoilage of food and feed. 
Some Aspergillus species are pathogenic for plants, animals and humans, and 
can affect the quality of the indoor environment. Yet, they are also beneficial 
for mankind by functioning as cell factories. The capacity of aspergilli to secrete 
proteins is enormous. For instance, some strains of Aspergillus niger secrete more 
than 30 grams per liter glucoamylase.5 The fact that aspergilli secrete a large 
variety of enzymes that degrade for instance plant material makes these fungi also 
of interest as cell factories. Many of these enzymes can be used in the food and 
feed industry, in the production of bioethanol, or can be used as pharmaceutical 
proteins. 
 An Aspergillus colony consists of a network of interconnected hyphae, 
also known as mycelium.6 Colonies can grow as centimeter-scale macro-colonies 
on agar medium, or (sub-) millimeter-scale micro-colonies during submerged 
growth in liquid medium. The center of these colonies represents the oldest part 
of the mycelium, whereas the youngest part of the mycelium is found at the colony 
periphery. Hyphae at the outer part of the colony are exposed to unexplored 
substrate, whereas hyphae in intermediate and central zones are confronted with 
a (partly) utilized medium. As a consequence, zones of colonies of A. oryzae7 
and A. niger8-10 are heterogeneous with respect to gene-expression. Notably, the 
differences in medium composition only explain 50% of the zonal differences in 
RNA composition.9 The other half of the variation is caused by differentiation 
processes in the vegetative mycelium. Zones of colonies are also heterogeneous 
with respect to growth and secretion.9, 11 For instance, colonies that have been 
grown for 5-7 days on an agar medium with maltose or xylose as a carbon source 
only grow and secrete at the outer part of the colony. 
 Aspergilli initiate sexual or asexual development after a period of 
vegetative growth. The sexual cycle has been identified in a number of aspergilli 
(i.e. in A. nidulans,12 A. flavus,13 A. parasiticus,14 A. fumigatus,15and A. nomius16). 
Genes underlying sexual development have been identified in A. niger,17 but until 
now only asexual development has been observed. The morphological process of 
asexual development in A. niger resembles that of A. nidulans (Chapter 1).6 The 
first step of asexual development is the formation of a stalk. This aerial hypha 
develops from a foot cell in the vegetative mycelium. A vesicle is formed at the tip 
of the stalk after it has reached a length of about 100 µm. Metulae are formed at 
the surface of the vesicle by budding and they in turn give rise to phialides. The 
phialides finally bud into chains of (mainly) uninucleate conidia (Chapter 1).6 
Genes underlying the asexual developmental pathway have been well studied in 
A. nidulans.6 Gene fluG is assumed to act at the start of the sporulation pathway.18 
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It has been proposed to be involved in the production of an extracellular factor 
that binds to an unknown receptor, thus activating the sporulation program.18 
Formation of asexual reproductive structures is abolished in the ΔfluG strain of 
A. nidulans.19 FluG of A. nidulans releases the repression of the SfgA protein on 
the flbA-E genes.20, 21 The phenotype of either of the Δflb colonies of A. nidulans is 
similar to that of ΔfluG. They only form vegetative and aerial hyphae.19 Gene flbA 
encodes a Regulator of G-protein signaling. It hydrolyses the intrinsic activity of the 
active GTP-bound Gα-subunit FadA into its inactive GDP-bound conformation. 
The inactive Gα-submit is part of a heterotrimeric complex together with the 
Gβ- and Gγ- subunits that are encoded by sfaD and gpgA, respectively.22-25 When 
GDP is exchanged for GTP on the Gα-subunit, it dissociates from the β- and γ- 
subunit. Both the activated Gα-subunit and the Gβγ-dimer promote vegetative 
growth and inhibit asexual development. Like FlbB-E, FlbA stimulates expression 
of the central regulatory gene of asexual development brlA.19, 22 A ΔbrlA colony of 
A. nidulans forms vegetative and aerial hyphae and also initiates stalk formation. 
However, these stalks do not stop their growth when they reach a length of 100 
µm and do not form vesicles.26 This gives the colony a bristle phenotype.
 The aim of this Thesis was to study spatial secretion patterns in macro-
colonies of the cell factory A. niger and to identify genes that are involved in zonal 
secretion. It is shown that FlbA and FluG but not BrlA impact zonal secretion. The 
role of FlbA on spatial protein secretion is explained, at least in part, by its impact 
on gene expression and the thickness of the cell wall.

