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Chapter 1:

General introduction

Part of this chapter was published in:

Battaglia, E., Benoit, I., Gruben, B.S. and de Vries, R.P. 2010. Plant cell wall derived 
sugars as substrates for fungi and industry. In: Jenkins PT (ed), The Sugar Industry and 
Cotton Crops. Nova Science Publishers, Inc., Hauppauge, NY, pp. 65-94.

Gruben, B.S. and de Vries, R.P. 2009. Advances in pectinolytic enzymes, genes and 
regulation in Aspergillus. In: Schols HA, Visser RGF, Voragen AGJ (eds), Pectins and 
Pectinases. Wageningen Academic Publishers, Wageningen, pp. 101-114.

Coutinho, P.M., Andersen, M.R., Kolenova, K., vanKuyk, P.A., Benoit, I., Gruben, B.S., 
Trejo-Aguilar, B., Visser, H., van Solingen, P., Pakula, T., Seiboth, B., Battaglia, E., 
Aguilar-Osorio, G., de Jong, J.F., Ohm, R.A., Aguilar, M., Henrissat, B., Nielsen, 
J., Stålbrand, H. and de Vries, R.P. 2009. Post-genomic insights into the plant 
polysaccharide degradation potential of Aspergillus nidulans and comparison to 
Aspergillus niger and Aspergillus oryzae. Fung. Genet. Biol. 46: S161-S169.
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Fungi 
 Fungi form a large and diverse kingdom within the domain of Eukaryotes. So far, 

about 80.000 fungal species have been described. It has been proposed that the actual 
number of fungal species is 1.5 million [58] but the number might range between 0.5 
to 9.9 million [90]. Fungi grow in diverse environments, which explains their world-
wide distribution. They can grow in all environments, including harsh environments 
with extreme conditions such as extreme heat [85], extreme acidity [125], high pressure 
[109] and radiation [19]. The major groups which are recognized within fungi are 
Chytridiomycota, Zygomycota, Glomeromycota, Ascomycota and Basidiomycota [117, 
82]. Most species belong to the latter two phyla [82, 60].  Fungi can be unicellular 
(yeast) or multicellular, but some species have the ability to switch between these two 
forms (dimorphic fungi) [9]. Multicellular fungi, also known as filamentous fungi, 
grow by means of hyphae. These hyphae extend at their tips and branch subapically. 
As a result, a network of hyphae is formed that is called a mycelium or colony. 
Filamentous fungi play a major role in the carbon cycle on Earth as they degrade dead 
and living organic material. The hyphal mode of growth enables the fungus to colonize 
its substrate in an efficient manner and also provides a surface area for the uptake of 
nutrients. Organic carbon compounds are often present in the form of polysaccharides. 
Fungi secrete enzymes that hydrolyze the linkages within these polysaccharides thereby 
releasing mono- and small oligosaccharides that can be taken up by the fungal hyphae. 

The genus Aspergillus
The genus Aspergillus is assigned to the order Eurotiales in the class of 

Eurotiomycetes of the phylum Ascomycota [47]. It consists of many species that 
were traditionally distinguished based on colony characteristics and morphology 
[53]. The genus Aspergillus consists mainly of saprobic fungi but its members can 
also be opportunistic human pathogens (e.g. Aspergillus fumigatus and Aspergillus 
chevalieri) [79, 91] or phytopathogens (e.g. Aspergillus niger and Aspergillus flavus) 
[52, 12]. Aspergillus species are known to produce mycotoxins (e.g. A. flavus and 
Aspergillus parasiticus) [59, 40] but are also extensively used in industry for the 
production of enzymes and metabolites (e.g. A. niger and Aspergillus oryzae) [68, 
69, 100]. Moreover, Aspergillus nidulans is used as a model organism for lower 
eukaryotes [50, 106]. The diversity in topics that are studied in Aspergillus has made 
this the most widely studied group of filamentous fungi. The genome sequences of 
A. niger [1, 102], A. nidulans [46], A. oryzae [84], A. fumigatus [92, 148], A. flavus 
[100], Aspergillus sojae [114], Aspergillus clavatus [148], Aspergillus terreus [148], 
Aspergillus aculeautus, Aspergillus carbonarius, A. kawachii and Neosatorya fischeri 
[67, 148] are available. Furthermore, Aspergillus sydowii, Aspergillus versicolor, 
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Aspergillus brasiliensis, Aspergillus tubingensis, Aspergillus glaucus, Aspergillus 
zonatus, Aspergillus acidicus and Aspergillus wentii, are currently in the process of 
being sequenced (http://www.ncbi.nlm.nih.gov/bioproject) (http://genome.jgi-psf.
org/programs/fungi/ fungal projects.jsf). Comparison of these Aspergillus genomes 
will improve our knowledge of the biology of these species, such as their strategies 
to obtain carbon from plant biomass.

Aspergilli and their plant cell wall degrading potential
Plant biomass is an abundant and renewable source of carbon and is mainly 

composed of cell wall polysaccharides. Cell wall polysaccharides can be divided 
into cellulose, hemicellulose (xyloglucan, xylan, galactoglucomannan) and pectin. 
Cellulose is the major component of the cell wall and is embedded in a matrix 
of hemicellulose, pectin, proteins and the polyphenolic compound lignin [8, 94]. 
A plant cell is surrounded by a primary and secondary cell wall (Fig. 1). The 
polysaccharide composition differs between these cell walls and depends on the 
plant species [8]. In general, primary cell walls (Fig. 2) consist of 9-25% cellulose, 
25-50% hemicellulose, 10-35% pectin and 10% protein. In contrast, secondary cell 
walls consist of 40-80% cellulose, 10-40% hemicellulose, and 5-25% lignin [8].

Fig 1. Schematic representation of the plant cell. The primary cell wall, secondary 
cell wall, middle lamela and cytosol are indicated. Modified from http://www.
phschool.com/science/biology_place/biocoach/images/plants/cellwall.gif.
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Fig 2. Schematic representation of the primary cell wall of most flowering plants. 
Three cellulose microfibers are depicted in a network of xyloglucan and pectin. 
Xyloglucans are cleaved and reconnected during plant cell growth. Polygalacturonic acid 
(PGA) that is de-esterified is able to crosslink with calcium, thereby forming gels that aid 
in intracellular adhesion [14].  
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 The plant cell wall is important for phytopathogenic and saprobic fungi, as it is a 
main nutrient source. Fungi secrete enzymes that hydrolyze linkages within the plant 
cell wall polysaccharides to create oligo- and monosaccharides  which are small enough 
to be taken up by the fungal hyphae. Many of these enzymes have been classified 
into families according to catalytic domains and carbohydrate binding modules in 
their protein sequence [13, 16]. The Carbohydrate-active enzymes database (CAZy; 
www.cazy.org) distinguishes glycoside hydrolases (GH), glycosyl transferases (GT), 
polysaccharide lyases (PL) and carbohydrate esterases (CE) as main enzyme classes. 
Some of the families of these classes contain only a single enzyme activity, while 
others contain several activities that often separate during phylogenetic analysis [16]. A 
particular enzymatic activity can sometimes be found in multiple families, but often the 
substrate specificity differs (e.g. both GH27 and GH36 contain α-galactosidases). 

Cellulose and cellulose degrading enzymes
 Cellulose is the most abundant polysaccharide in nature. This linear polymer 

consists of β-1,4-linked D-glucose residues (Fig. 3) [22, 75]. The cellulose chains are 
bundled in microfibrils via hydrogen bonds [44]. These microfibrils are cross-linked to 
hemicellulose polymers, which provides rigidity and impedes hydrolysis by enzymes of 
plant pathogens [14, 111, 138].

Figure 3. Representation of cellulose and its hydrolysis by cellulose degrading 
enzymes. The enzymes responsible for the complete hydrolysis of this polysaccharide are 
indicated. Abbreviations of enzyme names are explained in Table 1. The figure is based 
on [2].



Chapter 1

14

Xyloglucan and xyloglucan degrading enzymes
 Xyloglucans are the main hemicellulosic polysaccharides in the primary cell walls 

of dicots and nongraminaceous monocots [15]. They are cross-linked to cellulose 
microfibrils to form a polysaccharide network. The cleavage and reconnection of 
xyloglucans is believed to be of major importance for plant cell growth (Fig. 2) [93]. 
Two major types of xyloglucans are recognized: XXXG and XXGG [138]. The XXXG-
type consists of repeating units of three β-1,4-linked D-glucose residues substituted 
with D-xylose residues via an α-1,6-linkage separated by an unsubstituted D-glucose 
residue. In XXGG two D-glucose residues substituted with an α-1,6-linked D-xylose 
residue are separated by two unsubstituted residues (Fig. 4) [22, 115]. The D-xylose 
residues can be substituted with α-1,2-L-fucose-β-1,2-D-galactose or α-1,2-L-
galactose-β-1,2-D-galactose disaccharides. The D-xylose and unsubstituted D-glucose 
residues can also be substituted with α-1,2-linked L-arabinose [22, 45]. 

Endoglucanases and β-glucosidases that hydrolyse cellulose can also hydrolyse 
the xyloglucan backbone [22]. However, some enzymes are specific for xyloglucan 
(Table 2) [98]. The linkages between D-xylose and D-glucose are hydrolyzed by 
α-xylosidases, those between D-galactose and D-xylose by β-galactosidases (or 
α-galactosidases in case of α-1,2-linked D-galactose residues) and those between 
L-fucose and D-galactose by α−fucosidases. L-arabinose residues can be removed by 
α-L-arabinofuranosidases. The D-galactose residues can be substituted with acetyl 
groups which can be removed by the action of xyloglucan acetylesterase (Fig 4) [22].  

Cellulose is hydrolyzed to D-glucose by the action of endoglucanases, 
cellobiohydrolases and β-glucosidases [22, 61] (Table 1). Endoglucanases and 
cellobiohydrolases hydrolyze cellulose into gluco-oligosaccharides and cellobiose, 
respectively. These oligosaccharides are further degraded to D-glucose by the action of 
β-glucosidases (Fig 3). 

Abbreviation Enzyme activity Family EC number

BGL β-1,4-D-glucosidase GH 1,3 3.2.1.21

CBH cellobiohydrolase GH 6,7 3.2.1.91

EGL β-1,4-D-endoglucanase GH 5, 7, 12 3.2.1.4

Table 1: CAZymes involved in the hydrolysis of cellulose. 
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Figure 4. Representation of the XXGG and XXXG types of xyloglucan. The enzymes 
responsible for the complete hydrolysis of these polysaccharides are indicated, except 
for ABF and AGL that are involved in the removal of α-1,2-linked L-arabinose and 
D-galactose respectively. Abbreviations of enzyme names are explained in Table 2. The 
figure is based on [2]. 

Abbreviation Enzyme activity Family EC number
ABF α-L-arabinofuranosidase GH 43, 51, 54 3.2.1.55
AFC α-L-fucosidase GH 29,95 3.2.1.51
AGL α-1,4-D-galactosidase GH 27,36 3.2.1.22
AXL α-D-xylosidase GH 31 3.2.1.-

LAC β-1,4-D-galactosidase GH 2,35 3.2.1.23

XEG xyloglucan active β-1,4-D-endoglucanase GH 12, 74 3.2.1.151

XGAE xyloglucan acetyl esterase  -  -

Table 2: CAZymes involved in the hydrolysis of xyloglucan. 

Xylan and xylan degrading enzymes 
 Xylans are present in secondary cell walls and form the major component of mature 

cell walls in hardwood [147]. Xylans are also a major component of primary cell walls 
of monocots, but are a minor component in the primary cell walls of dicots [147]. The 
structures of xylans are highly divers, but always contain a β-1,4-linked D-xylose 
backbone, which can be acetylated [22, 35, 105]. Xylans are sometimes referred to as 
arabinoxylan, glucuronoxylan or glucuronoarabinoxylan, depending on the substitution 
of the xylose backbone with α-1,2- or α-1,3-linked L-arabinose and/or α-1,2- linked 
D-glucuronic acid (Fig. 5) [22, 35, 105]. The main xylan in softwood is arabinoxylan, 
while glucuronoxylan is dominant in hardwood [22]. D-glucuronic acid residues can 
be methylated. Small amounts of D-xylose can be found attached to the L-arabinose 
residues in xylans which can be further substituted with D-galactose. D-galactose 

Table 1: CAZymes involved in the hydrolysis of cellulose. 
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Figure 5. Representation of the xylan structure. The enzymes responsible for the 
complete hydrolysis of this polysaccharide are indicated, except for AGL and AXH that 
are involved in the removal of α-galactosidase and L-arabinose residues respectively. 
Abbreviations of enzyme names are explained in Table 3. The figure is based on [2].

can also be found directly attached to L-arabinose side residues (Fig. 5) [35], while 
the terminal L-arabinose residues can be substituted with feruloyl and p-coumaroyl 
residues (Fig. 5) [22, 35, 105]. The xylan backbone can be cleaved by endoxylanases 
into oligosaccharides, which are further degraded to D-xylose by β-xylosidases 
(Table 3) [22, 105]. L-arabinose residues are removed by α-L-arabinofuranosidases 
and arabinoxylan arabinofuranohydrolases. The D-xylose residues in the side chains 
are also hydrolyzed by β-xylosidases and the attached D-galactose residues by 
β-galactosidases. The D-glucuronic acid residues are removed by α-glucuronidases. 
The acetyl residues attached to the D-xylose backbone are cleaved by xylan 
acetylesterases and the p-coumaric acid and ferulic acid residues by p-coumaroyl and 
feruloyl esterases respectively [22, 105].
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Abbreviation Enzyme activity Family EC number
ABF α-L-arabinofuranosidase GH 43, 51,54 3.2.1.55
AGL  α-1,4-D-galactosidase GH 27,36 3.2.1.22
AGU α-glucuronidase GH 67,115 3.2.1.139
AXH arabinoxylan arabinofuranohydrolase GH 62 3.2.1.55
BXL  β-1,4-D-xylosidase GH 3,43 3.2.1.37
LAC β-1,4-D-galactosidase GH 2,35 3.2.1.23
XLN β-1,4-endoxylanase GH10, 11 3.2.1.8
AXE acetyl xylan esterase CE1 3.1.1.72
FAE feruloyl esterase CE1 3.1.1.73

Table 3: CAZymes involved in the hydrolysis of the xylan. 

Galacto(gluco)mannan  and galacto(gluco)mannan degrading 
enzymes  

 Galactoglucomannan is the major hemicellulose in softwood. It consists of a 
backbone of β-1,4-linked D-mannose residues, which is interrupted by β-1,4-linked 
D-glucose residues and substituted with α-1,6-linked D-galactose residues (Fig. 6) [22, 
29, 31, 124]. β-1,2-linked D-galactose residues have also been found attached to these 
galactose side residues [22]. A water-soluble and a water-insoluble galactoglucomannan 
can be distinguished. The water-soluble galactoglucomannan is acetylated and has a 
higher degree of D-galactose substitution [22]. Galactomannan lacks the D-glucose 
residues within the mannan backbone. It is a storage polysaccharide which can be 
found in the endosperm of seeds [124]. The backbone of galacto(gluco)mannan is 
hydrolyzed to mannooligosaccharides by β-endomannanases. These oligosaccharides 
are further hydrolyzed to D-mannose by the action of β-mannosidases. Complete 
hydrolysis of the galacto(gluco)mannan structure also requires the action of 
β-glucosidases, α-galactosidases and acetyl esterases (Fig. 6; Table 4) [22].

Table 4: CAZymes involved in the hydrolysis of the galacto(gluco)mannan. 

Abbreviation Enzyme activity GH family EC number
AGL α-1,4-D-galactosidase GH 27,36 3.2.1.22
BGL β-1,4-D-glucosidase GH 1,3 3.2.1.21
LAC β-1,4-D-galactosidase GH 2,35 3.2.1.23
MAN β-1,4-D-endomannanase GH 5, 26 3.2.1.78
MND β-1,4-D-mannosidase GH 2 3.2.1.25

GMAE galactomannan acetyl  esterase  -  - 
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Pectin and pectin degrading enzymes  
 Pectin is a complex polysaccharide, which is a major component of primary cell 

walls [139]. It provides rigidity to the cell wall, but also plays an important role in 
porosity, surface charge, pH, and ion balance of the cell wall [145]. Pectin can consist 
of several substructures such as homogalacturonan (HGA) (Fig. 7), xylogalacturonan 
(XGA) and rhamnogalacturonan I (RG-I) (Fig. 8 and 9) and II (RG-II) (Fig. 10) [22, 
139, 145]. HGA is the most simple substructure of pectin and consists of a linear 
chain of α-1,4-linked D-galacturonic acid residues [151], which can be acetylated  
or methylated (Fig. 7) [89, 144].  HGA can be de-esterified by pectin methyl and 
acetyl esterases after which it can be cross-linked by calcium to form gels. These 
gels aid in intracellular adhesion (Fig. 2) [10, 89, 144]. HGA is also referred to as 
the smooth region of pectin [22]. XGA has the same basic structure as HGA, but 
the D-galacturonic acid backbone in XGA is substituted with β-1,3-linked D-xylose 
[116]. The backbone of RG-I is composed of the repeating disaccharide α-1,4-
linked D-galacturonic acid-α-1,2-linked L-rhamnose (Fig. 8). Long side chains of 
L-arabinose (arabinan), D-galactose (galactan) or a mixture (arabinogalactan) can 
be attached to the L-rhamnose residues [54, 80, 143]. Due to the substitution of the 

Figure 6. Representation of the water-soluble galactoglucomannan structure. The 
enzymes responsible for the complete hydrolysis of this polysaccharide are indicated, 
except for LAC which is involved in the removal of β-1,2-linked D-galactose. 
Abbreviations of enzyme names are explained in Table 4. The figure is based on [2].



        19

Chapter 1

rhamnogalacturonan-I backbone, these structures are also referred to as the hairy 
regions [22]. The arabinan side chains consist mainly of α-1,5-linked L-arabinose 
residues, which can be substituted with α-1,3-linked L-arabinose and feruloyl residues 
(Fig. 9) [65]. The galactan side chain consists of β-1,4-linked D-galactose resides 
and can also be substituted with  feruloyl residues [65]. Pectin contains two types 
of arabinogalactan (Fig. 9). Type I arabinogalactan contains a β-1,4-linked galactan 
backbone, which can be substituted with L-arabinose residues or chains. β-1,3-linked 
D-galactose residues form the backbone of type II arabinogalactans, while β-1,6-linked 
D-galactose, α-1,3-, α-1,5 and α-1,6-linked L-arabinose can be found as substitutions 
to this polysaccharide. Ferulic acid attached to pectin or xylan plays an important role 
in the structure of the plant cell wall due to its ability to form covalent cross-links 
between xylan, pectin and the aromatic polymer lignin [64, 65]. This provides rigidity 
and defense against enzymatic hydrolysis by microorganisms [37]. The RG-II structure 
contains a backbone of at least eight D-galacturonic acid residues (Fig. 10) [137]. 
Unlike RG-I, the L-rhamnose residues are found as side residues in this structure. The 
RG-II structure contains five decorations (A-E). Two of them are disaccharides (C and 
D), two are oligosaccharides (A and B) and one consists of an L-arabinose side residue 
(E) [95, 103]. In addition to L-rhamnose, the monosaccharides that make up the side 
chains are D-galactose, L-arabinose, D-glucuronic acid and L-fucose [95] and the rare 
monosaccharides D-apiose, L-aceric acid, 2-O-methyl L-fucose, 2-O-methyl D-xylose, 
L-galactose, 2-keto-3-deoxy-D-lyxo-heptulosaric acid (Dha) and 2-keto-3-deoxy-D-
manno-octulosonic acid (KDO) [107 , 126, 149]. This structure is very resistant to 
enzymatic hydrolysis [32]. RG-II exists predominantly as a dimer, cross-linked by 
a borate diester [66]. The cross-linking of RG-II is believed to result in a covalently 
cross-linked pectic matrix which may be involved in regulating the pore size of primary 
cell walls and is required for normal turgor-driven wall expansion [41, 137].                                                                        
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Figure 7. Representation of the homogalacturonan structure. The enzymes responsible 
for the complete hydrolysis of this polysaccharide are indicated. Abbreviations of enzyme 
names are explained in Table 5. The figure is based on [2].

Figure 8. Representation of the rhamnogalacturonan I structure. The side chain can 
be composed of L-arabinose residues (arabinan), D-galactose residues (galactan) or a 
mixture (arabinogalactan) (Fig. 9). The enzymes responsible for the hydrolysis of this 
polysaccharide are indicated, except for URH and AGL that are involved in hydrolysis of 
the RG-I backbone and the removal of β-linked D-galactose side residues, respectively. 
Abbreviations of enzyme names are explained in Table 5. The figure is based on [2].
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Figure 9. Representation of the arabinan and arabinogalactan side chain structures. 
The enzymes responsible for the complete hydrolysis of these polysaccharides are 
indicated, except for ABX and LAC that are involved in the removal of L-arabinose 
at the reducing ends of the polysaccharide and β-linked D-galactose respectively. 
Abbreviations of enzyme names are explained in Table 5. The figure is based on [2].
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Figure 10. Representation of the RG-II structure. A-E represent RG-II decorations. 
Two possible positions of the side chain E are indicated. Knowledge about the 
enzymes responsible for the complete hydrolysis of this polysaccharide still remains 
elusive, enzymes are therefore not included in this figure. The figure is based on [49, 
103, 137]. 

 Due to the highly complex structure of pectin, enzymatic degradation and/
or modification requires a broad set of activities (Table 5) [22, 139]. Enzymes 
involved in the degradation of pectin also include lyases which cleave the backbone 
by β-elimination. The main chain of homogalacturonan is cleaved by endo- and 
exopolygalacturonases [18, 151] and/or pectin and pectate lyases. The activity of 
these enzymes depends strongly on the degree of methylation and acetylation and 
the complete hydrolysis of this structure thus requires the activity of pectin methyl 
and acetyl esterases [18, 144]. Pectin lyases prefer a high degree of methylation 
and do not require Ca2+ ions for catalysis, in contrast to pectate lyases. Some 
HGA-active enzymes can also degrade XGA [71], while xylogalacturonanases, 
specific for hydrolyzing xylogalacturonan have also been found [133]. The D-xylose 
side residues of XGA are hydrolyzed by β-xylosidases. The main chain of RG-I 
is hydrolyzed by endorhamnogalacturonan hydrolases, exorhamnogalacturonan 
hydrolases, rhamnogalacturonan lyases and α-rhamnosidases [22, 139]. Acetyl 
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residues attached to rhamnogalacturonan can hinder the action of the hydrolases and 
require the action of rhamnogalacturonan acetyl esterases [27]. The arabinan side 
chains of rhamnogalacturonan I are hydrolyzed by endo- and exo-arabinases and 
arabinofuranosidases [22]. The galactan side chains are hydrolyzed by β-galactosidases. 
Endo- and exogalactanases are also involved in the removal of D-galactose residues 
from pectin. The endogalactanases hydrolyze within the chain resulting in galactobiose 
and D-galactose, whereas the exogalactanases hydrolyze only at the non-reducing 
ends. D-Galactose can be β-1,3-, β-1,4- or β-1,6-linked in arabinogalactan, suggesting 
specific enzymes for each linkages or an enzyme with a broad specificity for the 
different linkages [22]. The identification of the enzymes involved in the degradation of 
RG-II still remains elusive.  

Table 5: CAZymes involved in the hydrolysis of the pectin structure. 

Abbreviation Enzyme activity Family EC number

ABF  α-L-arabinofuranosidase GH 43,51,54 3.2.1.55

ABN endoarabinanase GH 43 3.2.1.99

ABX exoarabinanase GH 93 3.2.1.-

BXL β-1,4-D-xylosidase GH 3,43  3.2.1.37

GAL β-1,4-endogalactanase GH 53 3.2.1.89

GLN β-1,6-endogalactanase GH 5 3.2.1.164 

LAC β-1,4-galactosidase GH 2,35 3.2.1.23

PGA endopolygalacturonase GH 28 3.2.1.15

PGX exopolygalacturonase GH 28 3.2.1.67

RGX exorhamnogalacturonase, GH 28 3.2.1.40

rhamnogalacturonan galacturonohydrolase

RHA α-rhamnosidase, rhamnogalacturonan 
rhamnohydrolase GH 78 3.2.1.40

RHG endorhamnogalacturonase, GH 28 3.2.1.-

rhamnogalacturonan hydrolase

UGH d-4,5-unsaturated glucuronyl hydrolase GH 88 3.2.1.-

URH unsaturated rhamnogalacturonan hydrolase GH 105 3.2.1.-

XGH xylogalacturonase GH 28 3.2.1.-
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XFG β-1,4-exogalactanase - -

XSG β-1,6-exogalactanase - -

XTG β-1,3-exogalactanase GH43 3.2.1.145

PEL pectin lyase PL 1 4.2.2.10

PLY pectate lyase PL 1,3,9 4.2.2.2

RGL rhamnogalacturonan lyase PL 4,11 4.2.2.-

FAE feruloyl esterase CE 1 3.1.1.73

PAE pectin acetyl esterase CE12 3.1.1.-

PME pectin methyl esterase CE8 3.1.1.11

RGAE rhamnogalacturonan acetyl esterase CE12 3.1.1.-

Storage polysaccharides and storage polysaccharide degrading 
enzymes

 In addition to cell wall polysaccharides, the plant also contains storage 
polysaccharides, such as starch and inulin. Starch is located in the plastids. Like 
cellulose, it is a polymer of D-glucose, however starch is often branched and the 
D-glucose residues are α-linked (Fig. 11) [132]. Starch is degraded by the enzymatic 
action of α-amylase, glucoamylase, and  α-glucosidase (Table 6) [123, 132]. α-amylase 
is an endo-acting enzyme, which hydrolyzes starch into gluco-oligosaccharides. 
Glucoamylase and α-glucosidase hydrolyze at the reducing ends of the starch structure 
and the glucooligosaccharides [132]. 

 Inulin is a linear polymer of β-1,2-linked D-fructose which is connected to a 
terminal residue of sucrose (Fig. 11) [99]. Inulin can be found in roots and rhizomes of 
plants [76, 142]. Inulin is hydrolyzed by endo- and exo-inulinases to D-fructose [11, 
30]. The terminal sucrose disaccharide is hydrolyzed to D-glucose and D-fructose by 
the action of fructofuranosidase (invertase) [140]. 

Abbreviation Enzyme activity Family EC number
AGD α-1,4-D-glucosidase GH 31 3.2.1.20
AMY α-amylase GH 13 3.2.1.1

GLA glucoamylase GH 15 3.2.1.3

Table 6: CAZymes involved in the hydrolysis of starch 
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Figure 11. Representation of the starch and inulin structures. The enzymes 
responsible for the complete hydrolysis of these polysaccharides are indicated. 
Abbreviations of these enzyme names are explained in Table 6 and 7. The figure is based 
on [2].

Abbreviation Enzyme activity Family EC number
INU endo-inulinase GH 32 3.2.1.7
INX exo-inulinase GH 32 3.2.1.80

SUC invertase/fructofuranosidase GH 32 3.2.1.26

Table 7: CAZymes involved in the hydrolysis of inulin

Correlations between the enzymatic potential of fungi and their 
biotopes

 The polysaccharide degrading capacity of a fungus often reflects its biotope. The 
number of ORFs encoding polysaccharide degrading enzymes in a fungal genome 
frequently correlates with their substrate preference. This means that fungi that for 
example grow in pectin rich environments in most cases have a genome that is enriched 
in genes encoding pectin-degrading enzymes, while fungi that live in biotopes where 
no or very little pectin is present in most cases have very few pectinase-encoding 
genes in their genome. However, gene expression levels and enzymatic activities have 
to be taken into consideration. Some fungi are specialized in degrading some of the 
polysaccharides while others are more generalists. Podospora anserina, for example, 
is specialized in lignocellulose (cellulose, xylan, lignin) degradation [38]. This fits 
perfectly with its natural biotope as P. anserina is a late colonizer of herbivore dung 
in which lignocellulose is the predominant polysaccharide. Aspergilli, in contrast, 
are common soil fungi in many different environments and are able to degrade a 
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broad range of polysaccharides [17]. In 2001, a comprehensive overview of plant 
cell wall degrading enzymes from Aspergillus has been published [22] and recently, 
the contents of the genome sequence of A. niger with respect to plant polysaccharide 
degradation were compared to those of A. nidulans, A. oryzae and P. anserina (Table 
8) [17]. This study identified functions for which genes had not been described before 
in Aspergillus (exorhamnogalacturonan hydrolase, exoarabinase, rhamnogalacturonyl 
hydrolase, d-4,5-unsaturated glucuronyl hydrolase) as well as additional genes 
encoding previously identified functions. It also demonstrated significant differences in 
the pectinolytic gene set of these fungi. A. niger contains the largest set of GH28 genes 
of the three Aspergilli, but significant less pectate lyases [102, 131]. This difference 
correlates with the strong acidifying nature of A. niger and the fact that pectate lyases 
have a low activity and GH28 pectin hydrolases have a high activity at acidic pH [7]. 
This demonstrates that the pectinolytic system of these different species has likely been 
fine-tuned to suit their natural biotope.

Table 8: Number of putative ORFs in A. nidulans, A. niger, A. oryzae and P. 
anserina related to the degradation of specific polysaccharides [17]

Polysaccharide CAZy families A. 
nidulans

A. 
niger 

A. 
oryzae

P. 
anserina

Cellulose GH 1,3,5,6,7,45,61 37 30 33 53
Xyloglucan GH 12, 29, 31, 74, 95 19 7 8 47
Xylan GH 3,10,11,43,62,67 6 20 33 3

CE 1
Galactomannan GH 2,5,26,27,36 19 12 12 8
Pectin GH 2,28,35,43,51,53,54,78,88,93,105 73 66 92 18

PL 1,3,4,9,11

CE 1,8,12

Sugar Catabolism
Monosaccharides that are released from plant cell wall polysaccharides will be 

taken up by the fungal hyphae and enter pathways such as glycolysis and the pentose 
phosphate pathway (PPP). These pathways provide the mycelium with ATP, NADPH 
and intermediates for other pathways. D-Glucose and D-fructose are energetically 
favored monosaccharides because they are easily catabolized. After entering the cell, 
D-fructose can be phosphorylated by hexokinase (EC 2.7.1.1) to fructose-6-phosphate, 
which enters glycolysis. D-glucose is phosphorylated to glucose-6-phosphate by either 
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glucokinase (EC 2.7.1.2) or hexokinase [97]. This phosphorylation prevents D-glucose 
from diffusing out of the cell or conversion to gluconic acid. Glucose-6-phosphate can 
enter the pentose phosphate pathway (PPP) or can be converted to fructose-6-phosphate 
by phosphoglucose isomerase (EC 5.3.1.9) to enter glycolysis (Fig. 12). Other sugars 
(e.g. D-xylose and D-galactose) are not able to enter glycolysis or the PPP directly after 
phosphorylation and require additional pathways for their conversion. 

D-mannose 
D-mannose can be phosphorylated by hexokinase (EC 2.7.1.1) to form mannose-6-

phosphate [121]. Mannose-6-phosphate can be converted to fructose-6-phosphate by 
phosphomannose isomerase (PMI, EC 5.3.1.8) (Fig. 12). [122]

D-galactose 
The pathway which converts D-galactose into D-glucose-6-phosphate is known 

as the metabolic Leloir pathway (Fig. 12) [43, 63]. In this pathway, D-galactose 
is phosphorylated to D-galactose-1-phosphate by galactokinase (EC 2.7.1.6.). 
D-galactose-1-phosphate is further converted to D-glucose-1-phosphate by the action 
of D-galactose-1-phosphate uridyltransferase (EC 2.7.7.12). Phosphoglucomutase (EC 
5.4.2.2) catalyzes the conversion of D-glucose-1-phosphate to D-glucose-6-phosphate. 
In T. reesei, A. nidulans and recently also in A. niger, an alternative D-galactose 
oxido-reductive pathway has been identified that converts D-galactose to D-fructose-
6-phosphate (Fig. 12) [39, 74, 88, 119]. The enzymes involved in this pathway 
differ between these species. D-xylose reductase (EC 1.1.1.21) converts D-galactose 
to D-galactitol in T. reesei and A. niger [74, 118], while the aldose reductase that 
catalyzes this step in A. nidulans is unknown [39]. Galactitol is converted by L-arabitol 
dehydrogenase (EC 1.1.1.12) resulting in L-xylo-3-hexulose in T. reesei [96]. However 
L-sorbose was identified as the product of this reaction in A. nidulans [39]. In A. niger, 
this reaction is catalyzed by galactitol dehydrogenase (EC 1.1.1.16 ) and L-xylo-3-
hexulose was also identified as the reaction product in this species [88]. It is currently 
unclear if L-xylo-3-hexulose needs to be converted into L-sorbose before it can be 
converted to sorbitol [120]. The conversion of L-sorbose into sorbitol is suggested to 
be catalyzed by L-xylulose reductase (EC 1.1.1.10) [120]. The subsequent conversion 
of sorbitol into D-fructose was found to be catalyzed by xylitol dehydrogenase (EC 
1.1.1.9) in T. reesei [118, 120] and this conversion was therefore also suggested for 
A. nidulans [42]. Sorbitol dehydrogenase (EC 1.1.1.14 ) was found to catalyze this 
reaction in A. niger [74]. In A. niger, the DeLey-Doudoroff pathway has also been 
identified (Fig. 12) [36]. This pathway shares characteristics with the Entner-Doudoroff 
pathway, in that D-galactose is converted into glyceraldehyde and pyruvate. The first 



Chapter 1

28

step is the oxidation of D-galactose into D-galactonic-y-lactonate by D-galactose 
oxidase (EC 1.1.3.9). D-galactono-y-lactonase (EC 3.1.1.25) catalyzes D-galactonic-
y-lactonate further to D-galactonate. 2-keto-3-deoxy-D-galactonate (KDGal) is formed 
by dehydration of D-galatonate by D-galactonate dehydratase (EC 4.2.1.6). KDGal 
is split into glyceraldehyde and pyruvate by KDGal aldolase (EC 4.1.2.14). Only 
the enzymatic activities of this pathway have been identified so far, while the genes 
encoding the enzymes are as yet unknown [36]. 

L-rhamnose
L-rhamnose catabolism in fungi has recently been described for the yeasts Pichia 

stipitis and Debaryomyces hansenii (Fig. 12) [141]. In this pathway, L-rhamnose is 
initially converted to L-rhamnono-γ-lactone by L-rhamnose-1-dehydrogenase (EC 
1.1.1.173). This intermediate is converted to L-rhamnonate by L-rhamnono-γ-lactonase 
(EC 3.1.1.65) and subsequently to L-2-keto-3-deoxyrhamnonate by L-rhamnonate 
dehydratase (EC 4.2.1.65). This compound is then cleaved into pyruvate and 
L-lactaldehyde by L-2-keto-3-deoxyrhamnonate. 

D-galacturonic acid 
The D-galacturonic acid pathway was recently described for T. reesei [77, 78] and              

A. niger (Fig. 12) [86]. In the first step, D-galacturonic acid is reduced to L-galactonic 
acid by D-galacturonic acid reductase. L-galactonic acid is converted to 2-keto-3-
deoxy-L-galactonate by L-galactonate dehydratase (EC 4.2.1.6) [86]. The third step is 
catalyzed by a 2-keto-3-deoxy-L-galactonate aldolase (EC 4.1.2.14), which splits the 
substrate from the previous step into pyruvate and L-glyceraldehyde [62]. In T. reesei, 
a specific NADPH dependent glycerol dehydrogenase was reported to be involved in 
the conversion of L-glyceraldehyde to glycerol [81]. It constitutes the fourth step of the 
D-galacturonic pathway and is operating only in one direction [110].

D-xylose and L-arabinose 
In most fungi, D-xylose is converted to xylulose-5-phosphate (Fig. 12). The first 

step in this pathway is the reduction of D-xylose to xylitol, which is catalyzed by 
D-xylose reductase (EC 1.1.1.21). Xylitol is further oxidized to D-xylulose by xylitol 
dehydrogenase (EC 1.1.1.9). The phosphorylation by xylulokinase (EC 2.7.1.17) 
leads to D-xylulose-5-phosphate, an intermediate of the pentose phosphate pathway 
(PPP) [146].  There is evidence of a two-step D-xylose pathway in some fungi (Fig. 
12) [83]. This pathway consists of  xylose isomerase (EC 5.3.1.5), which catalyzes the 
reversible isomerization of D-xylose to D-xylulose and phosphorylation to D-xylulose-
5-phosphate by xylulokinase. 
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 The L-arabinose and D-xylose pathways share the last two enzymatic steps 
[21]. L-arabinose is reduced to L-arabitol by L-arabinose reductase (EC 1.1.1.21). 
L-arabitol is then re-oxidized by L-arabitol dehydrogenase (EC 1.1.1.12) to give 
L-xylulose, which is in turn converted to xylitol by L-xylulose reductase (EC1.1.1.10).

Figure 12. Model of the sugar catabolic pathways in fungi. D-glucose, D-fructose and 
D-mannose are phosphorylated upon entering the cell. D-glucose-6P and D-mannose-
6P can be converted to D-fructose-6P, which can enter glycolysis. D-glucose-6P is 
also able to enter the pentose phosphate pathway (PPP). D-xylose and L-arabinose are 
converted to D-xylulose-5P, an intermediate of the PPP, by the pentose catabolic pathway 
(PCP). D-galactose is converted by the Leloir pathway or alternative D-galactose 
pathways to D-glucose-6P, D-fructose-6P or glyceraldehyde/lactaldehyde and pyruvate, 
respectively. L-rhamnose and D-galacturonic acid are converted to L-glyceraldehyde 
and pyruvate by the L-rhamnose pathway and D-galacturonic acid pathway, respectively. 
Dotted lines represent alternative pathways. 
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Regulatory mechanisms underlying carbon utilization 
A common hypothesis is that low levels of polysaccharide degrading enzymes are 

produced constitutively. These constitutively produced enzymes release oligo- and 
monosaccharides from polysaccharides that can act as inducers. These inducers trigger 
expression of genes encoding enzymes active on this polysaccharide via specific 
transcription factors. In this way, the presence of a specific polysaccharide results in 
the production of a specific enzyme mixture, securing that no energy is wasted on the 
production of enzymes that are not required.

Transcription factors involved in carbon utilization in Aspergilli
In 2010, an overview of characterized transcription factors in Aspergilli has been 

published [73] of which a  few (AmyR, MalR, InuR, AraR and XlnR) are involved in 
the degradation of plant cell wall and storage polysaccharides and the catabolism of the 
released monosaccharides. These transcriptional activators all contain a zinc binuclear 
cluster motif (Zn(II)2Cys6). AmyR is a transcriptional activator originally identified 
in A. nidulans [104] which is involved in amylolytic gene expression. A disruption of 
the gene encoding this regulator causes defects in the utilization of starch. Recently, 
AmyR has been shown to also regulate some genes encoding α- and β-glucosidases, 
and α- and β-galactosidases in A. niger [136]. MalR, another regulator involved 
in starch degradation, has recently been identified in A. oryzae and regulates the 
expression of a gene encoding a maltose permease and an α-glucosidase respectively 
[55]. InuR has been characterized in A. niger as a regulator of inulinolytic genes [150]. 
AraR controls the L-arabinose catabolic pathway as well as the expression of genes 
encoding extracellular L-arabinose releasing enzymes (abfA, abfB, abnA) [4, 5]. It is 
only identified in the Eurotiales and appears to have originated from a gene duplication 
event from the transcription factor XlnR [134]. XlnR is present in all filamentous 
ascomycetes, with the exception of members of the Onygenales [4]. XlnR has been 
characterized in A. niger [57, 134], A. nidulans [128]  and A. oryzae [87]. In A. niger, 
it controls the expression of endoxylanases (xlnB and xlnC), β-xylosidase (xlnD), 
acetyl xylan esterase (axeA), α-glucuronidase (aguA), a feruloyl esterase (faeA) and 
three endoglucanases (eglA, eglB, eglC) [23, 26, 56, 135]. It has also been shown 
to be involved in the regulation of the aglB, lacA, cbhA and cbhB genes, encoding 
α-galactosidase, β-galactosidase and two cellobiohydrolases respectively [24, 48]. 
XlnR interacts with the arabinolytic regulator  AraR in the regulation of the pentose 
catabolic pathway [5, 20, 21]. Detailed studies into the regulation of pentose catabolism 
in A. niger demonstrated that the conversion of D-xylose to xylitol is only controlled by 
XlnR, while the enzymes converting L-arabinose to xylitol are only controlled by AraR 
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(Fig. 13) [4]. The enzymes converting xylitol to D-xylulose-5-phosphate are controlled 
by both XlnR and AraR (Fig. 13) [4]. The influence of AraR on the genes of the pentose 
catabolic pathway differs between A. niger and  A. nidulans [134]. 

Figure 13. Regulatory model of L-arabinose and D-xylose release and catabolism 
in A. niger.   AxhA = arabinoxylan arabinofuranohydrolase; AbfA, AbfB =  α-L-
arabinofuranosidase A and B; AbnA= endo-1,5-alpha-L-arabinanase; XlnB, XlnC = 
endoxylanases B and C; XlnD = β-xylosidase; ArdA = L-arabinose reductase; LadA = 
L-arabitol dehydrogenase; LxrA = L-xylulose reductase; XdhA = xylitol dehydrogenase; 
XyrA = D-xylose reductase. Genes depicted in blue are regulated by AraR, genes 
depicted in yellow by XlnR. Genes depicted in green are regulated by both regulators [5]. 



Chapter 1

32

Regulation of D-mannose, D-galactose, L-rhamnose and D-galacturonic acid catabolism
In Aspergillus, it has been shown that D-mannose induces the expression of genes 

encoding galactomannan degrading enzymes, while L-rhamnose and D-galacturonic 
acid induce the expression of pectinolytic genes [25]. Based on the detailed studies 
of regulation of pentose release and catabolism, it is conceivable that regulation 
of degradation of galactomannan and pectin is linked to regulation of D-mannose, 
and L-rhamnose and D-galacturonic acid catabolism, respectively. These and other 
monosaccharides present within the galactomannan and pectin structures are expected 
to act as the inducers for not yet identified regulators (Fig 14). The degradation of 
pectin might involve multiple transcription factors as pectin consists of different 
monomeric sugars.   

A conserved sequence (CCCTGA) has been found in the promoter of pectinolytic 
genes of A. niger that may bind a pectin-specific regulator (PecR) [6]. The occurrence 
of this motif was approximately twice as high in A. niger compared to A. nidulans and 
A. oryzae. Nearly all A. niger genes related to pectin degradation, for which a promoter 
sequence was available at that time, were shown to contain this sequence in their 
promoter [25]. These genes were expressed in the presence of D-galacturonic acid, 
polygalacturonic acid and sugar beet pectin suggesting that D-galacturonic acid is the 
inducer of these genes. In addition, a subset of pectinolytic genes was expressed in the 
presence of L-rhamnose [25]. 

Other factors influencing carbon utilization
Carbon utilization also depends on other factors, such as the available nitrogen 

source, pH and temperature. Furthermore, transcription factor encoding genes and their 
target genes can be subject to carbon catabolite repression. The transcription factor 
CreA is the major regulator of carbon catabolite repression [33, 34]. CreA represses 
the synthesis of enzymes that are involved in the utilization of an alternative carbon 
sources if there is another carbon source present which is energetically more favorable. 
This fine-tuning of carbon utilization preserves energy for the fungus. Various carbon 
sources are able to cause carbon catabolite repression. D-glucose is considered to be 
the most repressive carbon source. Most enzyme systems involved in the degradation 
of polysaccharides such as cellulose, pectin, xylan and arabinan appear to be repressed 
by D-glucose [112]. Other strong repressing carbon sources are D-xylose, L-arabinose, 
D-mannose, D-fructose and D-galacturonic acid [23, 25]. Whether a carbon source is 
inducing or repressing depends on its concentration [23]. D-xylose, for example, is 
mainly regarded as an inducing carbon source, but xylanolytic genes are repressed in 
the presence of high concentrations of D-xylose (30-70mM) [23]. 
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Figure 14. Expected regulators involved in pectin and galacto(gluco)mannan 
degradation. Pectin can be divided in four substructures: Homogalacturonan 
(HG), xylogalacturonan (XG), Rhamnogalacturonan I (RG-I) and II (RG-II). The 
monosaccharides that are components of galacto(gluco)mannan and the substructures 
of pectin are indicated as well as the regulators that are expected to respond to their 
presence. Regulators in black have been characterized; regulators in grey still have to be 
identified. 

Industry, the plant cell wall and fungal enzymes
The plant cell wall is one of the main renewable materials on Earth, and is a major 

starting material for several industrial sectors.  The properties of various plant cell 
wall polysaccharides make them useful for different kinds of industrial applications. 
Galactomannan, for example, is extensively used in the food industry for its gelling, 
thickening and stabilizing properties [28]. Pectin is also used as a gelling agent 
and in addition has beneficial effects on human health [113, 129]. The structures 
of the polysaccharides, and thus their properties, can be manipulated by the use of 
polysaccharide degrading enzymes, among which those of fungi. Some fungi received 
the GRAS (generally regarded as safe) status. They don't produce toxins hazardous 
for human health during the conditions of the fermentation and their enzymes and 
metabolites can therefore be safely used in food and feed industry. A. niger, for 
example, is one of the most important fungi used by industry and many of its products 
received GRAS status. The use of its enzymes to transform complex organic polymers 
is widely applied in food, textile, pulp and paper and other industries [70, 72]. Plant 
biomass has also become a source for new industries such as those developing 
alternatives to fossil energy (biofuel), and biodegradable plastics [51, 108, 127]. 
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Metabolic engineering of sugar catabolism in yeast and filamentous fungi is an area of 
research and applications that is still growing [3, 130]. Recent advances in genomics, 
transcriptomics, proteomics and metabolomics supply the tools to study and manipulate 
these organisms in much more detail opening the door for improvements of existing 
applications as well as novel products. The worldwide demand for alternative energy 
sources, in particular bio-fuels, has provided an additional push for engineering of 
sugar catabolism. Over the last years it has become apparent that sugar catabolism in 
filamentous fungi is strongly linked to extracellular degradation of polysaccharides, 
especially with respect to the regulatory systems driving these two processes. 

Aim and outline of this thesis
 The knowledge about the regulatory systems underlying the degradation of 

pectin and galacto(gluco)mannan is limited. In this thesis, the characterization 
of transcription factors of A. niger and A. nidulans is described that are involved 
in the utilization of these polysaccharides. Furthermore, the interaction between 
transcription factors involved in plant biomass utilization has been studied. Chapter 2 
describes the characterization of a novel transcription factor involved in L-rhamnose 
release and catabolism in A. niger. This transcription factor also affects the pectin 
degrading potential of this fungus. Chapter 3 describes the identification of two novel 
transcription factors, GalR and GalX, which are involved in D-galactose catabolism 
in A. nidulans. These transcription factors influence genes from the Leloir and 
oxido-reductive D-galactose pathways. No homologs for GalR were found in other 
ascomycetes, which makes this system unique to A. nidulans. Chapter 4 describes 
the characterization of GalX in A. niger and studies whether the absence of a GalR 
homolog implies that GalX regulates D-galactose catabolism more directly than in A. 
nidulans. Chapter 5 describes the interactions between the regulators XlnR, AraR and 
GalR in A. nidulans. These interactions are studied by using single, double and triple 
disruptions of these regulators. Chapter 6 gives an overview of CAZyme encoding 
genes of A. niger related to plant biomass degradation. The expression of these genes 
was studied on a wide range of carbon sources in A. niger wild type and regulatory 
mutant strains. In Chapter 7 the results are summarized and discussed. 
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Abstract
Plant biomass is mainly composed of polysaccharides. 

Filamentous fungi, such as Aspergillus niger, secrete 
polysaccharide degrading enzymes to release monosaccharides 
from these structures, which are then used as their source of 
carbon. Fungal polysaccharide degrading enzymes are used in 
various industrial applications. One important class of fungal 
industrial enzymes are the pectinases. The genome of A. 
niger is rich in genes encoding these enzymes. Understanding 
the regulation of these genes provides a tool to optimize the 
production of pectinases in this cell factory. 

In this study, the transcriptional activator RhaR of A. niger is 
described. Microarray analysis of RNA isolated from mycelium 
grown on L-rhamnose revealed that inactivation of the rhaR 
gene resulted in the down-regulation of sixteen genes. These 
include three genes encoding exorhamnogalacturonases, 
five genes encoding α-rhamnosidases, two genes encoding 
rhamnogalacturonan acetylesterases, two genes encoding 
putative β-1,4-galactosidases, one gene encoding an unsaturated 
rhamnogalacturonan hydrolase, one gene encoding a 
rhamnogalacturonan lyase, a gene encoding a feruloyl esterase 
and a gene encoding a putative pectin acetyl esterase. From 
these results it is concluded that RhaR mainly plays a role in the 
regulation of genes involved in degradation of the pectinolytic 
substructure rhamnogalacturonan-I. Moreover RhaR could also be 
involved in L-rhamnose catabolism. This was concluded from the 
absence of growth of the ΔrhaR strain on L-rhamnose and down-
regulation of two genes encoding putative L-rhamnose catabolic 
enzymes. 
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Introduction
Pectin is a plant cell wall polysaccharide that can be divided into four sub-structures: 

homogalacturonan (HGA), xylogalacturonan (XGA) and rhamnogalacturonan I 
(RG-I) and II (RG-II) (Chapter 1) [11, 52, 55]. HGA consists of a linear chain of 
D-galacturonic acid residues, which can be methylated and acetylated [58]. XGA is 
structurally similar to HGA but contains β-linked D-xylose side residues [46]. RG-I 
consists of a backbone of alternating L-rhamnose and D-galacturonic acid residues. 
Side chains of L-arabinose residues (arabinan), D-galactose residues (galactan) or 
a combination thereof (arabinogalactan) can be attached to L-rhamnose in the main 
chain and are often substituted with ferulic acid or p-coumeric acid [25, 32, 56]. RG-
II contains a D-galacturonic acid backbone with five decorations [43]. L-Rhamnose 
residues are found within these side chains together with some unusual sugars such as 
D-apiose, L-aceric acid, L-galactose and 2-keto-3-deoxy-D-manno-octulosonic acid 
(KDO) [36, 51]. 