ASexUAl DevelOpmeNT IN A. niger

Asexual development in A. oryzae27 is identical to that in A. nidulans19, 28 with 
respect to the functions of flbA, brlA, and fluG. In contrast, the functions of 

these genes of A. fumigatus differ. Like A. nidulans, flbA of A. fumigatus activates 
asexual development via induction of brlA but the ΔflbA strain of A. fumigatus 
does not show hyphal disintegration.29 Moreover, the ΔfluG strain of A. fumigatus 
is not affected in conidiophore formation29, while its brlA gene functions earlier in 
the developmental program as compared to A. nidulans. The latter was concluded 
from the fact that both conidiophore and stalk formation were abolished in the 
ΔbrlA mutant.29 In my Thesis, I studied the role of fluG (Chapter 5), flbA (Chapter 
3 and 4) and brlA (Chapter 3) in asexual development of A. niger. Inactivation of 
brlA of A. niger resulted in a bristle phenotype like that in A. nidulans19, 28 and A. 
oryzae.27 The ΔbrlA colonies of A. niger formed stalks that did not stop their growth. 
They reached a length of up to 1000 µm, which is 20-30 times longer than that of 
wild-type stalks. Inactivation of flbA of A. niger also showed a phenotype similar 
to that observed in A. nidulans19, 28 and A. oryzae.27 The ∆flbA strain of A. niger 
neither formed conidiophores nor stalks. Instead, masses of aerial hyphae were 
observed. Inactivation of flbA did not have a major impact on the expression of 
genes involved in asexual development (Chapter 4). 13 out of 68 genes implicated 
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in reproduction were differentially expressed when compared to the wild-type. 
Genes flbD and sfaD were among the 6 genes that were up-regulated ≥ 2-fold in 
the ΔflbA strain. In contrast, expression of these genes was not increased in the 
ΔflbA strains of A. nidulans and A. oryzae.27, 30 Transcripts of brlA were absent in 
wild type A. niger colonies, while some brlA expression was observed in the center 
of ΔflbA colonies. This indicates that FlbA is a repressor of brlA expression in part 
of the colony. So far, FlbA has only been reported as a (in)direct stimulator of brlA 
expression in A. nidulans,19 A. oryzae,27 and A. fumigatus.29 
 Inactivation of fluG in A. niger resulted in fully developed conidiophores. 
Notably, sterigmata were also formed at the stalks (Chapter 5). I propose that 
FluG of A. niger is responsible for proper spatial and or temporal expression of 
component(s) of the sporulation pathway, thereby ensuring proper development 
of the conidiophore.It cannot be excluded that formation of sterigmata on stalks 
also takes place in the ΔfluG strain of A. fumigatus. This phenoptype is only 
observed by scanning electron microscopy, a method that was not used to study 
the deletion strain of A. fumigatus. Taken together, it can be concluded that the 
sporulation pathway of A. niger is similar but not identical to that of A. nidulans, 
A. oryzae, and A. fumigatus. 