Aspergillus niger is able to efficiently degrade pectin. It possesses a broad set of 
pectinolytic enzymes that are active towards the different substructures of pectin 
[11, 48, 52]. Endo- and exo-polygalacturonases and pectin/pectate lyases are able 
to cleave HGA [10, 58]. Methylation and acetylation of pectin can negatively 
influence the activity of these enzymes but these modifications can be removed by 
the action of methyl and acetyl esterases [10, 54]. The main chain of XGA is cleaved 
by xylogalacturonases, while some enzymes active on the HGA structure are also 
capable of XGA hydrolysis [28, 49]. The RG-I main chain is cleaved by endo- and 
exo-rhamnogalacturonase, α-rhamnosidase and rhamnogalacturonan lyase, with the 
assistance of rhamnogalacturonan acetyl esterase [11, 14, 52]. For the degradation 
of the side chains several activities are required that are related to the release of 
L-arabinose, D-galactose and D-xylose. The aromatic residues (mainly ferulic acid and 
p-coumeric acid) are removed by feruloyl esterases [11]. Knowledge about the enzymes 
involved in the degradation of RG-II still remains elusive. 

The (putative) genes encoding pectinolytic enzymes of A. niger are listed in Table 
1. Several genes within the A. niger genome encode for the same pectinolytic activity. 
These genes may be regulated differently and/or the corresponding enzymes might 
have differences in substrate specificity, pH optimum and substrate affinity [31]. A. 
niger is extensively exploited by the industry as a pectinolytic enzyme producer. 
Due to the industrial importance, much knowledge has been obtained concerning its 
pectinolytic enzymes, but relatively little is known about the regulatory mechanisms 
that are involved in the production of these enzymes. Regulation of pectinolytic genes 
has been mainly studied by expression analysis. A detailed expression study involving 
26 pectinolytic genes (Table 1) has been performed on 16 different carbon sources 
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[13]. All tested genes, except for those encoding feruloyl esterases, were shown to be 
expressed in the presence of D-galacturonic acid, polygalacturonic acid and sugar beet 
pectin. This suggests the existence of a D-galacturonic acid responsive transcriptional 
activator. However, L-rhamnose induced gene expression was also reported for a gene 
encoding rhamnogalacturonan acetylesterase (rgaeA), which indicates the presence of 
an L-rhamnose responsive regulator. 

In this chapter, the identification and functional characterization of the gene encoding 
the L-rhamnose responsive regulator is described. This transcriptional activator, RhaR, 
regulates expression of genes that are involved in the degradation of the pectinolytic 
substructure RG-I and genes that are involved in L-rhamnose catabolism. 

Structure Enzyme Enzyme activity Family locus tag Ref
HGA PGA Endopolygalacturonase GH 28  An16g06990 (pgaA) * [39]

An02g04900 (pgaB) * [39]
An05g02440 (pgaC) * [6]
An09g03260 (pgaD) * [38]
An01g14670 (pgaE) * [40]
An01g11520 (pgaI) * [5]
An15g05370 (pgaII) * [7]

PGX exopolygalacturonase GH 28 An11g04040 (pgxA) [33]
An03g06740 (pgxB) [33]
An02g12450 (pgxC) [33]
An12g07500 (pgaX) * [33]

UGH d-4,5-unsaturated glucuronyl 
hydrolase GH 88 An01g01340 [8]

PEL pectin lyase PL 1 An14g04370 (pelA) * [26]
An03g00190 (pelB) * [31]
An11g04030 (pelC) * [26]
An19g00270 (pelD) * [24]
An15g07160 (pelF) * [13]

PLY pectate lyase PL 1,3,9 An10g00870 (plyA) * [2]
PME Pectin methyl esterase CE8 An03g06310 (pmeA) * [29]

An04g09690 (pmeB) [34]
An02g12505 (pmeC) [34]

Table 1. Genes of A. niger CBS513.88 encoding pectinolytic enzymes [42]. The genes 
are sorted according to the pectinolytic substructure their corresponding enzymes 
are active against. HGA = homogalacturonic acid, XGA = xylogalacturonan, RG-I = 
rhamnogalacturonan I, SC = side chains. Genes in bold have been characterized. * These 
genes were analyzed in an expression study and shown to be expressed in the presence of 
galacturonic acid, polygalacturonic acid and sugar beet pectin [13].
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   PAE Pectin acetyl esterase                  CE12 An02g02540 (paeA) [34]
An07g08940 (paeB) [34]

XGA XGH Xylogalacturonase GH 28 An04g09700 (xghA) [49]
RG-I RGX Exorhamnogalacturonase, GH 28 An01g14650 (rgxA) [33]

Rhamnogalacturonan An03g02080 (rgxB) [33]

 galacturonohydrolase  An18g04810 (rgxC) [33]
RHA α-rhamnosidase, GH 78 An15g04530 [8]

Rhamnogalacturonan 
rhamnohydrolase An01g06620 [8]

An10g00290 [8]
An08g09140 [8]
An12g05700 [8]
An07g00240 [8]
An04g09070 [8]

   An18g04800 [8]
RHG Endorhamnogalacturonase, GH 28 An12g00950 (rhgA) * [47]

Rhamnogalacturonan 
hydrolase An14g04200 (rhgB) [47]

An06g02070 (rhgC) [33]
An11g06320 (rhgD) [33]
An11g08700 (rhgE) [33]

   An07g01000 (rhgF) [33]

URH unsaturated 
rhamnogalacturonan GH 105 An14g02920 (urhgA) [34]

 hydrolase  An14g05340 (urhgB) [34]
RGL Rhamnogalacturonan lyase PL 4,11 An14g01130 (rglA) * [13]

   An11g00390 (rglB) * [34]

RGAE Rhamnogalacturonan acetyl 
esterase CE12 An09g02160 (rgaeA) [14]

    An04g09360 (rgaeB) [34]
SC ABF α- L -arabinofuranosidase GH 51,54 An01g00330 (abfA) * [19]

An15g02300 (abfB) * [18]
An08g01710 (abfC) [34]
An09g00880 (abfD) [34]

ABN Endoarabinanase GH 43 An09g01190 (abnA) * [20]
An02g01400 (abnB) [34]
An02g10550 (abnC) [34]
An16g02730 (abnD) [34]

   An07g04930 [8]
BXL β-1,4-D-xylosidase GH 3,43 An01g09960 (xlnD) [41]

An17g00300 [8]
An11g03120 [8]
An02g00140 [8]
An08g01900 [8]
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GAL β-1,4-endogalactanase GH 53 An18g059040 (galA) [16]
   An16g06590 (galB) [34]

LAC β-1,4-galactosidase GH 2,35 An01g12150 (lacA) * [30]
An01g10350 (lacB) [34]
An06g00290 (lacC) [34]
An07g04420 (lacD) [34]
An14g05820 (lacE) [34]

XSG β-1,6-exogalactanase GH 5 An03g01050 [8]
XTG β-1,3-exogalactanase GH 5 An11g07660 [8]

An06g02060 [8]
An08g10780 (gbgA) [34]
An08g01100 [8]
An18g04100 [8]

FAE Feruloyl esterase An09g00120 (faeA) [17]
An12g10390 (faeB) [15]

    An16g05690 (faeC) [34]
CE 1 An12g02550 (faeD) [34]

Materials and Methods

Strains, media and culture conditions. 
A. niger strains (Table 2) were grown at 30 ºC on MM or CM [12]. Spore 

plates contained CM + 2% D-glucose, while MM + 25 mM monosaccharide, 1% 
polysaccharide or 3% crude carbon source was used for growth experiments (Table 3). 
Uridine (0.2 g L-1) was added in the case of strain N593 ΔkusA. 1.5% agar was used to 
solidify the medium. 

Liquid cultures were inoculated with 106 spores ml-1and shaken at 250 rpm. Pre-
cultures for RNA isolation were grown for 16 h in 1 L Erlenmeyer flasks that contained 
250 ml CM + 2% D-fructose. Mycelium was washed with MM and transferred for 
2 h to 250 ml Erlenmeyer flasks containing 50 ml MM supplemented with 25 mM 
monosaccharide or 1% polysaccharide (Table 3). Mycelium was harvested by vacuum 
filtration, dried between towels and frozen in liquid nitrogen. cultures used for enzyme 
activity measurements contained MM + 1% apple pectin or 1% sugar beet pulp. 
Samples were taken every 24 hours, for 6 days. Sugar beet pulp had been extracted in 
excess of water at 100°C, filtrated and washed with MM to eliminate free sugars. 



Molecular biology methods and fungal transformation. 
Standard molecular biology methods were based on Sambrook et al. [45], 

unless stated otherwise. The rhaR gene was amplified with its flanking regions 
(approx. 1000 bp) by PCR using the primers GTGGTAATGTTCTTTCGG and 
AAAGAATGCTGCTGTTTC and AccutaqtmLA DNA polymerase (Sigma-Aldrich). 
The PCR fragment was cloned into pGEM-T-EASY (Promega). The ORF of rhaR was 
removed from the construct by digestion with SmaI and XhoI. The resulting sticky 
end was made blunt, after which a blunt SmaI/HindIII fragment containing the A. 
oryzae pyrG gene was introduced. The rhaR disruption cassette was linearized with 
PvuI and transformed to A. niger ΔkusA using a standard PEG/sorbitol transformation 
[31]. Protoplasts of A. niger N539 ΔkusA obtained as previously described [31] and 
7protoplasts were transformed with 10 μg DNA. 

DNA was isolated from frozen mycelium that had been ground with a 
microdismembrator (B Braun) using a standard chloroform/phenol extraction. 
Approximately 100 ng and 3 µg of genomic DNA was used for PCR and 
Southern blot analysis, respectively. Primers CCTGGCTCATTCTCAG and 
AAGTTTATCTCCCTCCCTCTC were used in combination with A. niger N402 
genomic DNA to amplify the rhaR fragment used in Southern analysis. The probe 
was DIG-labeled using the PCR DIG probe-synthesis kit (Roche Applied Science) 
according to the supplier's instructions. Hybridization and detection of the DIG-labeled 
probe on the blot was performed according to the DIG application manual (www.roche-
applied-science.com). 

Microarray analysis and genomic cluster comparison
Microarray data was analyzed using the Bioconductor Affy tool package (http://

www.bioconductor.org/) under the statistical environment R [44]. The probe intensities 
were normalized by using the Robust Multiarray Average (RMA) algorithm [27] for 
the Affimetrix CEL files, quartiles algorithm was used to perform normalization and 
gene expression values were calculated by the medianpolish summary method [3] 
with only the perfect match (PM) probes. The normalized gene expression values 
were then processed with the statistical tool CyberT (http://cybert.ics.uci.edu/) to 

Strain Phenotype Reference 
A. niger N402 cspA [4]
A. niger N593 ΔkusA cspA ΔkusA::amdS+, pyrG- [35]
FP-304 ( ΔrhaR) cspA ΔkusA::amdS+, pyrG-, ΔrhaR::pyrG+ This study

Table 2. Strains used in this study. 
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detect differential significance, using the BayesANOVA algorithm. Gene expression 
variation with P-value <0.05 and fold change ≥ 2 were considered significant. SOM 
(Self-Organizing Maps) analysis was applied to cluster pectinolytic (Table 1) and 
non-pectinolytic genes (Suppl. Table 1) and genes containing a transcription factor 
domain according to their expression profile. The non-pectinolytic genes were used as 
a reference group in this analysis. Synteny of rhaR and putative L-rhamnose catabolic 
genes in the genomes of A. niger CBS 513.88, Aspergillus niger ATCC 1015,  A. 
nidulans FGSC A4, Aspergillus oryzae RIB40/ATCC 42149, Aspergillus flavus NRRL 
3357, Aspergillus clavatus NRRL 1, Neosartorya fischeri NRRL 181, Aspergillus 
terreus NIH2624, Aspergillus fumigatus A1163 and Aspergillus fumigatus Af293 was 
analyzed using the Sybil algorithm [9] at www.aspgd.org.

Enzyme assays
Extracellular α-rhamnosidase activity was measured in a total volume of 100 µl using 

0.01% p-nitrophenol (PNP) linked substrates, 30 µl culture sample, and 25 mM sodium 
acetate (pH = 5.0). Samples were incubated in microtiter plates at 30ºC for 60 min. 
The reactions were stopped by the addition of 100 µl 0.25 M Na2CO3. Absorbance was 
measured at 405 nm in a microtiter plate reader (Biorad Model 550). The extracellular 
enzyme activity was defined as the amount of released PNP (nmol) per minute per mg 
protein. Protein concentrations were measured using the Pierce BCA (bicinchoninic 
acid) protein assay according to the supplier’s instructions. 

Pectin lyase activities were measured using 0.5 ml of 100 mM Tris-acetate buffer 
pH 9.5, 0.5 ml 1% apple pectin pH 5.7 and 0.2 ml culture sample. Samples were 
incubated at 45°C for 1 hour. The reaction was stopped by addition of 1.8 ml 0.01 N 
HCl to 0.2 ml of the reaction mix. One unit of pectin lyase activity was defined as the 
amount of enzyme that causes an increase of 1 of the absorbance at 230 nm. Pectate 
lyase activities were measured by the same procedure, but with addition of 10 mM of 
calcium to the 100 mM Tris-acetate buffer. Pectin lyase activities at acidic pH were 
measured using 100 mM acetate buffer pH 5.5 instead of 100 mM Tris-acetate buffer. 



Substrate Concentration Company Purity Composition
D-glucose 25 mM Sigma-aldrich ≥99%  – 
D-fructose 25 mM Sigma-aldrich ≥99%  – 
D-galactose 25 mM Sigma-aldrich ≥99%  – 
L-arabinose 25 mM Sigma-aldrich ≥99%  – 
D-galacturonic acid 25 mM Sigma-aldrich ≥97%  – 
L-rhamnose 25 mM Sigma-aldrich ≥99% – 
Ferulic acid 25 mM Sigma-aldrich ≥99%  – 
Galactan (from potato) 1% Megazyme n.s. Gal: Ara: Rha: GalA = 88: 2: 3: 7
Debranched 1,5-α-L-Arabinan (from sugar beet) 1% Megazyme ~ 95% Ara: Gal: Rha: GalA = 88: 4: 2: 6
Rhamnogalacturonan I (from potato) 1% Megazyme  > 97% GalA: Rha: Ara: Xyl: Gal: Os = 62: 20: 3,3: 1: 12: 1,7
Soy pectin 1% n.s. n.s. Gal: Ara: GalA: Xyl: Rha: Fuc: Glc = 39: 25:17: 7: 5: 4: 3
Citrus pectin 1% Sigma-aldrich n.s.  n.s.
Apple pectin 1% Sigma-aldrich n.s.  n.s.
Citrus pulp 1%  n.s. n.s. Glc: GalA: Ara: Gal: Xyl: Man: Rha = 39: 35: 11: 7: 4: 4: 1
Sugar beet pulp 1% or 3%*  n.s. n.s. Glc: Ara: GalA: Gal: Xyl: Man: Rha = 33: 28: 26: 7: 2: 2: 1 
Soy bean hulls 3%  n.s. n.s. Glc: GalA: Xyl: Ara: Man: Gal: Rha = 49: 16: 15: 8: 7: 4: 1

Table 3. Composition, purity and concentration of the carbon sources used in this study. Gal = D-galactose, Ara = L-arabinose, 
Rha = L-rhamnose, GalA = D-galacturonic acid, Xyl = D-xylose, Man = D-mannose,  Os = other sugars. n.s. = not specified.  
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Characterization of rhaR
A disruptant strain for rhaR was created and verified by Southern analysis (Fig. 2). 

The ΔrhaR strain (FP304.1) was compared to the reference strain N402 in a phenotypic 
analysis using different carbon sources (Fig. 3). Disruption of rhaR resulted in absence 
of growth on L-rhamnose. The diameter of the colony of the rhaR disruptant was 
slightly smaller on apple pectin and citrus pectin when compared to the reference 
strain. No significant differences were observed on the other substrates.

Results

Identification of rhaR
The rhaR gene was identified as a candidate regulator involved in pectin 

degradation by analyzing microarray data of the reference strain A. niger N402 
after a two hour transfer from a medium containing D-fructose to pectin related 
carbon sources (D-galacturonic acid, L-rhamnose, L-rhamnose + D-galacturonic 
acid, rhamnogalacturonan I, arabinan, galactan and ferulic acid). D-glucose and 
D-fructose were used as reference carbon sources. Pectinolytic genes (Table 1) 
and genes containing a transcription factor domain were clustered in a SOM (Self-
Organizing Maps) analysis according to their expression profile to identify regulators 
that are potentially involved in pectin degradation. Non-pectinolytic genes (Suppl. 
Table 1) were used as a reference group and were expected to be absent in clusters 
that contained putative regulators and pectinolytic genes. Gene rhaR (An13g00910) 
encodes a protein sequence of 827 amino acids that contains a Zn(II)2Cys6 binuclear 
cluster domain and a fungal specific transcription factor domain. It clustered with five 
pectinolytic genes that encode a rhamnogalacturonan lyase (rglB; An11g00390), two 
rhamnogalacturonan acetyl esterases (rgaeA; An04g09360 and rgaeB; An09g02160) 
and two α-rhamnosidases (An04g09070 and Ang01g06620) (Fig 1). Non-pectinolytic 
genes were absent in this cluster. 

The rhaR gene had a high expression level on a mixture of L-rhamnose and 
D-galacturonic acid and an even higher expression level on L-rhamnose (Fig 1). A 
lower level of expression was observed on D-galacturonic acid, arabinan, galactan and 
ferulic acid. The lowest expression levels were detected on D-glucose, D-fructose and 
rhamnogalacturonan I. 
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Figure 1. Expression profile analysis of rhaR. rhaR (An13g00910) clustered in a SOM 
analysis with rhamnogalacturonan acetyl esterases (rgaeA; An09g02160 and rgaeB; 
An04g09360), rhamnogalacturonan lyase (rglB; An11g00390) and α-rhamnosidases 
(An04g09070 and Ang01g06620) according to expression profile. Expression values 
(presented as logarithmic values) were measured on pectin related carbon sources 
(D-galacturonic acid (GalA), L-rhamnose (Rha), D-galacturonic acid + L-rhamnose 
(GalARha), rhamnogalacturonan I (RG), arabinan (ABN), galactan (GLN) and ferulic 
acid (FA)) and reference substrates (D-fructose (Frc) and D-glucose (Glc)). 

Figure 2. Schematic cloning strategy and Southern blot analysis of the A. niger 
ΔrhaR strain. The rhaR gene was replaced by the pyrG selection marker. As a result, a 
1220 bp longer fragment hybridized after KpnI digestion in Southern blot analysis when 
compared to the reference strain. 
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Figure 3. Growth of A. niger ΔrhaR and the reference strain N402 on various 
carbon sources. Glc = 25 mM D-glucose, Frc = 25 mM D-fructose, Rham = 25 mM 
L-rhamnose, Rham + GalA = 25 mM L-rhamnose + 25 mM D-galacturonic acid, ABG 
= 1% arabinogalactan, GalA = 25 mM D-galacturonic acid, Gal = 25 mM D-galactose, 
Ara = 25 mM L-arabinose, RG-I = 1% rhamnogalacturonan I, SBP = 1% Sugar Beet Pulp 
(boiled), AP = 1% apple pectin (pH adjusted to 6.0), CP = 1% citrus pectin (pH adjusted 
to 6.0), SP = 1% soya pectin (pH adjusted to 6.0), CiP = 1% citrus pulp and SBH = 1% 
soy bean hulls. 

Extracellular activities of α-rhamnosidase and pectin and pectate lyase were 
monitored during 6 days in liquid shaken cultures of the ΔrhaR strain and N402 
that had been grown on 1% apple pectin (pH = 6.0) or 1% sugar beet pulp. Activity 
of α-rhamnosidase was detected in the medium of N402 after 3 days of growth on 
both carbon sources but was absent in the case of the ΔrhaR strain (Fig 4a). The 
α-rhamnosidase activity in the medium of N402 was approximately 2-fold higher on 
apple pectin on day 3, but approximately 2 fold higher on 1% sugar beet pulp from day 
4 onwards. 

Pectin lyase activity was detected after 3 days of growth using both alkaline and 
acidic assay conditions. The activity measured in the presence of calcium was similar 
to the activity measured in the absence of calcium, which suggests absence of pectate 
lyase activity. Pectin lyase activities were similar on both carbon sources for the ΔrhaR 
and the reference strain (Fig 4b).
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Figure 4. Comparison of the α-rhamnosidase and pectin/pectate lyase activity in the 
ΔrhaR strain and reference strain.  α-Rhamnosidase (A) and  pectin and pectate lyase 
(B) activity for the ΔrhaR strain and the reference strain N402 on 1% apple pectin (pH 
adjusted to 6.0) (AP) and 1% sugar beet pulp (boiled) (SBP). In the case of pectin and 
pectate lyase activity, three different conditions were used: Tris-acetate buffer pH 9.5 
(None), Tris-acetate buffer with the addition of calcium pH 9.5 (Ca2+) and acetate buffer 
pH 5.5 (Acid).   

Microarray analysis reveals a role for RhaR in RG-I degradation 
Microarray data was obtained for liquid shaken cultures of A. niger N402 and ΔrhaR 

that had been grown for 2 hours on L-rhamnose in a transfer experiment. Expression 
of pectinolytic genes of A. niger (Table 1) was compared between both strains. The 
pectinolytic genes can be divided into genes which are active on the backbone of 
HGA, XGA or RG-I, or on side residues of XGA and side chains of RG-I. Most 
genes that were down-regulated ≥ 2-fold in the ΔrhaR strain were genes involved in 
the degradation of the RG-I backbone (Table 4). These included 3 genes encoding 
GH 28 exorhamnogalacturonases (rgxA; An01g14650, rgxB; An03g02080 and rgxC; 
An18g04810), 5 genes encoding putative α-rhamnosidases of GH 78 (An07g00240, 
An01g06620, An10g00290, An12g05700 and An04g09070), one gene encoding 
an unsaturated rhamnogalacturonan hydrolase of GH 105 (urhgA; An14g02920), 



Table 4: Pectinolytic genes that were significantly down-regulated (≥ 2-fold; p-value < 0.05) in the ΔrhaR strain compared to the reference 
strain. The expression levels are mean values of duplicate samples. The fold change is the difference in expression between the reference strain 
and the ΔrhaR strain. HGA = homogalacturonan, RG-I = Rhamnogalacturonan-I, SC = Side chains. 

Ref

Structure Enzyme Gene 2h L-rham

HGA PAE An02g02540 (paeA) 295.2  +/- 108.2

RG-I RGX An01g14650 (rgxA) 918.3  +/- 32.1

An03g02080 (rgxB) 1430.6  +/- 301.7

An18g04810 (rgxC) 357.3  +/- 158.4

RHA An01g06620 10214.2  +/- 1161.3

An10g00290 223.8  +/- 64.7

An12g05700 2771.2  +/- 49

An07g00240 225.3  +/- 68.9

An04g09070 2340.6  +/- 850.2

URH An14g02920 (urhgA) 7451.7  +/- 985.2

RGL An11g00390 (rglB) 3847.5  +/- 719.4

RGAE An09g02160 (rgaeA) 2663.5  +/- 310.1

  An04g09360 (rgaeB) 2930.8  +/- 242.7

SC LAC An06g00290 (lacC) 1026.3  +/- 21.1

An14g05820 (lacE) 45.1  +/- 2

 FAE An12g10390 (faeB) 95.9 +/- 5

ΔrhaR 

2h L-rham

113.5  +/- 2.5

21.2  +/- 3

10.3  +/- 1.2

17.3  +/- 1.4

84.5  +/- 0.9

23.6  +/- 1.8

18.5  +/- 4.1

14.9  +/- 1.1

49  +/- 9

154.3  +/- 3.6

22.8  +/- 2.4

143.1  +/- 47.4

106  +/- 5.1

40.4  +/- 0.4

18.5  +/- 2

31.5 +/- 1.9

 

fold

 change

- 2.6

- 43.2

- 139.3

- 20.6

- 120.9

- 9.5

- 149.5

- 15.1

- 47.8

- 48.3

- 168.5

- 18.6

- 27.7

- 25.4

- 2.4

- 3
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RhaR plays a role in L-rhamnose catabolism 
Growth on L-rhamnose is abolished for the ΔrhaR strain (Fig. 3). This suggests 

regulation of L-rhamnose catabolism by RhaR. Recently, a fungal pathway for the 
intracellular conversion of L-rhamnose has been described in Pichia stipitis and 
Debaromyces hansenii [53]. This non-phosphorylating pathway converts L-rhamnose 
to pyruvate and L-lactaldehyde by four enzymatic steps (Fig. 5). L-rhamnose-l-
dehydrogenase (encoded by LRA1) converts L-rhamnose into L-rhamnono-y-lactone. 
L-rhamnono-y-lactone is processed to L-rhamnonate by L-rhamnono-y-lactonase 
(LRA2). L-rhamnonate is converted to L-2-keto-3-deoxyrhamnonate by the enzymatic 
activity of l-rhamnonate dehydratase (LRA3) and L-2-keto-3-deoxyrhamnonate is 
split into L-lactaldehyde and pyruvate by the activity of L-KDR aldolase (LRA4). 
This pathway has not yet been identified in A. niger, but in this study homologs were 
found for the genes encoding these enzymes (Table 5). Interestingly, rhaR clusters with 
three of these genes (An13g00920, An13g00930 and An13g00940) on chromosome II 
(Fig. 6). Expression levels of the putative L-rhamnose catabolic genes were compared 
between the reference and the ΔrhaR strain grown on L-rhamnose. An13g00920, 
An13g00930 and An13g00940 showed high expression in the reference strain on 
L-rhamnose, in contrast to An03g00040 that had a very low expression level (Table 
5). An13g00920 and An13g00930 were significantly down-regulated (≥ 2-fold) in 

one gene encoding a rhamnogalacturonan lyase of PL 4 (rglB; An11g00390) 
and both genes encoding rhamnogalacturonan acetyl esterases of CE 12 (rgaeA; 
An09g02160 and rgaeB; An04g09360). All these genes showed high expression 
levels in the reference strain on L-rhamnose compared to other carbon sources (data 
not shown). Other genes involved in the degradation of RG-I, e.g. all genes encoding 
endorhamnogalacturonases, showed similar expression profiles in the ΔrhaR and 
reference strain (Suppl. Table 2). However, these genes showed low expression levels 
on L-rhamnose in the reference strain. 

Genes involved in the degradation of HGA and XGA also showed low expression 
levels on L-rhamnose compared to other carbon sources in the reference strain (data not 
shown). All these genes showed similar expression levels in the ΔrhaR and reference 
strain, except for one gene (paeA; An02g02540) encoding a putative CE12 pectin acetyl 
esterase, which was down-regulated in the ΔrhaR strain (Table 4; Suppl. Table 2). 

Expression of genes encoding enzymes involved in the degradation of the 
pectinolytic side chains was also similar in both strains (Suppl. Table 2), except for 
two genes encoding β-galactosidases (lacC and lacE) and one gene encoding a feruloyl 
esterase (faeB) that were down-regulated in the ΔrhaR strain (Table 4). 
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Table 5. A. niger homologs of P. stipitis LRA1-4 genes and their expression values in 
the reference and the ΔrhaR strain.  A. niger closest homologs and their corresponding 
E-values were obtained by using P. stipitis LRA1-4 genes [53] as queries in a BlastP 
analysis (bidirectional) against the Aspergillus genome database (www.aspgd.org). The 
expression levels are mean values of duplicate samples. The fold change is the difference 
in expression between the reference and the ΔrhaR strain. 

Ref ΔrhaR 
Gene locus tag E-value 2h L-rham 2h L-rham

LRA1 An13g00930 5.40E-57 2288  +/- 86.2775 43.6  +/- 1.07
LRA2 An13g00940 5.50E-52 983.6  +/- 163.977 526  +/- 9.31

LRA3 An13g00920 2.00E-160 14822  +/- 156.463 16.5  +/- 1.83
LRA4 An03g00040 2.20E-44 12.09  +/- 0.13817 11.2  +/- 0.68

 
fold 

change

- 52.4
- 1.9

- 895.7
- 1.1

 

p-value

8.5E-08
1.7E-02

0
0.5

Figure 5. Fungal catabolic pathway 
for L-rhamnose as described 
for P. stipitis and D. hansenii 
[53]. L-rhamnose is converted to 
L-lactaldehyde and pyruvate by four 
enzymes encoded by the LRA1-4 
genes. 

the ΔrhaR strain. The other two genes, An13g00940 and An03g00040, had a similar 
expression profile in both strains. 
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fold 

change

- 52.4
- 1.9

- 895.7
- 1.1

Figure 6. Clustering of rhaR with the A. niger homologs of the genes encoding 
L-rhamnose l-dehydrogenase (LRA1), L-rhamnono-γ-lactonase (LRA2) and 
L-rhamnonate dehydratase (LRA3) on chromosome II. 

The rhaR gene is also found in the genomes of A. oryzae, A. terreus, A. clavatus, 
A. flavus, A. fumigatus and N. fischeri (Suppl. Fig. 1).  The A. niger cluster of rhaR 
with the putative rhamnose catabolic pathway genes (An13g00920, An13g00930 
and An13g00940) is conserved within the genomes of these Aspergilli, except for A. 
nidulans and A. oryzae. In A. nidulans, only An13g00920 clusters with rhaR, while 
orthologs of the other genes are present at a different locus. In A. oryzae, the ortholog 
of An13g00940 is absent. An03g00040 is unique to A. niger. 

Discussion 
The rhaR gene (An13g00910) was selected as a putative regulator involved in 

pectin degradation due to its clustering with five pectinolytic genes according to their 
expression profiles. A high level of expression of rhaR was observed on L-rhamnose. 
Expression was also observed on L-rhamnose + D-galacturonic acid, D-galacturonic 
acid, arabinan, galactan and ferulic acid, which are all components of the pectinolytic 
structure RG-I. A low level of expression for rhaR was observed on RG-I itself, which 
may be due to the low concentration or absence of the inducing monosaccharide 
L-rhamnose after two hours of transfer.

Deletion of rhaR in A. niger resulted in a strain which was unable to use L-rhamnose 
as a carbon source. Growth on apple pectin and citrus pectin was slightly reduced, 
showing that RhaR has an influence on pectin degradation. The colony of the ΔrhaR 
strain was only slightly thinner than the reference strain on rhamnogalacturonan 
I, which is probably due to the presence of L-arabinose this substrate (Table 3), 
as this is the RG-I component that results in best growth of A. niger (Fig. 2). In 
addition, the RG-I substrate that has been used in this study contains a significant 
amount of D-galacturonic acid (Table 3), some of which may be present as short 
homogalacturonan chains, that would not require RG-I specific enzymes to be 
degraded. 

Expression of pectinolytic genes on L-rhamnose was compared between the ΔrhaR 
and the reference strain by means of microarray analysis. This revealed that 12 of 
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the 23 pectinolytic genes which encoded enzymes involved in the degradation of the 
RG-I structure were ≥ 2-fold down-regulated in the ΔrhaR strain on L-rhamnose. This 
included the five genes that clustered with rhaR in the SOM analysis. One of these 
genes was rgaeA (An09g02160), which was previously reported to be specifically 
induced on L-rhamnose and therefore suggested to be under control of an L-rhamnose 
responsive regulator [13]. The absence of the other seven down-regulated genes in 
the SOM cluster is likely due to the settings of the analysis as they do show similar 
expression profiles (data not shown). A  high expression level on L-rhamnose 
was detected for these genes in the reference strain. Other genes, involved in the 
degradation of RG-I, which showed similar expression profiles between the reference 
and ΔrhaR strain, showed a low expression on L-rhamnose in the reference strain. 
This low expression could be due to the incubation time of 2 hours as one gene (rhgA; 
An12g00950) was described to be mainly visible on L-rhamnose after 4 and 8 hours 
of incubation [13]. Five from the putative eight genes encoding α-rhamnosidases were 
down-regulated, while the other three showed a similar profile (low expression on 
L-rhamnose) in the reference and disruptant strain. α-Rhamnosidase activity was absent 
in the ΔrhaR strain on apple pectin and sugar beet pulp, suggesting that these latter 
three putative genes do not play a role in the initial degradation of pectin and perhaps 
encode enzymes with different functions. 

Pectinolytic genes involved in the degradation of homogalacturonan and 
xylogalacturonan showed similar expression patterns between the reference and ΔrhaR 
strain, except for one gene encoding a putative pectin acetyl esterase (paeA). The 
similar expression pattern of these genes in both strains correlates with the detected 
pectin lyase activity in the medium of the reference and disruptant strain on apple 
pectin and sugar beet pulp. The very low expression level of genes involved in HGA 
and XGA degradation in the reference strain on L-rhamnose correlates well with a 
role of the corresponding enzymes in the degradation of a part of pectin that does not 
contain L-rhamnose. Regulation of these genes likely occurs through an unknown 
positively acting regulator which responds to D-galacturonic acid or a derivative 
thereof, as was suggested previously [13]. 

Influence of RhaR on the genes involved in the degradation of the pectinolytic side 
chains is very limited. Only two genes encoding β-galactosidases (lacC; An06g00290 
and lacE; An14g05820) and one gene encoding a feruloyl esterase (faeB; An12g10390) 
were down-regulated  in the ΔrhaR strain compared to the reference strain. Genes 
involved in the degradation of the arabinan side chains showed similar expression 
levels in both strains. Expression of some of these genes is known to be regulated by 
the arabinolytic regulator AraR [1]. 

RhaR appears to be involved in the catabolism of L-rhamnose as absence of RhaR 
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leads to abolished growth on L-rhamnose as a sole carbon source. In this study, we 
identified four orthologs of the previously characterized L-rhamnose catabolic genes 
of P. stipitis [53]. Three of these genes (An13g00920, An13g00930 and An13g00940) 
cluster with rhaR on chromosome II and are highly expressed on L-rhamnose in the 
reference strain. Two of them are strongly reduced in their expression in the ΔrhaR 
strain, which indicates that they are regulated by RhaR. Although An13g00940 is 
specifially induced on L-rhamnose, its expression is hardly influenced by the absence 
of RhaR. This indicates that this gene is under control of a different regulatory 
mechanism. The LRA-4 homolog, An03g00040, is not clustered with rhaR and is 
unique to A. niger. In addition, it has a very low expression level on L-rhamnose in 
the reference strain and is not influenced by a rhaR disruption. This makes its role 
in L-rhamnose catabolism doubtful and suggests that another gene may encode this 
enzymatic function in A. niger and other Aspergilli. 

Taken together, this study showed that RhaR is specifically involved in RG-I 
degradation and L-rhamnose catabolism. L-Rhamnose, or a derivative thereof, is 
the inducer of RhaR. Genes involved in the degradation of HGA and XGA are not 
influenced by the absence of RhaR, which suggests the presence of an additional 
regulator which might have D-galacturonic acid as its inducer. The data also indicate 
that the pectinolytic genes of A. niger are not all coordinately regulated as was 
described previously for the xylanolytic genes [50]. In contrast, at least two defined sets 
of pectinolytic genes can be identified that are each controlled by their own regulatory 
system.
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Suppl. Fig 1. Orthologous gene cluster of rhaR and putative L-rhamnose catabolic 
genes in Aspergilli. The rhaR gene is present in the genomes of A. niger CBS 513.88, 
Aspergillus niger ATCC 1015, Aspergillus oryzae RIB40/ATCC 42149, Aspergillus flavus 
NRRL 3357, Aspergillus clavatus NRRL 1, Neosartorya fischeri NRRL 181, Aspergillus 
terreus NIH2624, Aspergillus fumigatus A1163 and Aspergillus fumigatus Af293. 
The A. niger rhaR gene clusters with the putative rhamnose catabolic pathway genes 
(An13g00920, An13g00930 and An13g00940) and this cluster is conserved within the 
genomes of the other Aspergilli, except for A. nidulans and A. oryzae. In A. nidulans, 
only An13g00920 clusters with rhaR, while orthologs of the other genes are present at a 
different locus. In A. oryzae, the ortholog of An13g00940 is absent.
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Locus tag Description Reference 
An03g06550 glucan 1,4-alpha-glucosidase glaA - Aspergillus niger [21]
An01g14740 glucose oxidase precursor goxC - Aspergillus niger [57]
An16g01830 glyceraldehyde-3-phosphate dehydrogenase gpdA - Aspergillus niger [42]
An02g14380 hexokinase hxk - Aspergillus niger [37]
An07g08990 pyruvate kinase pkiA - Aspergillus niger [23]
An07g03880 serine proteinase pepC - Aspergillus niger [22]
An08g11930 similarity to ankyrin 2 Ank2 - Drosophila melanogaster [42]
An03g03270 similarity to ankyrin Ank-1 - Mus musculus [42]

An03g05290 similarity to glucan 1,3-beta-glucosidase BGL2 - Saccharomyces 
cerevisiae [42]

An12g03430 similarity to glucose oxidase goxC - Aspergillus niger [42]

An02g01800 strong similarity to 45 kD subunit of DNA-directed RNA polymerase II 
RPB3 - Saccharomyces cerevisiae [42]

An15g00560 strong similarity to actin gamma - Aspergillus nidulans [42]

An04g02260 strong similarity to cytoplasmic ribosomal protein of the large subunit 
L38 - Rattus norvegicus [42]

An04g08980 strong similarity to cytoplasmic ribosomal protein of the large subunit 
L43A - Saccharomyces cerevisiae [42]

An11g01690 strong similarity to cytoplasmic ribosomal protein of the small subunit 
S30 - Saccharomyces cerevisiae [42]

An11g09670 strong similarity to cytplasmic ribosomal protein of the small subunit 
S27 - Homo sapiens [42]

An16g03940 strong similarity to subunit of transcription initiation factor TFIID TATA-
box binding protein TBP - Aspergillus nidulans [42]

An17g01865 strong similarity to the calcium/calmodulin dependent protein kinase 
C (CmkC) - Emericella nidulans [42]

An01g14340 strong similarity to the component of a nuclear import pathway 
transportin dTRN - Drosophila melanogaster [42]

An07g05620 strong similarity to transcription elongation factor rtf1 - 
Saccharomyces cerevisiae [42]

Supplemental Table 1.  Non-pectinolytic genes used in the SOM analysis.



Supplemental Table 2. Expression levels of pectinolytic genes in the ΔrhaR strain and the reference strain (N402) after a 2 hour 
transfer to L-rhamnose.  The expression levels are mean values of duplicate samples. The fold change is the difference in expression between 
the reference and the ΔrhaR strain. HGA = homogalacturonan, XGA = xylogalacturonan, RG-I = Rhamnogalacturonan-I, SC = Side chains. 

* These genes were analyzed in an expression study and shown to be expressed in the presence of galacturonic acid, polygalacturonic acid 
and sugar beet pectin [19]. 

Reference ΔrhaR 
Structure Enzyme locus tag 2h L-rham 2h L-rham

HGA PGA  An16g06990 (pgaA) * 13.3  +/- 2.3 14.9  +/- 0.7
An02g04900 (pgaB) * 22.8  +/- 5.8 31.9  +/- 7.5
An05g02440 (pgaC) * 13.9  +/- 3.6 13.4  +/- 0.2
An09g03260 (pgaD) * 12.3  +/- 1.2 15.5  +/- 0.5
An01g14670 (pgaE) * 11.9  +/- 1.2 11.6  +/- 0.2
An01g11520 (pgaI) * 21.1  +/- 0.4 16.3  +/- 0.1

 An15g05370 (pgaII) * 11.5  +/- 1.7 12.2  +/- 2.3
PGX An11g04040 (pgxA) 13.9  +/- 0.6 14.3  +/- 0.2

An03g06740 (pgxB) 13.0  +/- 1.0 10.9  +/- 0.8
An02g12450 (pgxC) 24.1  +/- 1.0 20.0  +/- 1.3

 An12g07500 (pgaX) * 10.3  +/- 0.7 12.3  +/- 0.3
UGH An01g01340 12.6  +/- 0.9 11.5  +/- 1.5
PEL An14g04370 (pelA) * 139.4  +/- 43.4 99.5  +/- 3.0

An03g00190 (pelB) * 57.3  +/- 15.1 38.0  +/- 4.8
An11g04030 (pelC) * 11.9  +/- 1.7 11.5  +/- 0.8
An19g00270 (pelD) * 8.9  +/- 0.6 9.7  +/- 0.5

 An15g07160 (pelF) * 174.8  +/- 20.8 90.5  +/- 6.1

fold
change
+ 1.1
+ 1.4
 - 1.0
+ 1.3
 - 1.0
 - 1.3
+ 1.1
 + 1.0
 - 1.2
 - 1.2
+ 1.2
 - 1.1
 - 1.4
 - 1.5
 - 1.0
+ 1.1
 - 1.9

p-value
0.3
0.1
0.9

4.0E-02
0.8

6.6E-02
0.7
0.8

7.8E-02
0.2

0.04
0.4
0.3

9.6E-02
0.8
0.3

2.1E-02

Locus tag Description Reference 
An03g06550 glucan 1,4-alpha-glucosidase glaA - Aspergillus niger [21]
An01g14740 glucose oxidase precursor goxC - Aspergillus niger [57]
An16g01830 glyceraldehyde-3-phosphate dehydrogenase gpdA - Aspergillus niger [42]
An02g14380 hexokinase hxk - Aspergillus niger [37]
An07g08990 pyruvate kinase pkiA - Aspergillus niger [23]
An07g03880 serine proteinase pepC - Aspergillus niger [22]
An08g11930 similarity to ankyrin 2 Ank2 - Drosophila melanogaster [42]
An03g03270 similarity to ankyrin Ank-1 - Mus musculus [42]

An03g05290 similarity to glucan 1,3-beta-glucosidase BGL2 - Saccharomyces 
cerevisiae [42]

An12g03430 similarity to glucose oxidase goxC - Aspergillus niger [42]

An02g01800 strong similarity to 45 kD subunit of DNA-directed RNA polymerase II 
RPB3 - Saccharomyces cerevisiae [42]

An15g00560 strong similarity to actin gamma - Aspergillus nidulans [42]

An04g02260 strong similarity to cytoplasmic ribosomal protein of the large subunit 
L38 - Rattus norvegicus [42]

An04g08980 strong similarity to cytoplasmic ribosomal protein of the large subunit 
L43A - Saccharomyces cerevisiae [42]

An11g01690 strong similarity to cytoplasmic ribosomal protein of the small subunit 
S30 - Saccharomyces cerevisiae [42]

An11g09670 strong similarity to cytplasmic ribosomal protein of the small subunit 
S27 - Homo sapiens [42]

An16g03940 strong similarity to subunit of transcription initiation factor TFIID TATA-
box binding protein TBP - Aspergillus nidulans [42]

An17g01865 strong similarity to the calcium/calmodulin dependent protein kinase 
C (CmkC) - Emericella nidulans [42]

An01g14340 strong similarity to the component of a nuclear import pathway 
transportin dTRN - Drosophila melanogaster [42]

An07g05620 strong similarity to transcription elongation factor rtf1 - 
Saccharomyces cerevisiae [42]



PLY An10g00870 (plyA) * 18.7  +/- 1.6 18.4  +/- 1.5
PME An03g06310 (pmeA) * 16.0  +/- 1.1 15.0  +/- 0.0

An04g09690 (pmeB) 15.0  +/- 0.9 15.6  +/- 0.3
An02g02540 (paeA) 295.2  +/- 108.2 113.5  +/- 2.5
An07g08940 (paeB) 49.1  +/- 12.9 27.5  +/- 2.1

 XGA XGH An04g09700 (xghA) 14.4  +/- 0.4 12.3  +/- 0.0
RG-I RGX An01g14650 (rgxA) 918.3  +/- 32.1 21.2  +/- 3.0

An03g02080 (rgxB) 1430.6  +/- 301.7 10.3  +/- 1.2
An18g04810 (rgxC) 357.3  +/- 158.4 17.3  +/- 1.4

RHA An15g04530 11.1  +/- 0.5 9.8  +/- 0.4
An01g06620 10214.2  +/- 1161.3 84.5  +/- 0.9
An10g00290 223.8  +/- 64.7 23.6  +/- 1.8
An08g09140 11.5  +/- 0.2 12.6  +/- 0.2
An12g05700 2771.2  +/- 49.0 18.5  +/- 4.1
An07g00240 225.3  +/- 68.9 14.9  +/- 1.1
An04g09070 2340.6  +/- 850.2 49.0  +/- 9.0

 An18g04800 36.5  +/- 3.5 58.8  +/- 2.9
RHG An12g00950 (rhgA) * 33.6  +/- 13.1 24.7  +/- 0.6

An14g04200 (rhgB) 26.5  +/- 4.3 24.2  +/- 1.0
An06g02070 (rhgC) 14.4  +/- 1.3 13.0  +/- 0.6
An11g06320 (rhgD) 13.1  +/- 0.4 12.0  +/- 1.0
An11g08700 (rhgE) 26.1  +/- 4.1 17.6  +/- 1.2
An07g01000 (rhgF) 11.7  +/- 1.3 11.0  +/- 0.0

URH An14g02920 (urhgA) 7451.7  +/- 985.2 154.3  +/- 3.6
 An14g05340 (urhgB) 10.1  +/- 0.2 9.9  +/- 0.3

 - 1.0
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 - 1.8
 - 1.2
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 - 139.3
- 20.6
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3.1E-09
2.0E-06
9.4E-02
1.2E-10
1.3E-05
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4.5E-09
3.5E-06
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0.3
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0.3

0.0169
0.6

2.4E-09
0.8



RGL An14g01130 (rglA) * 21.2  +/- 1.1 24.3  +/- 3.3
 An11g00390 (rglB) * 3847.5  +/- 719.4 22.8  +/- 2.4
RGAE An09g02160 (rgaeA) 2663.5  +/- 310.1 143.1  +/- 47.4

 An04g09360 (rgaeB) 2930.8  +/- 242.7 106.0  +/- 5.1
 SC ABF An01g00330 (abfA) * 47.5  +/- 2.2 34.1  +/- 5.6

An15g02300 (abfB) * 434.3  +/- 27.9 585.7  +/- 39.0
An08g01710 (abfC) 182.1  +/- 85.4 339.7  +/- 50.5
An09g00880 (abfD) 16.4  +/- 0.2 12.6  +/- 1.5

ABN An09g01190 (abnA) * 386.0  +/- 247.1 715.7  +/- 156.8
An02g01400 (abnB) 56.1  +/- 6.5 83.2  +/- 13.5
An02g10550 (abnC) 1623.9  +/- 738.4 2415.7  +/- 141.9
An16g02730 (abnD) 18.4  +/- 4.7 14.8  +/- 0.6
An07g04930 21.2  +/- 0.4 18.5  +/- 2.9

BXL An01g09960 (xlnD) 109.8  +/- 42.3 59.8  +/- 4.9
An17g00300 61.4  +/- 9.3 69.7  +/- 2.8
An11g03120 362.4  +/- 20.7 576.5  +/- 20.5
An02g00140 37.7  +/- 9.4 40.8  +/- 7.7
An08g01900 13.8  +/- 0.9 12.4  +/- 0.0

GAL An18g05940 (galA) 26.2  +/- 8.1 14.5  +/- 0.3
 An16g06590 (galB) 11.4  +/- 1.0 10.6  +/- 1.4

LAC An01g12150 (lacA) * 1196.0  +/- 547.1 1580.7  +/- 342.7
An01g10350 (lacB) 81.6  +/- 25.5 104.1  +/- 3.1
An06g00290 (lacC) 1026.3  +/- 21.1 40.4  +/- 0.4
An07g04420 (lacD) 16.8  +/- 3.1 13.4  +/- 0.0
An14g05820 (lacE) 45.1  +/- 2.0 18.5  +/- 2.0
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- 25.4
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XSG An03g01050 85.4  +/- 42.3 238.5  +/- 128.2
XTG An11g07660 94.0  +/- 39.1 120.8  +/- 2.3

An06g02060 15.2  +/- 3.7 14.3  +/- 1.1
An08g10780 (gbgA) 164.7  +/- 38.5 507.7  +/- 60.5
An08g01100 125.2  +/- 25.4 146.9  +/- 26.5
An18g04100 94.7  +/- 34.6 60.9  +/- 4.1
An09g00120 (faeA) 13.4  +/- 0.2 11.1  +/- 0.8

FAE An12g10390 (faeB) 95.9  +/- 5.0 31.5  +/- 1.9
An16g05690 (faeC) 14.8  +/- 2.6 13.9  +/- 0.4

  An12g02550 (faeD) 11.9  +/- 0.6 10.0  +/- 0.2
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Abstract
Regulation of D-galactose catabolism has been studied in detail in 
yeast, but little is known in filamentous fungi. This study describes 
two novel regulators, GalX and GalR, which control D-galactose 
utilization in Aspergillus nidulans in a cascade-dependent manner. 
GalR controls expression of galE and galD, which encode the 
Leloir pathway enzymes galactokinase and D-galactose-1-
phosphate uridyltransferase, respectively. In addition, it controls 
the expression of ladA, which encodes L-arabitol dehydrogenase 
that catalyzes the conversion of galactitol into L-sorbose in the 
D-galactose oxido-reductive pathway. A. nidulans ΔgalR is not 
able to grow on D-galactose and has reduced growth on galactitol, 
which suggests that the aldose reductase responsible for converting 
D-galactose into galactitol is also regulated by GalR. GalX 
regulates the expression of galR and ladB, which has recently been 
identified as a gene encoding galactitol dehydrogenase in A. niger. 
The galA1 mutant, which is not able to form a galX transcript, is 
further reduced in its growth on galactitol compared to the ΔgalR 
strain, suggesting that LadB is also able to convert galactitol in 
A. nidulans. GalX, but not GalR, homologs are found in other 
ascomycetes, indicating that this type of regulation of D-galactose 
catabolism in A. nidulans unique. GalR shares significant sequence 
identity with the arabinanolytic and xylanolytic regulators AraR 
and XlnR, but GalX is more distantly related. 
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Introduction
D-Galactose is ubiquitous in nature, in particular in the plant cell wall 

polysaccharides hemicellulose and pectin. Filamentous fungi release D-galactose 
using α-galactosidases, β-galactosidases and endogalactanases [8]. The metabolic 
Leloir pathway converts D-galactose into D-glucose-1-phosphate by three enzymatic 
activities. D-glucose-1-phosphate is further converted by phosphoglucomutase to 
D-glucose-6-phosphate (Fig. 1) [5, 12, 17, 50]. The first enzyme of the Leloir pathway, 
galactokinase, is specific for α-galactose. In yeast, β-D-galactose is epimerized 
to this α-anomer by the activity of an epimerase domain on the UDP-glucose-4-
epimerase [44]. For fungi, it has been suggested that aldose reductases perform this 
action [46]. In Trichoderma reesei, all the structural genes of the Leloir pathway and 
their corresponding enzymes have been characterized [47-49]. In A. nidulans these 
enzymatic activities have been reported [40] and homologs for these genes have been 
identified in the A. nidulans genome [11]. One gene encoding a phosphoglucomutase 
in A. nidulans has been characterized, but A. nidulans appears to have more genes 
encoding this type of enzyme [16]. 