Sporulation-inhibited secretion in A. niger
Until recently it was believed that only growing hyphae secrete proteins. This was 
based on the finding that both protein secretion and growth are mainly observed 
at the periphery of sandwiched colonies and that proteins are released at tips of 
growing hyphae only.11 Levin et al.9 and I (Chapter 2 and 5), however, showed that 
protein secretion can also occur in non-growing zones of a sandwiched colony. 
Growth was still localized at the periphery when 7-days-old xylose- or maltose-
grown colonies were transferred for 24 hours to fresh medium, but proteins were 
now also secreted in the center (Chapter 2 and 5). Only a sub-peripheral zone 
(zone 4) still did not release newly synthesized proteins in the medium, as was 
shown by labeling with radioactive amino acids. In the next set of experiments the 
composition of the secretome of 5 concentric zones of transferred xylose-grown 
colonies (zone 1 representing the inner center and zone 5 the outer periphery) was 
determined by quantitative mass spectrometry (Chapter 2). It had been shown 
that a large part of secreted proteins is associated with or trapped in the cell wall 
of A. niger.10 I used the protein synthesis inhibitor cycloheximide to distinguish 
between proteins that had been synthesized and secreted into the culture 
medium immediately after transfer to fresh medium and proteins that had been 
formed before transfer and that are slowly released in the medium. Thus, newly 
secreted proteins in the secretome were expected to be identified by subtracting 
the secretome of cyclohemixide treated colonies from non-treated cultures. As 
expected, less proteins were released at the periphery of cycloheximide-treated 
colonies. However, the treated colonies released more secreted proteins in 
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intermediate and central zones when compared to untreated colonies. How can 
this phenomenon be explained? Cycloheximide treatment resulted in thinner 
cell walls in these inner zones but not at the colony periphery. Fluffy material 
surrounding the hyphae in these zones, as observed by transmission electron 
microscopy, indicated that the cell wall had been partially degraded during 
cycloheximide treatment. The degradation of the cell wall would release proteins 
that are trapped in the cell wall or that interacted with cell wall polymers in a 
faster way than would occur in non-treated colonies. 
 As mentioned above, a major part of the proteins are associated with the 
cell walls of A. niger. This is also reflected by the fact that 124 and 59 proteins 
were detected in the culture medium of wild-type colonies that had or had not 
been treated with cycloheximide (Chapter 2). In addition, 70 and 65 proteins 
were ≥ 4-fold more abundant in the central zone 1 and the intermediate zone 
3, respectively, in cycloheximide treated colonies when compared to untreated 
colonies. From these data it was concluded that cycloheximide can be used to 
obtain a near complete qualitative and quantitative secretome of A. niger. The fact 
that 19 proteins have been detected in this study that had not been identified 
in the secretome of A. niger before31-34 is of interest from a biotechnological 
point of view. The protein mixture resulting from cycloheximide treatment may 
show improved degradation of plant material, which may be of interest for the 
bioethanol industry. 
 The non-growing sub-peripheral zone 4 still did not secrete proteins 
when colonies were transferred to fresh medium (Chapter 2). This zone started 
to sporulate when the upper membrane of the sandwiched colony was removed 
(Chapter 3). This indicated that sporulation represses secretion in the vegetative 
mycelium. To test this hypothesis, zonal secretion of the ΔfluG, ΔflbA, and ΔbrlA 
strain was localized (Chapter 3, 4, and 5). Zonal growth and secretion were not 
affected in the ΔbrlA strain (Chapter 3). From this it was concluded that sporulation 
inhibited secretion acts upstream of BrlA. Indeed, growth and secretion patterns 
had changed in the case of the ΔfluG and ΔflbA colonies (Chapter 3 and 5). Growth 
in 7-days-old maltose- and xylose-grown colonies of the ΔfluG strain occurred 
at the periphery, as was shown in the wild-type. Transfer of 6-days-old ΔfluG 
colonies to fresh xylose medium for 24 h did not change the growth pattern. This 
was also observed for the wild-type that had been grown on xylose or maltose.9 
In contrast, growth mainly occurred in the center of transferred maltose-grown 
ΔfluG colonies. Growth in the center of the colony was also observed after transfer 
of xylose- and maltose-grown (unpublished data) ΔflbA colonies (Chapter 3). In 
fact, in this case growth was shown to occur throughout the colony. The impact 
of FluG on growth was also illustrated by the fact that ΔfluG colonies produced 
20-60 % more biomass than the wild-type after 7-days of growth (Chapter 5). In 
contrast, the biomass of ΔflbA colonies was similar or even less than the wild-
type (Chapter 3). This may be explained by accelerated autolysis of the mycelium 
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(see below). Taken together, these data indicate that both FlbA and FluG act as 
repressors of vegetative growth, at least in intermediate (FlbA) and central (FlbA, 
FluG) zones of the colony. Only 10 and 2 genes out of 102 genes predicted to be 
involved in cell wall synthesis17 were up- and down-regulated in 7-days-old non-
transferred colonies of the ΔflbA strain, respectively (Chapter 4). These genes may 
be involved in the changed spatial distribution of growing hyphae in the colony. 
The expression of the chsF chitin synthase gene is most interesting. This gene 
is periphery specific in wild-type colonies. Expression levels are similar in the 
central zones of the ΔflbA strain when compared to the periphery of the wild-type 
strain, and are even higher at the periphery of the ΔflbA strain. 
 Proteins were most abundantly secreted at the periphery of non-
transferred maltose and xylose grown ΔfluG and wild-type colonies (Chapter 5), 
while both the periphery and the colony center were active in secretion in non-
transferred ∆flbA colonies (Chapter 3). Notably, the colony center of transferred 
xylose-grown wild-type colonies showed a similar secretion pattern as non-
transferred ∆flbA colonies, while secretion occurred throughout the mycelium 
when ∆flbA colonies had been transferred to fresh xylose-containing medium. 
Transferred maltose-grown ΔfluG and wild-type colonies also secreted more 
protein in the colony center but protein secretion was still most abundant at 
the colony periphery (Chapter 5). 71 and 44 proteins with a signal sequence for 
secretion were identified in the secretome of maltose-grown wild-type and ΔfluG 
colonies, respectively. Moreover, 1 protein in each case was identified with a motif 
for non-classical secretion. 39 out of the 45 proteins of the ΔfluG secretome were 
also found in the secretome of the wild-type (Chapter 5). This shows that the 
secretome of ΔfluG is less complex than that of the wild-type and far less complex 
than that of ΔflbA. In the latter case even 138 proteins with a signal sequence 
for secretion were identified, as well as 15 proteins with a motif for non-classical 
secretion (Chapter 3). Quantitative MS/MS analysis showed that 22 proteins were 
more abundantly released in the wild-type colony when compared to the ΔfluG 
strain, while only 3 proteins were secreted to a lower extent (Chapter 5). These 
data imply that FluG has a positive impact on protein secretion into the culture 
medium. In contrast, FlbA has a negative effect on protein secretion as judged 
from the secretome complexity and the spatial distribution of protein secretion of 
the ΔflbA strain (Chapter 3). 
 Quantitative mass spectrometry analysis showed that zonal secretion 
heterogeneity was less pronounced in the ∆flbA colonies when compared to the 
wild-type colonies (Chapter 3). For instance, only 8 and 4 out of the 138 proteins 
were differentially released in the central zone 1 and the sub-peripheral zone 4 
compared to the intermediate zone 3, respectively (Chapter 3). These numbers 
were 8 and 16 out of the 59 secreted proteins in the case of the wild-type (Chapter 