 An alternative oxido-reductive pathway for D-galactose catabolism has been 
described for A. nidulans [10], T. reesei [47] and A. niger [31] that, in contrast to the 
metabolic Leloir pathway, appears to be absent in yeast (Fig. 1). The characterization 
of this pathway is far from complete and differences have been observed between the 
species. D-galactose is converted to galactitol in T. reesei and A. niger by D-xylose 
reductase [20, 46], while the aldose reductase that catalyzes this first step in A. nidulans 
is unknown [10]. In A. niger, galactitol is converted into xylo-3-hexulose by galactitol 
dehydrogenase [31]. In T. reesei and A. nidulans this reaction is catalyzed by L-arabitol 
dehydrogenase, but the product of this reaction was identified as L-xylo-3-hexulose 
in T. reesei [34] and L-sorbose in A. nidulans [10]. It is unclear whether xylo-3-
hexulose needs to be converted to L-sorbose before it can be converted to sorbitol [45]. 
L-xylulose reductase was suggested to be the enzyme which catalyzes the conversion 
of L-sorbose into sorbitol. In T. reesei, the conversion of sorbitol to D-fructose is 
catalyzed by xylitol dehydrogenase, which was therefore suggested to also catalyze this 
reaction in A. nidulans [10, 46]. However, in A. niger sorbitol dehydrogenase catalyzes 
this reaction [20]. D-fructose is phosphorylated to fructose-6-phosphate by hexokinase 
[10]. It has been suggested that L-sorbose can also be phosphorylated directly or 
after epimerization to D-tagatose, after which these substrates could be cleaved into 
two glycolytic triose-phosphates in A. nidulans [10-11]. Some of the enzymes of the 
D-galactose oxido-reductive pathway in A. nidulans and T. reesei are also involved 
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Figure 1. A model for D-galactose catabolism in A. nidulans. The Leloir pathway 
converts D-galactose to D-glucose-6-phophate, while the alternative pathway 
converts D-galactose to D-fructose-6-phosphate. D-glucose-6-phophate enters the 
pentose phosphate pathway (PPP) or is converted to D-fructose-6-phosphate and 
enters glycolysis. galE = galactokinase (AN4957), galD = galactose-1-phosphate 
uridyltransferase (AN6182), galF = UTP-glucose-1-phosphate uridyl transferase 
(AN9148), galG = UDP-galactose-4-epimerase (AN4727), pgmB = phosphoglucomutase 
(AN2867), ladA = arabinitol-4-dehydrogenase (AN0942), lxrA = L-xylulose reductase 
(AN10169), xdhA = xylitol dehydrogenase (AN9064), hxkA = hexokinase (AN7459). 

Regulation of D-galactose catabolism has been extensively studied in yeast [18-
19, 23, 50, 52]. Gal4 is the transcriptional activator of D-galactose catabolism in 
Saccharomyces cerevisiae and binds as a dimer [26] to upstream activating sequences 
(UASgal) in the promoters of the GAL genes (GAL1: galactokinase, GAL7: galactose-
1-phosphate uridyltransferase, GAL10: UDP-galactose-4-epimerase, GAL2: galactose 
permease and MEL1: α-galactosidase) to mediate transcription in the presence 
of D-galactose [23]. In the absence of D-galactose, Gal4 activity is inhibited by 
binding of Gal80 to its activation domain which prevents it from interaction with the 
transcription machinery [6, 24, 25, 29, 55]. Gal3 interacts with Gal80 to relieve Gal4 

in pentose catabolism [11]. A non-phosphorolytic pathway for D-galactose ulilization 
has been reported for A. niger [9], but there are no indications for the presence of this 
pathway in A. nidulans. 
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from this inhibition, in the presence of galactose and ATP [37-38, 51]. The mechanism 
underlying this process is not precisely known. It was proposed that Gal3 interacts with 
the Gal4-Gal80 complex in the nucleus where it would induce a conformational change 
to activate Gal4 [22, 37]. However, it has also been shown that Gal80 dissociates from 
Gal4 and interacts with Gal3 in the cytoplasm [35, 36]. Gal3 shares sequence similarity 
with Gal1. Gal1 is able to partially substitute for Gal3 in relieving Gal80 inhibition 
[3, 38, 57]. In the presence of D-glucose, the GAL4 gene and the GAL1 gene and 
subsequently the GAL genes are repressed by the repressor protein Mig1 [32]. 

LAC9 (KlGal4) is the well studied transcriptional activator of D-galactose catabolism 
in Kluyveromyces lactis and activates the GAL genes as well as LAC12 and LAC4, 
encoding a lactose permease and β-galactosidase, respectively [14]. This protein can 
functionally substitute for S. cerevisiae Gal4 [42, 54]. In contrast to S. cerevisiae, K. 
lactis lacks a Gal3 homolog but posseses Gal1, which is able to release Lac9 from its 
inhibition by KlGal80 [30]. KlGal80 is only detected in the nucleus, whereas Gal1 is 
detected throughout the entire cell, which implies that KlGal1 and KlGal80 interact in 
the nucleus [1]. 

Little is known about regulation of D-galactose catabolism in filamentous fungi. 
Hartl et al found no orthologs of Gal3 and Gal4 in the T. reesei and A. nidulans [15]. In 
addition, galactokinase in T. reesei is fully dispensable for the induction of the Leloir 
pathway suggesting that the regulatory mechanisms underlying D-galactose catabolism 
differ significantly between yeast and filamentous fungi [15]. In this study, we describe 
two novel regulators involved in D-galactose release and catabolism in A. nidulans that 
differ from the previously described galactose regulators in yeast.

Materials and methods

Strains, media and culture conditions
A. nidulans strains used in this study are listed in Table 1. Strains were maintained 

on minimal medium (MM) or complete medium (CM) [7]. The supplements arginine 
(0.2 g L-1), uridine (0.2 g L-1) and/or calcium panthothenate (8.4 μM) were added if 
required and the pH of the medium was adjusted to 6.5 before autoclaving. 1.5% agar 
was used to solidify the medium. Liquid cultures were grown in 1 L Erlenmeyer flasks 
with 250 ml medium on rotary shaker (200 rpm) at 37°C unless stated otherwise. Pre-
cultures were grown overnight in CM with 1% D-fructose as a carbon source unless 
stated otherwise. For enzyme assays, aliquots of the mycelium were transferred to MM 
containing 10 mM D-fructose or D-galactose and samples were taken after 6, 18, and 
24 hours. For Northern analysis, fungi were grown for 8½ hours in MM containing 
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Strain Genotype Reference
FP-308.1 pyrG89 argB2 a gift from prof. C. Scazzocchio
pantoB100 pyrG89 pantoB100 pyrG89 This study
FGSC A211 galA1 bia1 wA3 [28]
FP-309.1 (Ref) argB2 pyrG89::pyrG+ This study
FP-310.1 (ΔgalR) argB2 pyrG89 galRΔ::pyrG+ This study
FP-311.1 (galA1) pantoB100 galA1 This study
FP-312.1 pantoB100:: pantoB+ This study
FP-313.1 (galA1-galX) pantoB100 galX:: pantoB+ This study
FP-314.1 (galA1-galR) pantoB100 gpd:galR:: pantoB+ This study

Table 1. Strains used in this study.

Molecular biology methods and fungal transformation
Standard molecular biology methods were based on Sambrook et al. [43]. The galR 

disruption cassette was obtained by amplifying the flanking regions of galR by PCR 
(Primers listed in Suppl. Table 1) and cloning these on either side of the pyrG gene 
(encoding orotidine-5-monophosphate-decarboxylase) from Aspergillus fumigatus, 
conferring uridine prototrophy. The construct was linearized and transformed into 
A. nidulans FP308.1 (pyrG89, argB2), resulting in the FP310.1 (argB2 pyrG89 
galRΔ::pyrG+) deletion strain. The galA1 mutant was crossed with PantoB100pyrG89, 
which is auxotrophic for pantothenate, resulting in FP-311.1 (PantoB100 galA1). FP-
311.1 was transformed with an expression construct for galX (including its promoter 
region) and galR (under expression of the gpdA promoter) resulting in FP-313.1 
(galA1-galX) and FP-314.1 (galA1-gpdgalR), respectively. Both constructs contained 
panB (encoding ketopantoate hydroxymethyl-transferase) as a selection marker.    

Protoplast formation of A. nidulans was carried out as previously described [21] with 
the modifications that MgSO4 buffer (1.2 M MgSO4*7H2O, 10 mM NaH2PO4*2H2O, 
pH 7.5) and lysing enzyme (Glucanex 200G beta-glucanase, Novozymes) were used. 
Transformation was carried out by standard method of transformation [21]. 107 
protoplasts were transformed with 10 μg DNA per transformation. 

For isolation of genomic DNA and total RNA, mycelium from liquid cultures were 
harvested by filtration over filter paper, washed with distilled water, dried using paper 
towel, frozen in liquid nitrogen and kept at -80°C. Genomic DNA was isolated using 
standard procedures [43]. Approximately 50 ng and 5 µg of genomic DNA was used for 
PCR and Southern blot analysis, respectively. 

0.1% (w/V) fructose. The pre-grown culture was then induced for 2.5 h with 10 mM of 
the indicated carbon source. 
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Total RNA was isolated from frozen mycelia after homogenizing using glass beads 
and a shaker beater FastPrep 120 (Savant). RNA extraction was carried out using 
RNeasy plant mini kit (Qiagen) in accordance to the recommendations of the supplier. 
The RNA samples, approximately 10 μg total RNA per lane, were than separated 
on a 1% agarose gel containing 10 mM sodium phosphate pH 7.2 and blotted onto 
a Hybond N-nylon membrane (Amersham Biosciences) using standard blotting 
techniques. Phosphate-SDS buffer was used for hybridization [43]. For Southern and 
Northern blotting analysis nucleotides were crossed-linked to the nylon membrane by 
UV Stratalinker 2400 (Stratagene) and hybridized with probes that were labeled with 
[α-32P]dCTP (Amersham Biosciences) using the random priming kit (Stratagene). 
Probes were prepared using purified PCR products or restriction fragments from 
plasmids (Suppl. Table 1). Radioactive signals were quantified on a Phosphor Imager 
(Packard) and visualized by autoradiography using X-ray films (Agfa).

Enzyme and reducing sugar assays
α-Galactosidase activity was measured at 40°C using 1 mM p-nitrophenyl-α-

D-galactopyranoside (pNPaG) (Sigma) in 30 mM NaAc pH 5 [39] as a substrate. 
1 mM o-nitrophenyl-β-D-galactopyranoside (ONPG) (Sigma) in buffer solution 
(50 mM KPO4 pH 7, 1 mM MgSO4, 5 mM 2-mercapto ethanol) was used to 
measure β-galactosidase activity at 30°C. The absorbance was measured at 405 nm 
(ThermoSpectronic, Bie & Berntsen A/S). Enzyme activities were normalized to total 
protein concentration using an assay (Biorad) based on Bradford [4]. The concentration 
of D-galactose in the media was measured by a reducing sugar assay as previously 
described [56] with modifications: The sample was mixed with an equal volume of 
3,5-dinitrosalicylic acid (DNS), incubated at 95°C for 6 min and the absorbance was 
measured at 550 nm using an ELISA reader (Power Wavex, BIO-TEK Instruments, 
Inc.). 

Phylogenetic analysis
Protein alignments were performed using the multiple sequence alignment tool 

ClustalW (http://www.genome.jp/tools/clustalw/). The neighbor-joining phylogenetic 
tree (1000 bootstraps) was generated using MEGA 4.0 software (http://www.
megasoftware.net/). Species used for the phylogenetic analysis are found in Suppl. 
Table 2.
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The phenotype of the ΔgalR strain resembled that of a previously described A. 
nidulans UV mutant (galA1) [41]. However, growth of the galA1 mutant on galactitol 
was further reduced in the galA1 mutant than in the ΔgalR strain (Fig. 4). Sequencing 
the galR gene from the galA1 mutant revealed no mutations in the coding or promoter 
region. However, a point mutation was detected 58 bp downstream of the ATG of 
a neighboring ORF (AN10543, named GalX) which generated a TAA stop codon 
within its putative DNA binding domain (Fig. 5A). Transforming this mutant with 
galX under control of its own promoter restored growth on D-galactose and galactitol. 
Transformation with galR under the control of the constitutive gpdA promoter restored 
growth on D-galactose, but not galactitol, for the galA1 mutant (Fig. 4). 

Results 

Identification and characterization of GalR and GalX
GalR was identified using BlastP analysis against the Broad Institute Aspergillus 

comparative database (http://www.broadinstitute.org/annotation/genome/aspergillus_
group/MultiHome.html), using the A. niger xylanolytic regulator XlnR [53] as a 
query. Three proteins from A. nidulans with significant sequence identity were found: 
XlnR, AraR and a novel putative regulator (AN10550). Disruption of this novel gene 
resulted in a strain that had abolished growth on D-galactose (Fig. 2) and slightly 
reduced growth on galactitol (data not shown). This gene was therefore named galR, 
for galactose regulator. Growth was also tested on different D-galactose-containing 
substrates (guar gum, locust bean gum, arabic gum, arabinogalactan and apple pectin) 
and reference substrates (D-glucose and L-arabinose) (Fig 2). Slightly reduced growth 
was observed for ΔgalR on guar gum, but no differences were observed on any of 
the other carbon sources. Growth was tested in the presence of two different nitrogen 
sources, ammonium and nitrate respectively, but no differences in growth on the carbon 
sources were observed (data not shown). The A. nidulans ΔgalR showed reduced 
α-galactosidase activity compared to the reference, while the β-galactosidase activity 
was only slightly reduced (Fig. 3). D-galactose uptake remained unaltered between the 
strains (data not shown).
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Figure 2. Growth profile of the A. nidulans reference (ref) and galR disruptant 
(ΔgalR) strains. Glc =  25mM D-glucose, Gal = 25mM D-galactose, Ara = 25mM 
L-arabinose, AP = 1% apple pectin, GG = 1% guar gum, LBG = 1% locust bean gum, AG 
= 1% arabic gum, ABG = 1% arabinogalactan.  

Figure 3. Relative α-galactosidase (A) and β-galactosidase (B) activity of the reference 
and ΔgalR strain on D-fructose and D-galactose.  
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GalR is unique to A. nidulans and distantly related to GalX and Gal4 
GalX and GalR consist of protein sequences of 679 and 798 amino acids, 

respectively, that both contain a Zn(II)2Cys6 binuclear cluster domain and a fungal 
specific transcription factor domain. The amino acid sequences of GalR and GalX were 
aligned using ClustalW which showed that they only share 12% identity. In contrast, 
GalR has 43% and 32% identity to A. nidulans AraR and XlnR, respectively. Sequence 
comparison of GalR and GalX with the S. cerevisiae and K. lactis D-galactose 
regulators, Gal4 and LAC9 respectively, showed a low overall identity and high 
variation within their DNA binding domains (Fig. 5B), while this region was highly 
similar for Gal4 and LAC9. The amino acid sequences of S. cerevisiae Gal4, Gal3 and 
Gal80 were used as a query in a BlastP search against the Broad Institute Aspergillus 
database. (http://www.broadinstitute.org/annotation/genome/aspergillus_group/
MultiHome.html). The A. nidulans genome does not contain homologs for Gal3 and 
Gal80. 

The closest homolog of Gal4 (e-value = 0.0) in the A. nidulans genome is an 
uncharacterized protein (AN4785), while the second hit (e-value = E-33) is also an 
uncharacterized protein (AN12296) and the third hit is GalX (e-value = E-30). No 
sequences that strongly resembled the Gal4 binding site (CGG-N11-CCG) [13] were 
found in the promoter regions of A. nidulans genes from the Leloir pathway and the 
alternative galactose pathway. 

Figure 4. Growth profile of the A. nidulans reference strain, galA1 mutant and galA1 
mutant transformed with galX (galA1-galX) or galR (galA1-galR). Glc = D-glucose, 
Gal = D-galactose, G-ol = galactitol. The galA1 mutant produces white spores due to a 
mutation in the wA gene, a gene required for pigment synthesis (table 1)[27].   
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Figure 5 A) Schematic representation of the positioning of galR and galX on 
chromosome III, contig 75. The galX gene is located 477 bp downstream of galR. 
The point mutation (T → A) in the galA1 mutant is located in the galX ORF, 58 bp 
downstream of its ATG. B) Alignment of the amino acid sequences within the DNA 
binding domain of S. cerevisae Gal4 with K. lactis Lac9 and A. nidulans GalX and GalR.    

The amino acid sequences of AraR, XlnR, GalR and GalX, were used as queries in 
a BlastP against the genomes of several ascomycetes and basidiomycets (Suppl. Table 
2). This demonstrated that galR is only present in A. nidulans, while galX is present in 
most Aspergilli, except for A. terreus, A. clavatus and N. fischeri (Fig. 6). No putative 
orthologs for these regulators could be identified in basidiomycetes.
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Figure 6. Phylogenetic relationship between A. nidulans XlnR, AraR, GalR, GalX,  K. 
lactis LAC9 and S. cerevisiae Gal4. Species used for the phylogenetic analysis are found 
in Suppl. Table 2. 



        91

Chapter 3

GalR and GalX form a regulatory complex which affects D-galactose release and catabolism 
To study the effect of GalR and GalX on genes involved in D-galactose release and 

catabolism, an expression study was performed using the reference, ΔgalR and galA1 
strains. The expression of galX, galR, genes from the Leloir pathway (galE, galD and 
galG), a gene from the oxido-reductive pathway (ladA) and an α-galactosidase (aglC) 
was studied in the presence of D-galactose, galactitol and D-fructose. The ladB gene 
was also analyzed in this study because it is located upstream of galX and galR and 
encodes a galactitol dehyrdrogenase which is part of the D-galactose oxido-reductive 
pathway in A. niger [31]. In the reference strain, expression of galX, galR, ladA, ladB 
aglC was visible on D-galactose and galactitol, but absent on D-fructose (Fig. 7). A 

basal level of expression was observed for two genes of the Leloir pathway (galE 
and galD) on D-fructose, with increased levels on D-galactose and galactitol. The 
expression of a third gene of the Leloir pathway (galG) appears to be constitutive. 
In the ΔgalR strain, the expression of ladA and aglC is lost and expression of galE 
and galD is reduced to a basal level on D-galactose and galactitol. The galX gene is 
expressed in the ΔgalR strain. In the galA1 strain, the expression of galE is lost and 
galD expression is further reduced compared to the ΔgalR strain. Expression of galR, 
ladA and ladB is lost in this mutant. 

Figure 7. Expression analysis of the reference (ref), galR disruptant (ΔgalR) and 
galA1 mutant on D-fructose (Frc), D-galactose (Gal) and galactitol (G-ol). The 18S 
ribosomal RNA gene was used as a loading control.
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Discussion
In this study we identified two novel regulators (GalR and GalX) involved in 

D-galactose release and catabolism in A. nidulans. The A. nidulans ΔgalR strain 
has abolished growth on D-galactose and reduced growth on galactitol. Despite the 
absence of expression of ladA in the ΔgalR strain on galactitol, only a small reduction 
in growth was observed on this substrate compared to the reference, indicating that 
galactitol can still be converted, probably by other enzymes. A possible candidate for 
this is ladB, which is characterized as an galactitol dehydrogenase in A. niger [31]. 
The ΔgalR strain was able to grow on galactitol, but not on D-galactose, suggesting 
that the aldose reductase, needed for the conversion of D-galactose to galactitol, is also 
regulated by GalR. The gene encoding this aldose reductase is currently unknown. 
Although, expression of the Leloir pathway genes, galE and galD, is still observed on 
D-galactose in the ΔgalR strain, growth on this substrate is abolished. This could be 
due to toxic intermediates of the Leloir pathway such as D-galactose-1-phosphate and/
or UDP-glucose. It has been previously suggested that the D-galactose oxido-reductive 
pathway is a way to avoid accumulation of these toxic intermediates [33]. Growth of 
the A. nidulans ΔgalR strain was also tested on  D-galactose containing polysaccharides 
and was only reduced on guar gum, possibly because guar gum has the highest α-linked 
D-galactose content of the substrates tested. This demonstrated that the influence of 
GalX is mainly on intracellular catabolism. 

Growth of the galA1 mutant was abolished on D-galactose, but could be restored by 
transforming this strain with galX under control of its own promoter, confirming that 
the point mutation in the galX ORF is responsible for the phenotype of the mutant. 
Growth of the galA1 mutant on D-galactose could also be restored by galR under the 
control of the constitutive gpdA promoter suggesting that the absence of growth in the 
mutant is not caused by direct regulation of the pathway genes by GalX, but rather by 
an indirect effect through regulation of galR. The latter is confirmed by the absence of 
expression of galR in the A. nidulans galA1 mutant and strongly indicates a cascade 
mechanism in which GalX activates the expression of GalR that subsequently activates 
the expression of the D-galactose catabolic genes. The uptake of D-galactose remained 
unaltered in the ΔgalR and galA1 strains compared to the wild type, indicating that 
absence of GalX and/or GalR does not affect D-galactose transport. 

Based on expression profile analysis, GalR regulates the D-galactose and galactitol 
dependent expression of ladA, aglC, galE and galD. On other substrates (i.e. 
L-arabinose and D-xylose) ladA expression is known to be predominantly regulated 
by the arabinolytic regulator AraR [2]. The galE and galD genes still show a basal 
level of expression in the ΔgalR strain. Genes affected by a galR disruption are also 
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affected in the galA1 strain because of the influence of GalX on galR expression. In 
the galA1 strain, the expression of galE is absent and galD is a little bit further reduced 
compared to the expression in the  ΔgalR strain, suggesting that GalX also has a slight 
influence on these genes which is not directed via GalR. In addition, GalX regulates 
the expression of ladB, as it is still expressed in the ΔgalR strain but not in the galA1 
mutant. The A. niger ladB gene encodes an galactitol dehydrogenase that is involved 
in the oxido-reductive pathway [31]. The hypothesis that LadB of A. nidulans could 
have a role in the oxido-reductive pathway is supported by the fact that the galA1 
mutant shows more reduced growth on galactitol compared to the ΔgalR strain. And the 
fact that this growth could not be fully restored by complementation with galR under 
control of the gpdA promoter.

The regulatory mechanisms of D-galactose catabolism in yeast and the filamentous 
fungus A. nidulans show major differences. Homologs of the regulatory proteins Gal3 
and Gal80 are absent in the A. nidulans genome, but a Gal4 ortholog was found in this 
species, in contrast to the reported absence of a Gal4 ortholog by Hartl et al [15]. This 
ortholog of S. cerevisiae Gal4, AN4785, is a protein of which the function still needs 
to be determined, but apparently cannot activate D-galactose catabolism in the absence 
of GalR or GalX. GalX and Gal4 cluster separately in a phylogenetic tree (Fig. 6) 
suggesting that both proteins have evolved independently of each other. The regulatory 
mechanisms of D-galactose catabolism in A. nidulans is even more unique because 
GalX regulates GalR in a cascade-dependent manner. GalR is unique to A. nidulans, 
while GalX is confined to the order of Eurotiales. Although, the galR and galX genes 
are located next to each other on the A. nidulans genome, it is unlikely that the galR 
gene originated from a local gene duplication as its corresponding amino acid sequence 
is more similar to AraR and XlnR than to GalX. 