2). Reduced secretion heterogeneity in the ∆flbA colonies coincided with a more 
complex secretome when compared to the wild-type. As mentioned above, the 
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secretome of ∆flbA colonies consisted of 138 proteins with a signal sequence and 
15 proteins with a motif for non-classical secretion. Of these, 18 and 12 had not 
been reported in any secretome study31-33, 35, 36 (Chapter 3). Moreover, 101 and 
70 proteins had not been identified in the secretome of 7-days-old xylose-grown 
wild-type colonies that had not or had been treated with cycloheximide (Chapter 
2, 3). 23 out of the 70 proteins were differentially expressed in 7-days-old non-
transferred xylose-grown colonies, of which 22 were up-regulated in the ΔflbA 
strain (Chapter 4). Thus, part of the differences in the secretome between the 
wild-type strain and the ΔflbA strain is caused by transcriptional control. Another 
part of the differences may be explained by induction of genes after transfer to 
fresh medium and by (post)-translational regulation. Moreover, part of the 
secretome of the wild-type may still be trapped in or associated with the cell wall 
after cycloheximide treatment. This may be different in the ΔflbA strain. This is 
based on the finding that the width of the cell wall of hyphae at the periphery of 
colonies of the ΔflbA strain was 85 % of that of peripheral hyphae of the wild-
type, while it was only 58 % in the colony center. Moreover, unlike the wild-type 
(Chapter 2) cycloheximide treatment did not affect the width of the cell wall in 
the centre of ΔflbA colonies (Chapter 3). A role of FlbA in cell wall thickness 
may be linked to its activity as a repressor of vegetative growth. Indeed, the 
G-protein complex stimulating vegetative growth has a role in cell wall synthesis 
in A. nidulans.37 Inactivation of the Gβ subunit sfaD resulted in increased chitin 
content of the cell wall. As a consequence, porosity of the cell wall was reduced. 
It is tempting to speculate that overexpression of sfaD would result in reduced 
chitin levels, improved porosity and thinner cell walls. This would be in line with 
the finding that sfaD expression was 2-fold up-regulated in the ΔflbA strain of 
A. niger (Chapter 4). The role of FlbA in cell wall synthesis may be mediated via 
the differential expression of 12 genes involved in this process (Chapter 4). These 
genes encode proteins with synthesizing activity, cell wall processing activity 
(i.e. crosslinking), as well as degradation activity (An04g04670), all of them may 
function in architecture and thickness of the cell wall. 
 55 proteins were identified in the wild-type secretome that were absent 
in the culture medium of the ∆flbA strain (Chapter 3). 35 out of the 55 genes 
encoding these proteins were differentially expressed in non-transferred xylose-
grown colonies, of which 33 were down-regulated in the ΔflbA strain (Chapter 4). 
From this it is concluded that transcriptional control has a major impact on genes 
encoding proteins that are released by the wild-type strain but not by the ΔflbA 
strain.  
 Hyphae of the ∆flbA strain of A. nidulans,19, 27, 28, 38 but not those of A. 
fumigatus29 go in autolysis when colonies get older. So far, it has not been 
established whether autolysis takes place in sandwiched cultures of the A. niger 
ΔflbA strain. The secretome of the A. niger ΔflbA strain only contained 15 proteins 
without a signal sequence or a motif for non-classical secretion. Moreover, a semi-
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tryptic Mascot search assigned only twelve extra proteins (i.e. 8.5 %) in the culture 
medium. This indicates that proteinases are not highly active in the culture 
medium of the ∆flbA strain. The strongest indication for autolysis in the A. niger 
ΔflbA strain is the presence of chitinase chiB (An02g07020) in the culture medium. 
This enzyme has been related to autolysis of the ∆flbA mycelium of A. nidulans.39 
It would be of interest to assess whether inactivation of chiB also reduces release of 
intracellular proteins in the ΔflbA strain of A. niger, as was shown for A. nidulans. 