The unique presence of GalR in A. nidulans and the absence of GalX in some of 
the Eurotiales indicates that the regulation of D-galactose catabolism has undergone 
significant evolutionary changes within these fungi. Growth on D-galactose also differs 
strongly between the Aspergilli (www.fung-growth.org). The absence of growth on 
D-galactose for A. clavatus and A. terreus may be in part explained by the absence 
of both galR and galX in their genome. However, galR and galX are also absent in N. 
fischeri which is able to grow on D-galactose suggesting an alternative regulator for 
D-galactose catabolism in this species. This indicates that regulation of growth on 
D-galactose may involve even more factors than the presence or absence of GalR and 
GalX.
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Supplemental Table 1. Primers used in this study

Primer Sequence (5'-3') Direction Target sequence Restriction enzyme
galR1 CCATCGATGAGGAATGGGAGTTGGCTACAGGTCTTTCT forward 5’UTR-galR ClaI
galR2 CAGTCCATGGAGTTGAGTATCGTCTGTCTCTGGCTGACCC reverse 5’UTR-galR NcoI
galR3 ATAAGAATGCGGCCGCATTGCTTCAAGGCGGCTTCTACTTTCTTGT forward galR-3’UTR NotI
galR4 GCTCTAGAGTCTACATTGGCTGGAAGCCGAACATTTAC reverse galR-3’UTR XbaI
galR5 TCAACCATGGGTCAGCCAGAGACAGACGATACTCAAC forward galR CDS NcoI
galR6 CCATCGATTCACCCCGACCAAGCGTGCAGTGCT reverse galR CDS ClaI
galX1 CTAAGCTTGGCGCAATAGCTTCTTGAATAGCACCTA forward galX promoter, CDS -
galX2 TTGGACGCGGATATAGCGGATGGAGTTTATAATTCG reverse galX CDS -
galE1 TCCGATCATCGGCCGCAGTTGTGCGCCTTAATTTCTA forward galE CDS -
galE2 GGATACGAGAAACTAGAAGTGCTTTGGACA reverse galE CDS -
galD1 TATAGTACCCCTGTTAAAGTGGCCC forward galD CDS -
galD2 TCCGTACAGTGGTGACAAGAAGACC reverse galD CDS -
galG1 ATTTATGTCGCTGTACTATCGATGT forward galG CDS -
galG2 TACTCTACCTTATTACCTGGCCCAT reverse galG CDS -
aglC1 ATGACCAATTCCAAAGCCAGATATGTCTTA forward aglC CDS -
aglC2 TCTCACCAGGTTTGAGAGTCCAAGACAG reverse aglC CDS -
ladB1 ATGGAGATCCTTCAAAAGAAGCCCAAGAAT forward ladB CDS -
ladB2 AGATCGTCAGAGGATTTTCTTCAGAAACGC reverse ladB CDS -
rRNA1 TCCAAGGAAGGCAGCAG forward rRNA CDS -
rRNA 2 AATAGAAACACCGCCCG reverse rRNA CDS -
gpdA ATTCCTTTGAACCTTTCAGTTCGAGC forward gpdA promoter -



Supplemental table 2: Species used for phylogenetic analysis (ordered by Phylum)

Species Phylum Order URL
Mycosphaerella fijiensis Capnodiales Ascomycota http://genome.jgi-psf.org/Mycgr1/Mycgr1.home.html
Mycosphaerella graminicola Capnodiales Ascomycota http://genome.jgi-psf.org/Mycgr1/Mycgr1.home.html
Aspergillus clavatus Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Aspergillus flavus Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Aspergillus fumigatus Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Aspergillus nidulans Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Aspergillus niger JGI Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Aspergillus oryzae Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Aspergillus terreus Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Neosartorya fischeri Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Penicillium chrysogenum Eurotiales Ascomycota http://www.ncbi.nlm.nih.gov/genomeprj
Penicillium marneffei Eurotiales Ascomycota http://www.ncbi.nlm.nih.gov/genomeprj
Talaromyces stipitatus Eurotiales Ascomycota http://www.ncbi.nlm.nih.gov/genomeprj
Fusarium graminearum Hypocreales Ascomycota http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html
Fusarium oxysporum Hypocreales Ascomycota http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html
Fusarium verticillioides Hypocreales Ascomycota http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html
Nectria haematococca Hypocreales Ascomycota http://genome.jgi-psf.org/Necha1/Necha1.home.html
Trichoderma reesei Hypocreales Ascomycota http://genome.jgi-psf.org/Trire2/Trire2.home.html
Trichoderma virens Hypocreales Ascomycota http://genome.jgi-psf.org/Trive1/Trive1.home.html
Verticillium albo-atrum Hypocreales Ascomycota http://www.broadinstitute.org/annotation/genome/verticillium_dahliae/MultiHome.html
Verticillium dahliae Hypocreales Ascomycota http://www.broadinstitute.org/annotation/genome/verticillium_dahliae/MultiHome.html
Botrytis cinerea Helotiales Ascomycota http://www.broad.mit.edu/annotation/genome/botrytis_cinerea/Home.html
Sclerotinia sclerotiorum Helotiales Ascomycota http://www.broadinstitute.org/annotation/genome/sclerotinia_sclerotiorum/MultiHome.html
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Aspergillus terreus Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Neosartorya fischeri Eurotiales Ascomycota http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html
Penicillium chrysogenum Eurotiales Ascomycota http://www.ncbi.nlm.nih.gov/genomeprj
Penicillium marneffei Eurotiales Ascomycota http://www.ncbi.nlm.nih.gov/genomeprj
Talaromyces stipitatus Eurotiales Ascomycota http://www.ncbi.nlm.nih.gov/genomeprj
Fusarium graminearum Hypocreales Ascomycota http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html
Fusarium oxysporum Hypocreales Ascomycota http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html
Fusarium verticillioides Hypocreales Ascomycota http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html
Nectria haematococca Hypocreales Ascomycota http://genome.jgi-psf.org/Necha1/Necha1.home.html
Trichoderma reesei Hypocreales Ascomycota http://genome.jgi-psf.org/Trire2/Trire2.home.html
Trichoderma virens Hypocreales Ascomycota http://genome.jgi-psf.org/Trive1/Trive1.home.html
Verticillium albo-atrum Hypocreales Ascomycota http://www.broadinstitute.org/annotation/genome/verticillium_dahliae/MultiHome.html
Verticillium dahliae Hypocreales Ascomycota http://www.broadinstitute.org/annotation/genome/verticillium_dahliae/MultiHome.html
Botrytis cinerea Helotiales Ascomycota http://www.broad.mit.edu/annotation/genome/botrytis_cinerea/Home.html
Sclerotinia sclerotiorum Helotiales Ascomycota http://www.broadinstitute.org/annotation/genome/sclerotinia_sclerotiorum/MultiHome.html

Magnaporthe grisea Magnaporthales Ascomycota http://www.broad.mit.edu/annotation/genome/magnaporthe_grisea/Home.html
Coccidioides immitis Onygenales Ascomycota http://www.broad.mit.edu/annotation/genome/coccidioides_group/MultiHome.html
Coccidiodes posadasii Onygenales Ascomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi
Histoplasma capsulatum Onygenales Ascomycota http://www.broad.mit.edu/annotation/genome/histoplasma_capsulatum/Home.html

Paracoccidioides brasiliensis Onygenales Ascomycota http://www.broadinstitute.org/annotation/genome/paracoccidioides_brasiliensis/
MultiHome.html

Uncinocarpus reesii Onygenales Ascomycota http://www.broad.mit.edu/annotation/genome/uncinocarpus_reesii/Home.html
Cochliobolus heterostrophus Pleosporales Ascomycota http://genome.jgi-psf.org/CocheC5_1/CocheC5_1.home.html
Pyrenophora tritici-repentis Pleosporales Ascomycota http://www.broadinstitute.org/annotation/genome/pyrenophora_tritici_repentis/
Stagnospora nodorum Pleosporales Ascomycota http://www.broadinstitute.org/annotation/genome/stagonospora_nodorum/
Candida albicans Saccharomycetales Ascomycota http://www.broad.mit.edu/annotation/genome/candida_group/MultiHome.html

Candida guilliermondii Saccharomycetales Ascomycota http://www.broadinstitute.org/annotation/genome/candida_lusitaniae/Blast.
html?sp=Sblastp

Candida parapsilosis Saccharomycetales Ascomycota http://www.broadinstitute.org/annotation/genome/candida_lusitaniae/Blast.
html?sp=Sblastp

Saccharomyces cerevisiae Saccharomycetales Ascomycota http://www.broad.mit.edu/annotation/genome/saccharomyces_cerevisiae/Home.html

Candida tropicalis Saccharomycetales Ascomycota http://www.broadinstitute.org/annotation/genome/candida_lusitaniae/Blast.
html?sp=Sblastp

Debaromyces hansenii Saccharomycetales Ascomycota http://www.broadinstitute.org/annotation/genome/candida_lusitaniae/Blast.
html?sp=Sblastp

Eremothecium gossypii Saccharomycetales Ascomycota http://www.genolevures.org/blast.html#
Kluyveromyces lactis Saccharomycetales Ascomycota http://www.genolevures.org/blast.html#
Kluyveromyces waltii Saccharomycetales Ascomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi

Lodderomyces elongisporus Saccharomycetales Ascomycota http://www.broadinstitute.org/annotation/genome/candida_lusitaniae/Blast.
html?sp=Sblastp

Pichia stipitis Saccharomycetales Ascomycota http://genome.jgi-psf.org/Picst3/Picst3.home.html
Saccharomyces bayanus Saccharomycetales Ascomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi



Saccharomyces castellii Saccharomycetales Ascomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi
Saccharomyces cerevisiae Saccharomycetales Ascomycota http://www.genolevures.org/blast.html#
Saccharomyces kluyveri Saccharomycetales Ascomycota http://www.genolevures.org/blast.html#
Saccharomyces kudriavzevii Saccharomycetales Ascomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi
Saccharomyces mikatae Saccharomycetales Ascomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi
Saccharomyces paradoxus Saccharomycetales Ascomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi
Yarrowia lipolytica Saccharomycetales Ascomycota http://www.genolevures.org/blast.html#
Schizosaccharomyces 
japonicus Saccharomycetales Ascomycota http://www.broad.mit.edu/annotation/genome/schizosaccharomyces_japonicus

Schizosaccharomyces octo 
sporus Saccharomycetales Ascomycota http://www.broadinstitute.org/annotation/genome/schizosaccharomyces_group/

GenomeDescriptions.html

Schizosaccharomycs pombe Saccharomycetales Ascomycota http://www.broadinstitute.org/annotation/genome/schizosaccharomyces_group/
GenomeDescriptions.html

Chaetomium globosum Sordaliales Ascomycota http://www.broadinstitute.org/annotation/genome/chaetomium_globosum/
Neurospora crassa Sordaliales Ascomycota http://www.broad.mit.edu/annotation/genome/neurospora/Home.html
Podospora anserina Sordaliales Ascomycota http://podospora.igmors.u-psud.fr/

Coprinus cinereus Agaricales Basidiomycota http://www.broadinstitute.org/annotation/genome/coprinus_cinereus/Blast.
html?sp=Sblastp

Laccaria bicolor Agaricales Basidiomycota http://genome.jgi-psf.org/Lacbi1/Lacbi1.home.html
phanerochaete 
chrysosporium Corticiales Basidiomycota http://genome.jgi-psf.org/Phchr1/Phchr1.home.html

Malassezia globosa Malasseziales Basidiomycota http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=fungi
Postia placenta Polyporales Basidiomycota http://genome.jgi-psf.org/Pospl1/Pospl1.home.html
Puccinia graminis Pucciniales Basidiomycota http://www.broadinstitute.org/annotation/genome/puccinia_group/Info.html
Sporobolomyces roseus Sporidiobolales Basidiomycota http://genome.jgi-psf.org/Sporo1/Sporo1.home.html

Cryptococcus gattii Tremellales Basidiomycota http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans_b/MultiHome.
html

Cryptococcus neoformans Tremellales Basidiomycota http://www.broad.mit.edu/annotation/genome/cryptococcus_neoformans/Home.html
Ustilago maydis Ustilaginales Basidiomycota http://www.broad.mit.edu/annotation/genome/ustilago_maydis/Home.html
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Abstract
The Zn(II)2Cys6 protein GalX of A. nidulans regulates the 

expression of a second Zn(II)2Cys6 protein. This regulator, called 
GalR, is involved in the regulation of the Leloir pathway and the 
D-galactose oxido-reductive pathway, which are two of the three 
D-galactose catabolic pathways described in Aspergilli. Although 
according to sequence similarity search A. niger does not possess 
a GalR homolog, we were able to identify an ortholog of GalX. 
Phenotypic analysis provided evidence for a role of GalX of 
A. niger in D-galactose catabolism as the ΔgalX strain showed 
reduced growth on D-galactose + 3 mM L-arabinose and slightly 
reduced growth on D-galactose + 3 mM D-xylose compared to the 
reference strain N402. No growth effect was observed on 25 mM 
D-galactose, D-xylose or L-arabinose or on other monomeric or 
polymeric substrates. GalX does not substitute for the absence of 
GalR in A. niger, as the expression levels of the Leloir pathway 
genes were not decreased in the ΔgalX strain. In fact, no evidence 
was found for an active Leloir pathway under the conditions of this 
study. This suggested that GalX is involved in regulating another 
D-galactose catabolic pathway, such as the oxido-reductive 
pathway that involves  two dehydrogenase and two reductase 
activities. Interestingly, two genes encoding dehydrogenases and 
two genes encoding reductases have strongly reduced expression 
in the ΔgalX strain compared to the reference strain. These genes 
are located close to galX on chromosome V and three of them are 
specifically up-regulated on D-galactose in the reference strain. 
One of these genes is the recently characterized ladB, which 
encodes a galactitol dehydrogenase that is part of the oxido-
reductive pathway in A. niger. 
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Introduction 
D-galactose is a component of the plant cell wall polysaccharides xyloglucan, xylan, 

galactomannan and pectin [10]. It was shown to be a poor carbon source for Aspergillus 
niger [27]. Yet, its genomic potential for releasing D-galactose from polysaccharides 
is quite similar to that of Aspergillus nidulans that can grow well on this sugar [5]. 
Indeed, A. niger produces endo- and exogalactanases, and α- and β-galactosidases to 
release D-galactose from plant cell wall polysaccharides [10]. There are three described 
pathways for D-galactose catabolism in Aspergilli (Fig. 1), namely the Leloir pathway 
[19, 34], the oxido-reductive pathway [17, 24, 29, 38] and the DeLey-Doudoroff 
pathway [15]. 

The A. niger genome contains orthologs for all the genes of the Leloir pathway: 
galactokinase (An16g04160), galactose-1-phosphate uridyltransferase (An02g03590) 
and UDP-glucose-4-epimerase (An14g03820) [18]. The oxido-reductive D-galactose 
pathway, also referred to as the alternative pathway, has been described in A. nidulans 
[17], T. reesei [24] and recently in A. niger [29]. Different enzymes are involved 
in this pathway in these fungal species. In T. reesei and A. niger, D-galactose is 
converted to galactitol by D-xylose reductase (Xyl1 and XyrA respectively) [24, 37], 
while the enzyme which catalyzes this step in A. nidulans is unknown. Galactitol is 
converted to L-xylo-3-hexulose by L-arabitol-4-dehydrogenase (Lad1) in T. reesei 
[30] and galactitol dehydrogenase (LadB) in A. niger [29].  In A. nidulans, L-arabitol-
4-dehydrogenase (LadA) was identified as the enzyme that catalyzes galactitol 
conversion [11] with L-sorbose as the reaction product  [17].

It is not clear if L-xylo-3-hexulose has to be converted to L-sorbose in A. niger and T. 
reesei  before it can be reduced to sorbitol [36]. It has been hypothyzed that L-xylulose 
reductase might be responsible for the further conversion of L-xylo-3-hexulose [36]. 
Xylitol dehydrogenase (Xdh1) has been identified as the enzyme that catalyzes the 
conversion of sorbitol to D-fructose in T. reesei [36]. Recently, sorbitol dehydrogenase 
(SdhA) was shown to catalyze this reaction in A. niger [24]. The phosphorylation of 
D-fructose is catalyzed by hexokinase in A. nidulans [17] and T. reesei, as is probably 
the case for A. niger.  Recently it has been demonstrated that D-galactose in A. niger is 
primarily catabolized via the oxido-reductive pathway and not via the Leloir pathway 
[29]. The third D-galactose pathway, known as the non-phosphorylating DeLey-
Dourodoff pathway consists of four enzymatic activities, which convert D-galactose 
into pyruvate and glyceraldehyde (Fig. 1) [8, 38]. These enzymatic activities have been 
detected in A. niger, however, the corresponding genes have not yet been identified 
[38] and its importance in D-galactose catabolism still needs to be determined. 



Figure 1. D-galactose catabolic pathways described for A. niger. 1. The metabolic Leloir pathway [19, 34]; 2. The 
D-galactose oxido-reductive pathway [17, 24, 29, 38]; and 3. The non-phosphorylating DeLey-Doudoroff pathway [15]. 
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Two regulators, GalR and GalX, have been identified that are involved in regulating  
Leloir and D-galactose oxido-reductive pathway genes in A. nidulans (Chapter 3). GalR 
is absent in A. niger but an ortholog of GalX is present. In this study, galX of A. niger 
was characterized and its function in D-galactose release and catabolism is discussed. 

Materials and methods

Strains, media and culture conditions
The A. niger strains used in this study are listed in Table 1. Strains were grown 

at 30°C on Minimal Medium (MM) or Complete Medium (CM) [9]. Spore plates 
contained CM + 2% glucose, while plates used in growth experiments contained MM 
+ 25 mM monosaccharide or 1% polysaccharide. 1.5% agarose was used to solidify 
the media and uridine (0.2 g L-1) was added when required. Liquid pre-cultures for 
RNA and cultures for DNA isolation were grown overnight in 1 L Erlenmeyer flasks 
containing 250 ml CM with 2% D-fructose on a rotary shaker (250 rpm). The pre-
grown cultures for RNA isolation were washed with MM and transferred to 250 ml 
Erlenmeyer flasks containing 50 ml MM with 25 mM D-galactose as a carbon source. 
After 2 h incubation, the mycelium was harvested by vacuum filtration, dried between 
towels and frozen in liquid nitrogen. 

Strain Phenotype Reference 

A. niger N402 cspA [4]

A. niger N593 ΔkusA cspA ΔkusA::amdS+, pyrG- [28]

FP-306.1 ( ΔgalX) cspA ΔkusA::amdS+, pyrG-, ΔgalX::pyrG+ This study

Table 1. A. niger strains used in this study

Molecular biology methods and fungal transformation
Molecular biology methods were performed according to standard procedures [35], 

unless stated otherwise. The galX coding sequence was amplified with its flanking 
regions (approx. 1000 bp) by PCR using the primers GTGGTAATGTTCTTTCGG and 
AAAGAATGCTGCTGTTTC and Accutaqtm LA DNA polymerase (Sigma-Aldrich) 
according to the manufacturer's instruction. The PCR fragment was cloned into pGEM-
T-EASY (Promega). To remove the ORF of galX, the construct was digested with 
KasI, made blunt using Klenow fragment and then digested with HindIII. The ORF 
of galX was replaced by a HindIII/SmaI fragment containing the pyrG gene [20]. The 
resulting construct was linearized with PvuI and introduced into A. niger N539 ΔkusA 
using a standard PEG/sorbitol transformation [26]. Protoplast formation of A. niger 
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N539 ΔkusA was carried out as previously described [26] and 107 protoplasts were 
transformed with 10 μg DNA. 

 Frozen mycelium was ground using a microdimembrator (B Braun). DNA was 
isolated using a standard chloroform/phenol extraction. Approximately 50-100 ng and 
3 µg of genomic DNA was used for PCR and Southern blot analysis, respectively. 
Primers TTGTTTGAGTCATATGTGAGG and CGGGATTTCACTGCTATC were 
used in combination with N402 genomic DNA to amplify the galX probe used in 
Southern analysis. The probe was DIG-labeled using the PCR DIG probe-synthesis kit 
(Roche Applied Science) according to the supplier's instructions. Hybridization and 
detection of the DIG-labeled probes on the blot was performed according to the DIG 
application manual (www.roche-applied-science.com). RNA for microarray analysis 
was extracted using TRIzol reagent (Invitrogen) and purified using TRIzol® Plus RNA 
Purification Kit (Sigma-Aldrich) according to the instructions of the manufacturer. The 
concentration of RNA was determined by measuring the absorbance at 260 nm. The 
quality of the RNA was analyzed with an Agilent 2100 bioanalyzer, using an RNA6000 
LabChip kit (Agilent Technology). Microarray analysis was performed as described in 
chapter 2. 

Enzyme assays
Extracellular α- and β-galactosidase activity was measured in a total volume of 100 

µl using 0.01% p-nitrophenol (PNP) linked substrates, 30 µl culture sample, and 25 
mM sodium acetate (pH = 5.0). Samples were incubated in microtiter plates at 30ºC 
for 60 min. The reactions were stopped by the addition of 100 µl 0.25 M Na2CO3. 
Absorbance was measured at 405 nm in a microtiter plate reader (Biorad Model 550). 
The extracellular enzyme activity was defined as the amount of nmol released PNP per 
minute per mg protein. Protein concentrations were measured using the Pierce BCA 
(bicinchoninic acid) protein assay according to the supplier's instructions. 

Genomic cluster comparison
 Synteny of galX in the genomes of A. nidulans FGSC A4, A. niger CBS 513.88, 

Aspergillus niger ATCC 1015 Aspergillus oryzae RIB40/ATCC 42149, Aspergillus 
flavus NRRL 3357, Aspergillus clavatus NRRL 1, Neosartorya fischeri NRRL 181, 
Aspergillus terreus NIH2624, Aspergillus fumigatus A1163 and Aspergillus fumigatus 
Af293 was analyzed using the Sybil algorithm [6] at www.aspgd.org. 
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Results

Identification and characterization of A. niger galX
BlastP analysis identified An16g01640 as a homolog of A. nidulans GalX in A. niger. 

A. nidulans GalX and A. niger An16g01640 share 71% overall amino acid sequence 
identity and 81.5% amino acid sequence identity within their DNA binding domain 
(Suppl. Fig 1). A genomic cluster comparison, using the Sybil algorithm [6], showed 
that the galX gene is conserved amongst some Aspergilli, but is absent in A. terreus, A. 
clavatus and N. fischeri (Fig. 2). Analysis of microarray data of A. niger N402 grown 
in liquid cultures revealed a specific induction of this gene on D-galactose compared to 
other carbon sources (Suppl. Table 1). The region surrounding galX is highly variable 
in the Aspergilli (Fig. 2). The ladB gene, encoding galactitol dehydrogenase is located 
close to galX in the case of A. niger, A. nidulans, A. fumigatus, A. oryzae, and A. flavus. 
It is also present in the genome of A. terreus which lacks a galX ortholog (Suppl. Table 
3). A putative dehydrogenase (deh1; An16g01700) that is also located close to galX is 
unique to A. niger. A putative reductase (red1; An16g01630) is present in the genomes 
of A. niger, A. nidulans, A. flavus and A. oryzae. It is only located close to galX in A. 
niger. Another putative reductase (red2; An16g01650) is present in the genomes of all 
tested Aspergilli (Suppl. Table 3). This gene is located close to galX in the genomes 
where galX is present, except for A. nidulans. The differences between these species 
suggest evolutionary differences in D-galactose catabolism and its regulation.

A disruptant strain for galX was created and verified by Southern blot analysis 
(Fig. 3). The ΔgalX strain (FP306.1) was compared to the reference strain N402 in 
a phenotypic analysis. Growth was tested on D-galactose, to which 3 mM glucose 
was added to induce germination. Growth was also tested on raffinose and guar 
gum (containing α−linked D-galactose), and arabinogalactan and apple pectin 
(containing β−linked D-galactose). Growth on D-mannose and L-arabinose was also 
assessed because they are components of guar gum and arabinogalactan, respectively. 
Furthermore, L-arabinose and D-xylose were used as carbon source because the 
oxido-reductive pathway is known to make use of enzymes of the pentose catabolic 
pathway in A. nidulans and T. reesei. D-glucose was used as a reference carbon source. 
The phenotype of the disruptant was highly similar to that of the reference strain for 
most tested carbon sources (Fig. 4), but sporulation was strongly reduced on 25 mM 
D-galactose + 3 mM D-glucose. 
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Figure 2.  Synteny map of the galX locus in A. nidulans FGSC A4,  A. niger 
CBS513.88, A. niger ATCC1015  A. oryzae RIB40/ATCC 42149,  A. flavus NRRL 
3357, A. fumigatus A1163 and A. fumigatus Af293. The galX gene is conserved 
amongst A. nidulans, A. niger,  A. oryzae,  A. flavus and A. fumigatus, but is absent in 
A. terreus, A. clavatus and N. fischeri. The positions of galX, A. nidulans galR, ladB, one 
putative dehydrogenase (deh1) and two putative reductases (red1 and red2) are indicated.
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Figure 3. Schematic cloning strategy and Southern blot analysis of the A. niger ΔgalX 
strain. The galX gene was replaced by the pyrG selection marker. As a result, a 1624 
bp longer fragment hybridized after KpnI digestion in Southern blot analysis when 
compared to the reference strain. 

Figure 4. Growth of the ΔgalX strain and the reference strain on various carbon 
sources. Glc = 25 mM D-glucose, Gal + glc = 25 mM D-galactose + 3mM D-glucose, 
ABG = 1% arabinogalactan, Xyl = 25 mM D-xylose, Raf = 25 mM raffinose, AP = 1% 
apple pectin (pH = 6.0), Ara = 25 mM L-arabinose, Man = 25 mM D-mannose, GG = 
1% guar gum. The strains were grown for 4 days at 30°C. 



Chapter 4

114

Activities of α- and β-galactosidase were measured in liquid shaken cultures of the 
reference and the ΔgalX strain after 3, 4 and 5 days of growth (Fig. 5). No difference in 
α-galactosidase activity at day 4 and 5 was observed between both strains, this activity 
was higher on guar gum than on arabinogalactan. At day 3, α-galactosidase activity was 
higher in the ΔgalX strain compared to the reference on guar gum, while the activity 
was similar for both strains on arabinogalactan. Compared to the reference strain, 
β-galactosidase activity was higher in the ΔgalX strain at day 3 on guar gum and even 
more so at all days on arabinogalactan. On day 4 and 5 a similar activity was observed 
on guar gum for both strains.

Figure 5. Comparison of α- and β-galactosidase activity in the reference and ΔgalX 
strain during growth on 1% guar gum (GG) or 1% arabinogalactan (ABG).  

Microarray analysis of genes involved in D-galactose release and catabolism in the A. 
niger ΔgalX strain on D-galactose 

Microarray data for A. niger N402 and ΔgalX on D-galactose was compared to 
see whether any specific changes could be observed in the expression levels of 
genes involved in D-galactose release and catabolism. Genes encoding α- and β- 
galactosidases, and endo- and exogalactanases (Table 2) and genes encoding putative 
enzymes of the Leloir, DeLey-Doudoroff and oxido-reductive pathway were analyzed 
(Table 3). 



Table 2. Expression comparison of genes encoding α- and β- galactosidases, and endo- and exo-galactanases in the A. niger N402 and ΔgalX 
strains on D-galactose. The expression levels are mean values of duplicate samples. The fold change is the difference in expression between the 
wild type and the ΔgalX strain.  Genes with fold change ≥2 and P-value<0.05 were considered significantly changed and marked bold
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An01g10350

An01g01320

An14g01800

An08g01100

An09g00270

An06g00290

An04g02700

An06g02060

An14g05820

An11g06330

An07g04420

An16g06590

An11g07660

Activity

exo-1,6-galactanase

exo-1,3-galactanase

exo-1,3-galactanase

exo-1,3-galactanase

XSG

AGL

AGL

AGL

LAC

XTG

AGL

GAL

LAC

XTG

AGL

LAC

GAL

LAC

AGL

GAL

LAC

LAC

AGL

XTG

p-value

fold

change

ΔgalX

GH fam ily

An02g11150 (aglB)

An01g12150 (lacA)

An06g00170 (aglA)

An18g05940 (galA)

An09g00260 (aglC)

alpha-galactosidase

alpha-galactosidase

alpha-galactosidase

beta-galactosidase

alpha-galactosidase

endogalactanase

beta-galactosidase

alpha-galactosidase

beta-galactosidase

endogalactanase

beta-galactosidase

alpha-galactosidase

endogalactanase

beta-galactosidase

beta-galactosidase

alpha-galactosidase

Enzym e 



Table 3.  Expression comparison of genes encoding GalX, and putative enzymes of the Leloir, DeLey-Doudoroff and oxido-reductive 
pathway in the A. niger N402 and ΔgalX strains on D-galactose. The expression levels are mean values of duplicate samples. The fold change 
is the difference in expression between the wild type and the ΔgalX strain. Genes with fold change ≥2 and P-value<0.05 were considered 
significantly changed and marked bold

P-value

4,8E-03

1,5E-02

1,0E-02

2,9E-02

0,2

0,5

0,6

0,7

0,4

0,7

1,0

0,8

0,8

0,4

0,3

2.8E-02

2,2E-03

2,0E-05

1,4E-06

2,9E-05

1,4E-07

8,2

4,2

3,9

2,7

1,8

1,4

1,2

1,2

1,1

1

1

1,1

1,1

1,5

1,7

5,7

5,9

30,4

44,8

54,8

207,3

+

+

+

+

+

+

+

+

+

+

+

 -

 -

 - 

 -

 -

-

-

-

 -

-

2h D-gal

423,3

201,4

72,9

35,4

145,3

106,7

6,1

8,5

0,1

0,6

1,5

36,2

289,8

13,5

152,4

432.3

5,3

4,2

35,7

2,5

2,7

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

655,1

664,9

168

145,8

537,3

1042,7

44,2

78,8

18

18,7

16,6

438,1

588,5

67,7

446,6

354.1

20,7

19,6

221,9

17,3

17,9

reference

2h D-gal

17,8

43,6

9,8

10,4

173,8

43,6

5,0

18,8

0,9

0,3

0,0

99,6

118,2

45,5

243,0

829.2

64,1

12,9

1237,1

639,4

1499,0

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

 +/-

79,8

159,6

43,5

53,8

306,4

740,3

53,4

67,8

16,1

17,3

16,6

503,7

637,8

101,8

756,6

2022.2

122,3

595,6

9938,5

948,6

3716,1

Reference 

[29]

[7]

[15]

[2, 15]

[2, 15]

[7]

[2, 15]

[2, 15]

[15]

[15]

[2, 15]

[2, 14, 15]

[2, 15]

[20, 29]

[15, 33]

[24]

[32]

[32]

[29]

this study

[32]

Oxido-reductive

Oxido-reductive 

Leloir 

Leloir 

Oxido-reductive

Leloir 

Leloir 

Leloir 

Leloir 

Leloir 

Leloir 

Oxido-reductive

Leloir 

Oxido-reductive

Oxido-reductive

Gene

An08g01930

An01g10920

An05g02030

An02g08750

An16g04160

An12g00030

An12g10410

An01g12220

An12g04260

An16g06620

An01g11440

An14g03820

An02g03590

An01g03740

An12g00820

An07g01290

An16g01700

An16g01630

An16g01710

An16g01640

An16g01650

Activity

L-xylulose reductase 

L-arabitol dehydrogenase

1,4-lactonase

UDP-glucose-4-epimerase

galactokinase

xylitol dehydrogenase A

UDP-glucose-4-epimerase

UDP-glucose-4-epimerase

UDP-glucose-4-epimerase

1,4-lactonase

UDP-glucose-4-epimerase

UDP-glucose-4-epimerase

D-xylose reductase 

sorbitol dehydrogenase

Putative dehydrogenase 

Putative reductase

putative dehydrogenase 

Putative reductase

Gene

lxrA

ladA 

glsA

galGc

galE

xdhA

galGe

galGa

galGg

glsB

galGf

galGb

galD

xyrA

galF

sdhA

deh1

red1

ladB

galX

red2

fold 
change

ΔgalX

Metabolic 
pathw ay

DeLey-
Doudoroff  ?

DeLey-
Doudoroff  ?

Oxido-reductive?

Oxido-reductive?

Oxido-reductive?

galactose-1-phosphate uridyl 
transferase

UTP-glucose-1-phosphate 
uridylyltransferase
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Most genes encoding α- and β-galactosidases, and endo- and exogalactanases had 
a low transcription level in the reference strain after a two hours transfer to 25 mM 
D-galactose when compared to their expression on other carbon sources (Suppl. Table 
2). None of the genes showed a significantly decreased expression level in the ΔgalX 
strain compared to the reference strain. However, four genes encoding α-galactosidases 
(aglB; An02g11150, lacA; An01g12150, An18g04100 and An01g01320), one gene 
encoding a β-galactosidase (aglA; An06g00170), two genes encoding exo-galactanases 
(An03g01050 and An01g10350) and one gene encoding an endo-galactanase 
(An14g01800) showed a ≥ 2-fold higher expression in the A. niger ΔgalX strain 
compared to the reference strain (Table 2). 

 The genes encoding putative enzymes of the Leloir and Deley-Doudoroff pathway 
in A. niger were not induced on D-galactose in the reference strain when compared to 
their expression levels on other carbon sources (Suppl. Table 1). The galGc and glsA 
genes showed a ≥ 2-fold higher expression level in the A. niger ΔgalX strain compared 
to the reference strain on D-galactose. The other genes showed a similar expression 
level in both strains (Table 3). The lxrA, ladA, and xdhA genes are part of the oxido-
reductive pathway in A. nidulans, but the A. niger orthologs of these genes were not 
specifically up-regulated on D-galactose (Suppl. Table 1). In fact, increased expression 
was detected for lxrA and ladA in the A. niger ΔgalX strain on D-galactose compared 
to the reference strain (Table 3). In contrast, the expression levels of A. niger ladB 
and sdhA, were 45 and 6 fold reduced respectively in the A. niger ΔgalX strain. The 
ladB gene is located close to galX in both A. niger and A. nidulans (Fig. 2). The genes 
encoding the two putative reductases (red2; An16g01650 and red1;An16g01630) that 
are located on either side of galX in A. niger also showed reduced expression levels 
(207 and 30-fold reduction respectively) in the ΔgalX strain on D-galactose. The gene 
encoding the putative dehydrogenase (deh1; An16g01700) that is located immediately 
upstream of ladB showed a 6-fold reduction in the ΔgalX strain. The deh1 and red2 
genes are also specifically induced on D-galactose in the reference strain compared to 
other carbon sources (Suppl. Table 1). 

The influence of GalX on D-galactose catabolism in the presence of other carbon sources  
A growth experiment was performed to see whether growth on D-galactose would be 

affected in the presence of 3 mM D-xylose and 3 mM L-arabinose, respectively. Since 
the oxido-reductive D-galactose pathway might share some of its enzymatic activities 
with the pentose catabolic pathway, inducing the production of these enzymes by 
D-xylose or L-arabinose may also stimulate growth on D-galactose (Fig. 6a). Growth 
of A. niger ΔgalX was strongly reduced on D-galactose + 3 mM L-arabinose and 
slightly on D-galactose + 3 mM D-xylose when compared to the reference strain. This 
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Figure 6a. Phenotypic analysis 
of the ΔgalX strain and the 
reference strain. Gal + xyl = 25mM 
D-galactose + 3mM D-xylose, Gal 
+ ara = 25mM D-galactose + 3mM 
L-arabinose. Strains were grown for 
6 days. 

Figure 6b. Gal + ammnoium. Strains 
were grown for 6 days. 

Discussion
In A. nidulans, D-galactose catabolism is regulated by two Zn(II)2Cys6 

transcriptional activators, GalX and GalR in a cascade-dependent manner (Chapter 3). 
In A. niger GalR is absent, but we identified an ortholog of GalX (An16g01640). This 
galX gene is conserved within the genomes of A. niger, A. nidulans, A. oryzae, A. flavus 
A. fumigatus, but is absent in A. terreus, A. clavatus and N. fischeri. Microarray data 
analysis revealed that the A. niger galX is specifically induced on D-galactose. This 
data was based on an experiment where mycelium of A. niger was transferred from a 
pre-culture containing CM + D-fructose to a culture containing MM + D-galactose. A. 
niger is unable to germinate on MM + D-galactose, but is able to use this carbon source 
once germinated. Recently it was shown that the inability to germinate on D-galactose 

Growth of A. niger wild type and A. niger ΔgalX was also tested on D-galactose 
when ammonium, instead of nitrate, was used as a nitrogen source. In the presence 
of ammonium, A. niger wild type was able to germinate on D-galactose, however no 
growth was observed for A. niger ΔgalX (Fig. 6b).

suggests cooperation between some enzymes of the pentose catabolic pathway and 
some enzymes that are GalX controlled.
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is due to the absence of D-galactose transport during germination. The expression 
of the gene encoding the D-galactose transporter is suggested to be growth stage-
dependent [16]. Fekete et al. also showed a high level of expression for the Leloir genes 
in the mycelium of A. niger grown on D-galactose [16]. In contrast, our microarray 
data analysis showed that the genes of the Leloir pathway have a very low expression 
level on D-galactose in the A. niger reference strain. This difference might be due to the 
different incubation time or pre-culture conditions (glycerol versus D-fructose) used. 

A comparison of microarray data of the A. niger reference and ΔgalX strains showed 
a similar expression profile of the Leloir and DeLey-Doudoroff genes in the ΔgalX 
strain compared to the reference strain, except for one putative gene encoding an UDP-
glucose-4-epimerase (galGc) and one putative gene encoding a lactonase (glsA). In A. 
nidulans, GalR activates the expression of genes of the Leloir pathway (galactokinase 
(galE) and D-galactose-1-phosphate uridyltransferase (galD)) (Chapter 3). In A. niger, 
GalX does not substitute for the absence of GalR as the Leloir genes have a similar 
expression in the absence of GalX. 

The expression of ladB is strongly reduced in the ΔgalX strain, indicating that GalX 
regulates the expression of this gene. This is consistent with the abolished expression 
of ladB in the ΔgalX strain of A. nidulans (Chapter 3). This gene encodes galactitol 
dehydrogenase, which is part of the oxido-reductive D-galactose pathway in A. niger 
[29]. A similar result was obtained for sdhA, which was recently decribed to be also 
part of the oxido-reductive pathway [24]. Enzymatic activities of the oxido-reductive 
D-galactose pathway include reductase and dehydrogenase activities. L-arabitol-4-
dehydrogenase (ladA), xylitol dehydrogenase A (xdhA), L-xylulose reductase (lxrA) 
and D-xylose reductase (xyrA), which are involved in the oxido-reductive pathway in 
A. nidulans and T. reesei, were similar or higher expressed in the ΔgalX strain than in 
the reference strain and were also not induced on D-galactose. This suggests that there 
might be other more specific enzymes for this pathway in A. niger. Microarray analysis 
revealed that two putative reductases (red1;An16g01630 and red2; An16g01650) and 
one putative dehydrogenase (deh1;An16g01700) have significantly reduced expression 
on D-galactose in the ΔgalX strain compared to the reference strain. Notably, 
these genes are located close to ladB and galX on chromosome 5 and, except for 
An16g01630, are specifically induced on D-galactose. This suggests that these genes 
are involved in the oxido-reductive pathway in A. niger, but characterization of these 
genes and their corresponding enzymes is required to confirm this. 

Differences in growth between the reference and ΔgalX strains were observed on 
D-galactose in the presence of small quantities (3 mM) of L-arabinose, D-xylose 
and D-glucose respectively, which were added to induce germination. Growth on 
D-glucose, D-xylose and L-arabinose as sole carbon source did not differ between 
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these strains, suggesting that the observed difference in growth was due to the presence 
of D-galactose. Growth on D-galactose in the presence of D-glucose or D-xylose 
was slightly affected by a galX disruption. In the case of D-glucose, sporulation was 
somewhat reduced, but the colony diameter of the ΔgalX strain was similar to that of 
the reference strain. This is probably due to the activity of glucose oxidase, an enzyme 
active in the presence of D-glucose and able to oxidize D-galactose [23, 31]. In the case 
of D-xylose, the colony size was slightly reduced. Previously it has been shown that 
D-xylose reductase is able to convert D-galactose [17]. Growth on 25mM D-galactose 
+ 3mM L-arabinose was strongly reduced for ΔgalX compared to the reference strain, 
which suggests that the pathway for D-galactose conversion is dependent on the 
presence of GalX under this condition. This phenotypic data provides strong indications 
for a role of GalX in D-galactose catabolism. It also suggests that, instead of the Leloir 
pathway or the DeLey-Doudoroff pathway, the oxido-reductive pathway is the primary 
pathway for D-galactose conversion in A. niger as was suggested before [29]. 

The oxido-reductive pathway was shown to be mainly active in the presence of 
ammonium in A. nidulans [17]. It was hypothesized that the aldose reductase, which 
catalyzes the first step of this pathway, may get insufficient NADPH in the presence 
of nitrate due to the high affinity of nitrate reductase for NADPH [17]. Preliminary 
experiments demonstrated that A. niger was able to grow on D-galactose as sole carbon 
source in the presence of ammonium, suggesting that also in A. niger the influence of 
this pathway is higher in the presence of ammonium than in the presence of nitrate. 
No growth was observed for ΔgalX on D-galactose + ammonium, which confirmed the 
regulatory role of GalX in the D-galactose oxido-reductive pathway.  

Some genes encoding α-, β-galactosidases, and endo- and exo-galactanases showed 
a higher expression level in the ΔgalX strain. This correlates with the measured α- 
and β-galactosidase activities, which were higher in the ΔgalX strain compared to 
the reference strain. It is, however, different than the regulatory model observed for 
AraR [3], XlnR [21] and RhaR (Chapter 2), where enzymes involved in the release of 
the monosaccharide and enzymes involved in the catabolism of the monosaccharide 
are under regulatory control by the same regulator. Although genes encoding 
α-galactosidases, β-galactosidases and endogalactanases are not under control of 
GalX, an intermediate of the D-galactose catabolic pathway (e.g. galactitol) may be 
the inducer of these genes through a different regulator. Reduced expression of the 
pathway genes may result in accumulation of this inducer causing increased expression 
of the genes encoding the D-galactose releasing enzymes. Further studies are needed to 
confirm this.

In summary, regulation of D-galactose catabolism differs between the Aspergilli. 
In A. nidulans, D-galactose catabolism is regulated by GalX and GalR in a cascade-
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dependent manner in which GalR regulates the expression of genes of the Leloir 
pathway. In A. niger, GalR is absent, but an ortholog of GalX has been found. In A. 
niger GalX has a role in D-galactose catabolism, but is not involved in regulating 
genes of the Leloir pathway. In both Aspergilli, GalX regulates the expression of ladB, 
which catalyzes the second step of the oxido-reductive pathway in A. niger. It is likely 
that the two putative reductases and the putative dehydrogenase that showed reduced 
expression levels in the ΔgalX strain are also part of this pathway, but characterization 
of these genes is required to verify this hypothesis. 
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Supplemental Figure 1. Alignment of the amino acid sequences of A. nidulans GalX 
(AN10543) and A. niger GalX (An16g01640). The cysteine residues within the DNA 
binding domain are indicated by red boxes.



Supplemental Table 1. Expression profiles of the A. niger homologs of genes involved in the Leloir pathway, homologs of genes involved 
in the oxido-reductive pathway in A. nidulans and T. reesei and putative reductases and dehydrogenases which are clustered with galX. 
The expression levels are mean values of duplicate samples. ferA = ferulic acid, glc = D-glucose, man = D-mannose, gal = D-galactose, rham = 
L-rhamnose, GLN = galactan, MNN = mannan, ABN = arabinan, RG = rhamnogalacturonan, PGA = polygalacturonic acid, SBP = sugar beet 
pulp, GG = guar gum.

Gene ferA glc man gal galA rham GLN MNN ABN RG PGA SBP GG

galX 40,5 3,9 14,5 1958,6 54,2 13,9 50,9 30,2 65,5 7,1 36,8 4,3 8,2

Le
loir

 

galE 207 270 198 175 246 125 479 311 558 181 968 212 289
galD 334 470 697 742 327 308 1144 616 1845 182 1590 379 1333
galF 146 736 552 503 293 169 310 301 467 222 388 1017 535

galGa 67 4 32 24 90 979 64 26 86 3 52 4 103
galGb 227 847 562 294 335 118 392 320 1474 54 1348 743 498
galGc 98 41 56 39 198 566 98 47 211 13 115 42 221
galGe 38 93 43 48 60 28 43 41 56 51 41 146 41
galGf 14 23 20 19 27 16 19 25 25 58 22 16 16
galGg 22 14 11 17 8 7 17 15 10 3 16 21 9

De
Le

y- 
do

ud
oro

ff

glsA 80 23 8 20 115 201 76 60 147 2 135 3 114
glsB 25 30 28 29 28 8 29 14 28 31 28 27 8

Ox
ido

-re
du

cti
ve ladA 246 97 134 184 807 86 2758 198 5089 62 4974 409 814

lxrA 62 90 160 68 692 43 1794 223 3168 79 3747 300 443
xdhA 995 711 558 476 1399 625 2178 1075 6333 81 6089 399 761
xyrA 70 48 43 56 1080 48 575 66 3610 68 4897 185 429
sdhA 13,8 2,1 7,7 2441,8 4,7 5,3 388,8 1,2 11,4 2,5 10,6 74,2 1,5
deh1 5 33 38 159 22 12 23 21 27 5 5 28 18
ladB 99 11 5 10633 76 47 116 63 111 37 105 21 39
red1 167 268 399 557 1465 987 1398 1709 672 1059 1062 617 482
red2 21 23 18 3819 14 11 26 27 24 22 21 16 20



Supplemental Table 2. Expression profiles of α- and β-galactosidases, and endo- and exo-galactanases of A. niger. The expression levels 
are mean values of duplicate samples. FerA = ferulic acid, glc = D-glucose, man = D-mannose, gal = D-galactose, rham = L-rhamnose, GLN = 
galactan, MNN = mannan, ABN = arabinan, RG = rhamnogalacturonan, PGA = polygalacturonic acid, SBP = sugar beet pulp, GG = guar gum.

Enzyme locus tag ferA glc man gal galA rham GLN MNN ABN RG PGA SBP GG

XSG An03g01050 706 24 28 60 314 67 2297 158 7085 29 5936 499 470
AGL An06g02060 11 1 3 3 3 5 9 2 5 5 3 1 18
LAC An08g01100 90 105 41 206 96 89 71 54 123 182 75 102 3423
XTG An11g07660 71 122 141 148 130 71 101 101 120 57 89 146 107
AGL An18g04100 77 14 7 63 44 40 142 333 90 69 64 25 82
LAC 146 11 22 24 75 111 85 56 58 2 118 25 225
AGL 841 90 65 119 216 99 303 506 512 27 687 175 433
AGL An01g01320 22 3 5 9 45 51 59 20 81 26 142 22 81
GAL An11g06330 32 19 5 4 2 2 11 6 26 12 24 19 19
GAL An14g01800 34 5 3 3 22 15 236 15 2387 1 947 13 68
AGL 2875 42 33 169 3581 864 4078 284 6244 52 9534 403 3715
XTG An01g10350 339 33 40 42 1862 50 2344 162 1630 488 3708 99 321
AGL An06g00290 174 25 4 23 374 840 897 32 453 31 2282 84 175
LAC An07g04420 5 2 3 7 4 4 2 2 8 5 8 2 1
XTG An14g05820 28 2 3 3 16 34 10 3 33 12 37 1 14
LAC 196 1834 1546 97 1091 210 500 542 718 78 266 522 659
LAC An04g02700 90 24 52 46 52 32 75 76 96 11 65 14 14
XTG An09g00270 347 3239 3574 356 2974 688 871 968 1188 208 677 1183 1241
GAL 21 4 19 5 128 14 453 4 78 2 584 27 46
AGL An16g06590 5 9 12 22 2 1 2 2 13 12 4 3 8

An06g00170 (aglA)
An02g11150 (aglB)

An01g12150 (lacA)

An09g00260 (aglC)

An18g05940 (galA)



Supplemental Table 3. Presence or absence of galX, ladB, deh1, red1 and red2 in the genomes of A. niger, A. nidulans, A. oryzae, A. flavus, A. 
fumigatus, A. terreus, N. fischeri and A. clavatus.  Presence of the gene is represented by X. 