CONClUDING RemARKS

In this Thesis I have shown that asexual development in A. niger is not identical 
to that of A. nidulans. FluG of A. niger is involved in proper development of 

conidiophores, whereas this protein initiates sporulation in A. nidulans. FluG also 
represses growth and has a positive impact on secretion heterogeneity and the 
complexity of the secretome. The latter may be due to a local repressing effect 
of FluG on components of the sporulation pathway that also results in proper 
development of the conidiophores. Such a mechanism would be in line with the 

Figure 1. FlbA has an effect on expression of genes encoding transcriptional regulators and genes involved in 
cell wall synthesis. Modulation of expression of such genes may result in thinner cell walls. Secreted proteins will 
be more easily trapped in a thicker cell wall or interact with the cell wall components (left) when compared to a 
thinner cell wall (right). Therefore, strains with a thinner cell wall are of interest for the industry that uses fungi 
as a cell factory. 

phenomenon of sporulation inhibited secretion. Like FluG, FlbA increases zonal 
secretion heterogeneity and represses growth. However, FlbA has an opposite 
role when compared to FluG by reducing the complexity of the secretome and 
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stimulating sporulation. It was also shown that FlbA is involved in cell wall 
thickness, thereby reducing release of proteins into the culture medium. FlbA may 
impact zonal heterogeneity in growth and secretion, secretome complexity and cell 
wall thickness via different transcription factors (Chapter 4). 38 transcriptional 
regulators were found to be differentially regulated in the ΔflbA strain. Most of 
these regulators have not been characterized. This should be subject of future 
studies because modulation of expression of one or more of these transcription 
factors may improve A. niger as a cell factory. For instance, strains can be obtained 
with a thinner cell wall that allows more efficient release of proteins in the medium 
(Figure 1).
 Part of the genes involved in reproduction are differentially expressed 
in colonies of A. niger. Genes ppoA and ganB were up-regulated in the colony 
center (Chapter 4). Moreover, brlA and dewA are repressed by FlbA in the colony 
centre. So far, pathways involved in asexual development have been based on gene 
expression analysis of whole colonies on A. nidulans, A. oryzae and A. fumigatus. 
The average expression levels within the colony are probably not representative 
for zones that have or do not have the potential to sporulate. Thus, the model of 
asexual development is more complex. This is illustrated by the fact that so far 
FlbA is only considered to be a (in)direct activator of brlA (see for instance Figure 
1 of Chapter 4), while I have shown that it represses this gene in the colony center. 
Such spatial and temporal effects should also be considered for genes involved in 
growth, secretion and cell wall architecture. 
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Bacteriën en schimmels hebben zich aan vrijwel elke denkbare situatie 
aangepast, met een ontelbaar aantal micro-organismen als gevolg. Alleen 
het schimmel-geslacht Aspergillus kent al 837 soorten. Aspergilli zijn 

filamenteuze schimmels die vooral op dood plantenmateriaal leven. Dit type 
schimmel groeit door middel van hyfen (draden) die aan hun top groeien en die 
meer naar achteren toe vertakken, hierdoor ontstaat een netwerk van duizenden 
hyfen die samen het mycelium of de kolonie van de schimmel vormen. Met 
uitgescheiden enzymen breken Aspergillus-soorten plantenmateriaal af tot kleine 
moleculen die ze opnemen als voedingsstoffen. Zo scheiden zij bijvoorbeeld 
amylases uit die zetmeel omzetten in glucose. Met uitgescheiden xylanases en 
pectinases breekt de schimmel respectievelijk xylan en pectinase af. Aspergilli 
kunnen grote hoeveelheden enzymen uitscheiden. Verschillende aspergilli, zoals 
Aspergillus niger en Aspergillus oryzae, zijn dankzij deze eigenschap uitstekende 
productiesystemen voor het produceren van eiwitten die gebruikt worden als 
medicijn of in de industrie. Zo kunnen bepaalde stammen van A. niger tot wel 30 
gram per liter glucoamylase uitscheiden, wat men gebruikt voor de grootschalige 
productie van glucosestroop uit zetmeel. 

Wild-type kolonies van A. niger, gevormd op agarmedium, groeien en 
scheiden enzymen uit aan de buitenkant van het mycelium. De hyfen in deze zone 
worden geconfronteerd met onaangetast organisch materiaal, terwijl hyfen in het 
midden en het centrum van de kolonie juist in contact staan met (deels) verbruikt 
substraat. De compositie van het substraat verklaart 50% van de variatie in 
genexpressie in de kolonie. Differentiatie (ontwikkelings-) processen in de kolonie 
veroorzaken de andere helft van de variatie. Vanaf het moment dat A. niger zich 
aseksueel voort kan planten, vormt de schimmel zogenaamde conidioforenDe 
vorming van conidioforen begint met het maken van een ‘stalk’, een soort stam die 
ontstaat uit een verdikte hyfe, ook wel de voetcel genoemd. De stalk is groter en 
dikker dan gewone luchthyfen en stopt met groeien wanneer het ~100-1000 μm 
lang is. Aan het uiteinde van de stalk vormt zich een vesikel, waarop zich metulae 
vormden door knopvorming. Uit deze metulae ontstaan phialides, die door 
deling een ketting van conidiosporen vormen. Dit differentiatieproces is goed 
bestudeerd in A. nidulans. Veel genen zijn betrokken bij deze sporulatieroute. 
Het gen fluG is waarschijnlijk het eerste gen dat betrokken is bij de initiatie van 
aseksuele differentiatie. Hoogstwaarschijnlijk is dit gen verantwoordelijk voor de 
aanmaak van een extracellulair signaalmolecuul dat betrokken is bij de start van 
conidiofoor-vorming. Deze moleculen zouden de remming weghalen van SfgA 
op verschillende flb-genen die het brlA-gen activeren. Dit laatstgenoemde gen 
codeert voor de centrale transcriptiefactor van sporulatie. Na het uitschakelen 
van het brlA-gen in A. nidulans vormt zich een kolonie met stalks die ongeremd 
door blijven groeien en zich niet verder ontwikkelen tot conidioforen. Met 
uitgeschakelde fluG- of flb-genen worden pluizige kolonies gevormd met een lage 
brlA expressie. Deze stammen vormen wel luchthyfen, terwijl stalkontwikkeling 



244

afwezig blijft. Het gen flbA is een regulator van het actieve GTP-gebonden 
Gα-subunit en stimuleert de omzetting naar het inactieve en GDP-gebonden 
α-subunit. De stimulatie van vegetatieve groei die door het actieve Gα-subunit 
FadA wordt bewerkstelligd, vervalt hierdoor.
 Groei vindt nog steeds plaats aan de buitenkant van de kolonie wanneer 
een 7-dagen-oude A. niger culture overgeplaatst wordt naar vers medium. De 
secretie vindt dan echter niet alleen plaats in de buitenste (nieuwste) zone 5 van 
de kolonie, maar ook in de binnenste (oudste) zones 1, 2 en 3. De zone (4) doet 
niet mee in het uitscheiden van eiwitten. Wij lieten zien dat deze zone sporuleert 
wanneer we het bovenste membraan weghalen (Hoofdstuk 3). Daaruit ontstond 
de vraag of sporulatie de secretie remt. Verschillende genen, betrokken bij de 
sporulatie-route, werden uitgeschakeld en geanalyseerd op onder andere hun 
secretiecapaciteit. Deletie van het fluG-gen in A. niger resulteert in een kolonie 
die nog steeds aseksueel ontwikkelt. Alleen ontwikkelen sterigmata (metulae en 
phialides) zich ook op de stalk (Hoofdstuk 5). Dit fenotype lijkt anders te zijn dan 
het niet-sporulerende ΔfluG fenotype dat gevonden is in A. nidulans. Echter, het 
lijkt wel op het ΔfluG fenotype van A. fumigatus, dat ook nog steeds in staat is om 
conidioforen te maken. De biomassa van de ΔfluG-kolonies was 20-60 % hoger 
dan dat van wild-type A. niger kolonies. Groei van de ΔfluG-kolonies op xylose 
vindt net als in wild-type kolonies voornamelijk plaats aan de periferie van de 
kolonie, onafhankelijk van het feit of het medium ververst is. Echter, wanneer we 
de kolonie op vers maltosemedium plaatsen, zien we de groei voornamelijk in het 
centrum plaatsvinden, terwijl vóór het verplaatsen de groei aan de periferie plaats 
vond. Dit impliceert dat fluG de groei normaalgesproken remt. 

 De 56 eiwitten, uitgescheiden door het wild-type dat is gegroeid op 
xylose (Hoofdstuk 2), verschillen per zone in de kolonie. Zo waren er op xylose 
acht eiwitten die tenminste vier keer minder uitgescheiden werden in het centrum 
vergeleken met de middelste zone van de kolonie. Zestien andere eiwitten werden 
meer dan vier keer meer (6) of minder (10) uitgescheiden door de periferie in 
vergelijking met de middelste zone (Hoofdstuk 2). Dit verschijnsel namen we ook  
waar wanneer het wild-type groeide met maltose als koolstofbron (hoofdstuk 5). 
In dit geval werden er 72 eiwitten gevonden, waarvan negen en elf eiwitten in 
verschillende hoeveelheden uitgescheiden werden door respectievelijk de oudste 
zone (1,2) en jongste zone (4,5) van de kolonies in vergelijking tot de middelste 
zone (zone 3). De deletie van fluG resulteerde in een minder complex secretoom 
vergeleken met wild-type kolonies (Hoofdstuk 5). Daarbij was er ook minder 
heterogeniteit tussen de zones in uitgescheiden eiwitten. Dit duidt erop dat het 
gen fluG naast remming van groei, ook betrokken is bij stimulatie van plaatselijke 
(zonale) secretie van eiwitten. 

Inactivatie van de sporulatiegenen brlA en flbA in A. niger resulteerde 
respectievelijk in kolonies met oneindige groei van stalks of in kolonies die alleen 
luchthyfen vormden. Dit fenotype lijkt op de waargenomen fenotypes van de 
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overeenkomende deletiemutanten in A. nidulans. De deletie van brlA in A. niger 
resulteerde niet in een verschil in groei of secretie in de kolonie. Het lijkt erop 
dat dit gen te ver in de sporulatie-route zit om nog invloed te hebben op deze 
processen. Echter, de flbA-deletie zorgde wel voor een verandering in het groei- en 
secretiepatroon in de kolonie. Deze ΔflbA-kolonies scheidden eiwitten niet alleen 
uit aan de buitenkant van de kolonie, maar ook in het centrum (Hoofdstuk 3). 
Bovendien zorgde de flbA-deletie ervoor dat de kolonies, ten opzichte van wild-
type kolonies (Hoofdstuk 2), meer eiwitten (138) in het medium uitscheidden 
(Hoofdstuk 3). Het flbA-gen lijkt dus betrokken te zijn bij de remming van secretie. 
Daarbij hadden de hyfen van ΔflbA kolonies een dunnere celwand (Hoofdstuk 3). 
Hieruit kunnen we concluderen dat flbA ook betrokken is bij celwandvorming. 
De resultaten uit mijn proefschrift duiden erop dat een groot deel van de eiwitten 
normaal gesproken gevangen worden in de celwand van de schimmel voordat zij 
langzaam vrijkomen in de omgeving. Een deletie van het flbA-gen resulteert in 
een dunnere celwand, waardoor eiwitten sneller in het medium terecht kunnen 
komen. Inderdaad bleek dat eiwitten ook sneller in de omgeving terechtkwamen 
indien we een wild-type kolonie behandelden met cycloheximide. Deze stof 
breekt de celwand van A. niger gedeeltelijk af (Hoofdstuk 2). We hebben dus 
voor het eerst laten zien dat toevoeging van cycloheximide, een remmer van de 
eiwitsynthese, voor een hogere afgifte van eiwitten zorgt. Dit is interessant voor de 
industrie die gebruik maakt van schimmels voor de enzymproductie. 

De deletie van flbA zorgt ervoor dat 1152 genen hun expressie tweevoudig 
veranderen ten opzichte van het wild-type (Hoofdstuk 4). Hierbij horen twaalf 
genen die betrokken zijn bij celwandsynthese, dertien genen die betrokken zijn 
in aseksuele ontwikkeling, en 345 genen die een signaalsequentie hebben om 
uitgescheiden te worden. Daarnaast zijn er 38 transcriptiefactorgenen waarvan 
de expressie tenminste twee keer veranderde. Deze transcriptiefactoren zijn 
dus mogelijk betrokken bij aseksuele ontwikkeling, bij secretie, en bij groei en 
celwandvorming. Mogelijk kan door het veranderen van de expressie van één 
of meerdere van deze genen een A. niger-stam worden gemaakt die normaal 
groeit, een dunnere celwand maakt en zo dus meer eiwit uitscheidt. Ook kan 
het leiden tot een stam die een grotere variatie aan eiwitten uitscheidt waardoor 
plantenmateriaal makkelijker afgebroken wordt. Dit is bijvoorbeeld van belang 
voor de productie van enzymcocktails die men bij bio-ethanolproductie gebruikt.
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Zo het Dankwoord! Eindelijk komt dan nu het punt waar ik al zo’n vier jaar op 
wacht. Direct in Indesign een dag voor de deadline schrijf ik dan het gedeelte 
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