Species
A. niger X X X X X

A. nidulans X X X X
A. oryzae X X X X
A. flavus X X X X

A. fumigatus X X X
A. terreus X X
N. fischeri X
A. clavatus X

galX; An16g01640 ladB; An16g01710 deh1; An16g01700 red1; An16g01630 red2; An16g01650
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Abstract
The xylanolytic regulator XlnR and the arabinanolytic 

regulator AraR control pentose catabolism in A. niger and A. 
nidulans. The role of AraR differs between these species as A. 
niger ΔxlnRΔaraR is not able to grow on L-arabinose, whereas 
A. nidulans ΔxlnRΔaraR still grows on this substrate. The 
D-galactose oxido-reductive pathway in A. nidulans makes use of 
pentose catabolic pathway enzymes and one gene encoding such 
an enzyme has been shown to be under control of the galactose-
responsive regulator GalR. GalR is unique to A. nidulans, which 
might explain the observed difference in L-arabinose catabolism 
between A. niger and A. nidulans. In this study the interactions of 
XlnR, AraR and GalR were investigated in more detail by studying 
the phenotype of double and triple disruptant strains of these 
regulators in A. nidulans. A. nidulans ΔxlnRΔaraRΔgalR was able 
to grow on L-arabinose and expression of ladA, larA and xdhA 
was identical to that in ΔxlnRΔaraR. Thus, the presence of GalR 
does not explain the difference in pentose utilization between A. 
niger and A. nidulans. However, indications for a role for araR in 
D-galactose catabolism were found as growth of the ΔaraR strain 
was strongly reduced on D-galactose and galactitol. 
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Introduction
Filamentous fungi are able to degrade structural plant cell wall polysaccharides 

(e.g. xylan and pectin) and to catabolize the released monosaccharides [6]. The 
production of the enzymes needed for polysaccharide degradation and monosaccharide 
conversion is controlled by transcriptional regulators. Some of these regulators have 
been identified and characterized in Aspergillus, such as the transcriptional activators 
XlnR, AraR and GalR [1, 18, Chapter 3]. These regulators respond to D-xylose, 
L-arabinose/L-arabitol and D-galactose, respectively. Notably, these monosaccharides 
often co-occur in nature, in particular in plant biomass. Therefore, interaction between 
these regulators would ensure efficient utilization of this substrate. 

Some genes involved in the pentose catabolic pathway (PCP) of A. niger and A. 
nidulans are under control of both XlnR and AraR (Fig. 1) [1, 3-4]. The PCP converts 
L-arabinose and D-xylose to D-xylulose-5-phosphate, a substrate for the pentose 
phosphate pathway (PPP) (Fig. 1) [21]. In L-arabinose catabolism, L-arabinose is 
converted to L-arabitol, L-xylulose and xylitol by L-arabinose reductase (LarA), 
L-arabitol-4-dehydrogenase (LadA) and L-xylulose reductase (LxrA), respectively [13, 
21]. D-xylose is converted into xylitol by L-xylose reductase (XyrA) [21]. Xylitol is 
then converted into D-xylulose and D-xylulose-5-phosphate by xylitol dehydrogenase 
A (XdhA) and D-xylulose kinase (XkiA), respectively (Fig. 1) [21]. AraR is the main 
regulator of the PCP genes (Fig. 1) [3], but differences in its precise role have been 
observed between A. nidulans and A. niger [4]. A ΔxlnRΔaraR strain of A. niger is not 
able to grow on L-arabinose, whereas such a strain of A. nidulans can grow on this 
substrate. Expression of three L-arabinose catabolic genes (larA, ladA and xdhA) was 
observed in the A. nidulans ΔxlnRΔaraR disruptant [3]. This indicates that an additional 
A. nidulans regulator can activate these genes in the absence of XlnR and AraR (Fig. 1) 
[3].  

The oxido-reductive D-galactose catabolic pathway in A. nidulans and Trichoderma 
reesei involves PCP enzymes such as LadA, LxrA and XdhA [10, 16]. GalR, a 
transcriptional activator unique to A. nidulans, was shown to regulate ladA during 
growth on D-galactose (Chapter 3). In this study, we investigated whether GalR is 
responsible for the residual expression of ladA, larA and xdhA on L-arabinose in a 
ΔxlnRΔaraR strain of A. nidulans. In addition, the influence of XlnR, AraR and GalR 
on growth on substrates containing D-xylose, L-arabinose and D-galactose was studied.
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Fig 1. Regulation of the pentose catabolic pathway (PCP) in A. nidulans [2]. 
Genes of the PCP are regulated by the transcriptional activators XlnR and AraR [1, 
3-4]. However, expression of larA, ladA and xdhA is still observed in an A. nidulans 
ΔxlnRΔaraR disruptant, which suggests the involvement of an additional regulator in 
this pathway [2]. 

Material and Methods 

Strains, culture conditions and media
A. nidulans strains (Table 1) were grown at 37°C using minimal medium (MM) or 

complete medium (CM) [5]. Plates of these media contained 1.5% agar. Spore plates 
contained CM + 2% glucose, while plates used in growth experiments contained MM 
+ 25 mM monosaccharide or 1% polysaccharide. The supplements arginine or uridine 
were added (0.2 g L-1) when required. Liquid cultures were grown on a rotary shaker 
at 250 rpm. Pre-cultures for RNA isolation were grown overnight in 1 L Erlenmeyer 
flasks containing 250 ml CM with 2% D-fructose. They were washed with MM and 
transferred to 250 ml Erlenmeyer flasks containing 50 ml MM + 25 mM L-arabinose. 
After 2 h of growth, the mycelium was harvested by vacuum filtration, dried between 
towels and frozen in liquid nitrogen.
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Strain Code Strain number Genotype
C1 Ref FP309.1 argB2 pyrG89::pyrG+
ΔaraR ΔA CBS 129195 pyrG89 argB2 ΔaraR::pyrG+
ΔxlnR ΔX CBS 129196 pyrG89 argB2 ΔxlnR::argB+
ΔgalR ΔG FP310.1 argB2 pyrG89 ΔgalR::pyrG+
ΔxlnR/ΔaraR ΔXΔA CBS 129197 pyrG89 argB2 ΔaraR::pyrG+ ΔxlnR::argB+
ΔxlnR/ΔgalR ΔXΔG FP315.1 pyrG89 argB2 ΔxlnR::argB+ ΔgalR::pyrG+
ΔaraR/ΔgalR ΔAΔG FP316.1 pyrG89 argB2 ΔaraR::pyrG+ ΔgalR::pyrG+

ΔxlnR/ΔaraR/ΔgalR ΔΔΔ FP317.1 pyrG89 argB2 ΔaraR::pyrG ΔxlnR::argB+ 
ΔgalR::pyrG+

Table 1. Strains used in this study. 

Sexual crosses 
Sexual crosses between ΔxlnR, ΔaraR and ΔgalR strains were performed as 

previously described [17]. Strains were screened by selecting for poor growth on 
L-arabinose, D-xylose and/or D-galactose. Absence of the regulatory genes was 
verified by Southern blot analysis. 

Molecular biology methods
 Molecular biology methods were performed according to standard procedures [15], 

unless stated otherwise. Frozen mycelium was ground using a microdismembrator 
(B Braun). DNA was isolated using a standard chloroform/phenol extraction. 
Approximately 100 ng and 3 µg of genomic DNA was used for PCR and Southern 
blot analysis, respectively. RNA was extracted using TRIzol reagent (Invitrogen) [7]. 
Approximately 3 µg of total RNA was used for Northern blot analysis and transferred 
to a Hybond-N+ membrane (Amersham Biosciences). Loading of the samples was 
determined by staining the blots with 0.04% methylene blue in 0.5 M acetate pH 5.2. 
A. nidulans genomic DNA was used as a template in PCR reactions for the synthesis 
of probes for Southern and Northern analysis. Primers that were used are listed in 
Table 2. The probes were DIG-labeled using the PCR DIG probe-synthesis kit (Roche 
Applied Science) according to the supplier's instructions. Hybridization and detection 
of the DIG-labeled probes on the blot was performed according to the DIG application 
manual (www.roche-applied-science.com). 
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Gene forward Reverse
xlnR GCATCTTGGCGATGGGATC TGGATTTCCGAGGCAGAGC
araR ACATTGGGGAATCCACATCC GGTGACCAGGATTTCGTGG
galR TTGGACACAAGCTTTGACCG TCGAAATCCAGGAAGATGGG
ladA GATGCATTGGTCCCATGATC GACCTTAATGGCTCCTGTCTT
larA CTCGGCAAGAAGGTTACGC CTTGGGAATGACCGAGTGG
xdhA TCGTCCTCGAAGGCATTC TTGATCTGCCCAGAAGCC

Table 2. Primers used in this study to generate probe fragments. 

Enzyme assays
Extracellular enzyme activities were measured in a total volume of 100 µl containing 

0.01% p-nitrophenol (PNP) linked substrates, 30 µl culture sample, 25 mM sodium 
acetate (pH = 5.0). Samples were incubated in microtiter plates at 30ºC for 60 min. 
The reactions were stopped by the addition of 100 µl 0.25 M Na2CO3. Absorbance 
was measured at 405 nm in a microtiter plate reader (Biorad Model 550). The 
extracellular enzyme activity was calculated using a standard curve ranging from 0 to 
100 nmol p-nitrophenol. Protein concentrations were measured using the Pierce BCA 
(bicinchoninic acid) protein assay according to the supplier's instructions. 

Results

Influence of XlnR, AraR and GalR of A. nidulans on growth on monomeric and polymeric 
carbon sources

Growth of the A. nidulans reference strain, and single (ΔX, ΔA and ΔG), double 
(ΔXΔA, ΔXΔG and ΔAΔG), and triple (ΔΔΔ) disruptants was compared on the 
monosaccharides D-fructose (reference carbon source), L-arabinose, L-arabitol, 
D-galactose, galactitol, D-xylose and xylitol, and the polysaccharides arabinogalactan, 
arabinan, galactan, beechwood xylan, guar gum and apple pectin (Fig. 2).

Strains ΔXΔA and ΔΔΔ grew slightly thinner on L-arabinose than the reference 
strain, while a stronger reduction in growth was observed for the ΔA and ΔAΔG 
strains. The strongest reduction in growth on L-arabitol was observed for the ΔXΔA 
and ΔΔΔ strains. Growth was also reduced for the ΔA and ΔAΔG strains. The ΔG and 
the ΔXΔG strains slightly increased growth on both L-arabinose and L-arabitol. On 
D-galactose, growth was abolished for all strains in which GalR was absent. The ΔA 
and ΔXΔA strains, but not ΔX, had reduced growth on D-galactose when compared to 
the reference strain. On galactitol, absence of AraR and/or GalR resulted in an equal 
reduction in growth. Growth on D-xylose was only affected when both XlnR and AraR 
were absent and growth on xylitol was similar for all strains.
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Figure 2. Growth profiling of an A. nidulans reference strain and single, double 
and triple disruptants of ΔaraR, ΔxlnR, and ΔgalR on medium containing different 
carbon sources. The pH of the medium containing apple pectin was adjusted to 6. Strain 
codes are described in Table 1. Strains were grown for 3 days at 37°C. 
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Pentose catabolic pathway genes are still expressed in a ΔxlnRΔaraRΔgalR strain of A. 
nidulans

 Expression of xdhA, ladA, and larA was analysed after 2 hours incubation of the 
reference, ΔXΔA and the ΔΔΔ strain of A. nidulans on L-arabinose (Fig. 4). All three 
genes showed a similar expression level in the ΔXΔA and ΔΔΔ strains, which was 
significantly lower compared to the reference strain but not absent.    

Smaller differences in growth were detected when the strains were grown on 
polysaccharides. On arabinogalactan, only the ΔXΔG strain showed slightly reduced 
density of the colony when compared to the other strains. Growth on arabinan was 
reduced for all strains in which araR was absent. In contrast, improved growth on 
arabinan was observed for ΔG and ΔXΔG compared to the reference strain. The colony 
had a similar diameter but was denser and showed increased sporulation. On galactan, 
only ΔG, ΔXΔG and ΔAΔG grew slightly thinner than the reference strain, while ΔX, 
ΔXΔA ΔXΔG grew slightly thinner on beechwood xylan compared to the reference 
strain. Strains ΔG and ΔΔΔ had a distinct phenotype on beechwood xylan with a larger 
colony size than the reference strain but less sporulation. No differences in growth were 
observed on guar gum and apple pectin. 

Enzyme activities during growth on arabinan and galactan 
Activities for α-arabinofuranosidase (ABF), α-galactosidase (AGL), β-galactosidase 

(LAC), β-mannosidase (MND) and β-xylosidase (BXL) were measured in the medium 
of liquid cultures containing arabinan and galactan as a carbon source. ABF and AGL 
activities were detected when the reference strain was grown on arabinan (Fig. 3A, C). 
ABF activity was strongly reduced or absent in strains in which araR was inactivated, 
and slightly lower in the ΔXΔG strain compared to the reference strain. In contrast, 
ABF activity was two times higher in the ΔX strain. AGL activity was higher in the 
ΔG,ΔX and ΔXΔG strains when compared to the reference strain, but lower for all 
strains in which araR was inactivated, especially in combination with ΔX and/or ΔG. 
Although MND activity was absent on arabinan in the reference strain, it could be 
detected in all strains in which galR was inactivated (Fig. 3B). LAC and BXL activities 
were not detected for any of the strains during growth on arabinan. AGL activity was 
detected when strains were grown on galactan (Fig. 3D). This activity was similar for 
the reference and ΔA strains, but strongly reduced in the ΔG strain and absent in the 
ΔAΔG strain. A slightly reduced activity was detected for the strains in which xlnR was 
inactivated. 
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Figure 3. ABF (A), MND (B) and AGL activity (C+D) after 3 days of growth of the 
reference strain and strains in which araR, xlnR, and/or galR are inactivated (see 
Table 1). 

Figure 4. Expression of xdhA, ladA and larA in the reference and the ΔXΔA and ΔΔΔ 
strains of A. nidulans after 2h of growth on L-arabinose. LC = loading control.   
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Discussion
 Growth of A. nidulans on D-xylose is only affected when both xlnR and araR are 

inactivated, due to the ability of both XlnR and AraR to activate PCP genes (Fig. 5) 
[3,4]. In contrast, growth of A. nidulans on L-arabinose is strongly reduced in strains 
in which araR is absent. This can be explained by the role of AraR as the major 
regulator of the PCP genes, and in particular its influence on enzymatic steps that are 
required for L-arabinose conversion [1]. The lxrA gene has been reported to be under 
absolute control of AraR on L-arabinose, whereas xdhA, ladA and larA still have a low 
expression level on this monosaccharide in the absence of AraR or even in the absence 
of both AraR and XlnR (Fig 1) [3]. This residual expression of xdhA, ladA and larA 
was not due to a basal, constitutive level, because these genes were not expressed on 
the reference substrate D-fructose [3]. In A. niger, this residual expression was not 
observed [1]. In this study, the hypothesis was tested that the residual expression of 
xdhA, ladA and larA in A. nidulans is due to the presence of GalR, a regulator that 
controls galactose catabolism in A. nidulans and also affects the expression of ladA 
(Chapter 3). This regulator is absent in A. niger. However, expression of these PCP 
genes was observed even in the ΔΔΔ strain. Apparently another, still to be identified, 
regulator is involved in this process (Fig. 5). 

 
Growth on galactitol was equally reduced when araR and/or galR were absent. 

Galactitol, a reduced product of D-galactose is converted into L-xylo-3-hexulose by 
LadA in the D-galactose oxido-reductive pathway [10]. The ladA gene is regulated 
by both AraR and GalR, but has been shown to be under absolute control of GalR 
during growth on D-galactose (Fig. 5) [3] (Chapter 3). The ladB gene has recently been 
characterized as a galactitol dehydrogenase encoding gene in A. niger [14]. Its homolog 
probably also converts galactitol in A. nidulans. This gene is under absolute control of 
GalX (Chapter 3), which would explain the ability of the ΔG, ΔA and ΔAΔG strains to 
convert galactitol. Growth on D-galactose is abolished when GalR is absent, because 
GalR probably regulates the gene encoding the unidentified aldose reductase that 
catalyzes the conversion of D-galactose to galactitol (Chapter 3). The ΔA strain grew 
similarly on D-galactose and galactitol. As D-galactose is reduced to galactitol, this 
suggests that this strain is less efficient in galactitol conversion but not in D-galactose 
conversion. The decreased growth for the ΔA strain on galactitol suggests a role for 
AraR in the D-galactose oxido-reductive catabolic pathway. In addition to LadA 
and LadB, it was hypothesized that the D-galactose oxido-reductive pathway in A. 
nidulans makes use of LxrA and XdhA and expression of the corresponding genes on 
L-arabinose has been shown to be regulated by AraR (Fig. 5). The lxrA and xdhA genes 
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Figure 5. Regulation of the oxido-reductive D-galactose catabolic pathway and the 
pentose catabolic pathway (PCP) in A. nidulans. Genes of the PCP are regulated by the 
transcriptional activators XlnR (Yellow lines) and AraR (Blue lines), which are induced 
by D-xylose and L-arabitol, respectively (Purple lines) [7, 12]. Expression of some 
of these genes is observed in an A. nidulans ΔXΔA, and even in a ΔΔΔ strain, which 
suggests the involvement of an additional regulator (Red lines) in this pathway, other 
than GalR. Some of the D-galactose oxido-reductive genes are under regulatory control 
of GalR (Green lines)(Chapter 3). GalX regulates the expression of galR and ladB (Brown 
lines) (Chapter 3). D-galactose or a derivative thereof is likely to be the inducer of GalX 
(Purple line). AraR probably has a role in regulating genes from the D-galactose oxido-
reductive pathway as A. nidulans ΔA is reduced in growth on galactitol. Some of the 
enzymatic conversions of the D-galactose oxido-reductive and PCP pathway are verified 
(Black enzyme names), whereas others still need to be verified (Blue enzyme names). 
Regulation of genes represented by solid lines is confirmed by expression analysis, 
dotted lines indicate that this regulation still needs to be verified. LadA = L-arabitol-4-
dehydrogenase (AN0942), LadB = galactitol dehydrogenase (AN4336), LxrA = Lxylulose 
reductase (AN10169), XdhA = xylitol dehydrogenase (AN9064), HxkA = hexokinase A 
(AN7459), LarA = L-arabitol reductase (AN7193), XkiA = D-xylulose kinase (AN8790), 
XyrA = D-xylose reductase (AN0423).     
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could be regulated by GalR and/or AraR. This suggests that AraR not only responds to 
the presence of L-arabinose and L-arabitol [1,4], but also to galactitol or a derivative 
thereof. It also suggests that the D-galactose oxido-reductive pathway is the primary 
pathway for D-galactose conversion in A. nidulans under the conditions used in this 
study, as has also been suggested for A. niger (Chapter 3) [14]. It should also be noted 
that the ΔAΔG strain is still able to grow on galactitol, suggesting that AraR and GalR 
are not the only regulators involved in D-galactose oxido-reductive pathway or that 
there is an alternative pathway involved. An alternative pathway where L-sorbose is 
phosphorylated, either directly or after epimerization to D-tagatose, and subsequently 
cleaved into two glycolytic triose-phosphates, has been previously suggested [10-11]. 

Small differences in growth on polysaccharides have been observed for the 
regulatory disruptants compared to the reference strain. On arabinan, growth 
was decreased for the strains in which araR was absent. This correlated with the 
absence of ABF activity in the absence of AraR. In A. niger, expression of the 
α-arabinofuranosidase encoding genes abfA and abfB was shown to be under regulatory 
control of AraR [1]. The ABF activity on arabinan was two times higher for the ΔX 
strain to the reference strain. This positive effect of a xlnR disruption on AraR regulated 
genes has been observed before in A. niger as an xlnR disruption in A. niger leads 
to an increase in abfA and abfB expression [1]. Interestingly, growth on arabinan 
was improved for the ΔG and ΔXΔG strains, but not for the ΔX strain. This could be 
explained by a negative influence of GalR on some AraR regulated genes.

The reduced AGL activity on arabinan in the absence of araR when compared to the 
reference strain, suggests regulation of AGL-encoding genes by AraR. As this activity 
is not required for the release of L-arabinose from polysaccharides, this indicates that 
the function of AraR extends beyond arabinan degradation and L-arabinose catabolism. 
Similar results were published for XlnR and xylan degradation [8, 19] and for AmyR 
and starch degradation [20]. This demonstrates that the regulators involved in plant 
polysaccharide degradation in Aspergillus are part of an interactive network in which 
the enzymes of their target genes also release each other’s inducers. When GalR is 
absent, but AraR is present, AGL activity on arabinan was increased compared to the 
reference strain suggesting a negative influence of GalR on some AraR regulated genes 
as was mentioned above. In the absence of both AraR and GalR, activity was almost 
absent on arabinan, suggesting that some genes encoding α-galactosidases are under 
control of AraR, whereas others are under control of GalR.  

 The ΔG, ΔXΔG and ΔAΔG strains show a slight decrease in growth on galactan 
when compared to the reference strain. Although galactan consists of β-linked 
D-galactose residues, LAC activity could not be detected in any of the strains. AGL 
activity was detected in the reference strain, but was decreased in the absence of galR 
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and abolished in the absence of both araR and galR. In the ΔaraR strain, AGL activity 
was similar to the reference strain, suggesting that AraR does not induce AGL-encoding 
genes during growth on galactan in the presence of GalR.

 In summary, the data of this study demonstrate that the presence of GalR in A. 
nidulans and its absence in A. niger cannot explain the differences in expression of the 
PCP genes and growth on L-arabinose between these two species. This indicates the 
involvement of another, unidentified regulator that affects this process in A. nidulans 
(Fig. 5). Although indications for interactions between XlnR and AraR and AraR and 
GalR are clearly visible, the exact nature of these interactions remain unknown and 
requires further study. This involves a more detailed analysis of the expression of 
the AraR and GalR regulated genes in the various strains, in particular those of the 
pentose catabolic pathway and the oxido-reductive D-galactose pathway. A global 
transcriptomics analysis of these strains during growth on L-arabinose, D-xylose and 
D-galactose may reveal other functions that are compensating for the absence of the 
regulators in the disruptant strains.

This study did not address the influence of the major carbon catabolite repressor 
CreA, which has also been shown to affect the expression of genes involved in plant 
polysaccharide degradation [9]. Future studies will include disruption of creA to 
elucidate the interaction between negatively and positively acting regulatory systems 
and will further investigate the role of AraR in D-galactose catabolism. 
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Abstract
The Aspergillus niger genome contains a large set of genes 

encoding plant polysaccharide degrading enzymes. These genes 
enable A. niger to grow on a wide range of natural substrates. 
The set of genes that needs to be activated depends on the 
composition of the substrate. Previous studies have demonstrated 
the involvement of a number of transcriptional regulators in this 
process and have identified sets of target genes for each regulator. 
In this study, a large scale transcriptional analysis was performed 
of the A. niger genes encoding (putative) plant polysaccharide 
degrading enzymes. Micro-array data were analyzed of a wild-type 
strain that had been grown on a large set of carbon sources and of 
the regulatory mutant strains ΔxlnR, ΔaraR, ΔamyR, ΔrhaR and 
ΔgalX that had been grown on their specific inducing compounds. 

The analysis revealed several groups of co-regulated genes. 
Moreover, new potential target genes of transcriptional regulators 
were identified. For instance, 14 new potential target genes 
of AraR were identified in addition to the 3 target genes that 
had been described previously. Notably, in several cases the 
expression profile does not support the function assignment of 
uncharacterized genes that was based on homology searches. The 
expression profile together with the original CAZy annotation 
provides a better indication of the function of these genes. 
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Introduction
Aspergillus niger is a saprobic fungus that degrades a broad range of plant 

polysaccharides. To this end, its genome encodes a versatile set of polysaccharide 
degrading enzymes [16]. These enzymes can be classified into families such as 
glycosyl hydrolase (GH), polysaccharide lyase (PL) and carbohydrate esterase (CE) 
according to the CAZy (Carbohydrate-Active Enzymes) database. The classification 
is based on structurally related catalytic domains and carbohydrate binding modules 
that are present in the proteins (www.cazy.org) [9]. Among the 176 genes of A. niger 
CBS513.88 [52] that are predicted to encode CAZymes involved in plant biomass 
degradation only 82 have been characterized. Thus, 94 genes have been assigned to 
CAZy families merely based on homology to functionally characterized genes. 

In previous studies, XlnR [59], AraR [2], AmyR [62], InuR [65], RhaR (Chapter 2) 
and GalX (Chapter 4) of A. niger have been identified as transcriptional activators of 
CAZymes (Table 1). These regulators respond to monosaccharides that act as inducers 
(Table 1) [23]. So far, a limited set of target genes of these regulators have been 
identified. 

Regulator Inducer Function Reference

XlnR D-xylose Xylan, xyloglucan and cellulose 
degradation, Pentose Catabolic 
Pathway

[2, 59, 61]

AraR L-arabitol Arabinan degradation, Pentose 
Catabolic Pathway

[2, 14]

RhaR L-rhamnose or derivative Rhamnogalacturonan degradation, 
L-rhamnose catabolism

Chapter 2

GalX D-galactose or derivative D-galactose catabolism Chapter 4

AmyR D-glucose or maltose Starch degradation [62]

InuR sucrose Inulin and sucrose degradation [64, 65]

Table 1. Transcriptional activators involved in plant polysaccharide degradation 
and/or sugar catabolism in Aspergillus niger. 
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The aim of this chapter was to identify co-regulation of characterized and predicted 
CAZymes to gain more insight in the function of uncharacterized CAZy-genes in plant 
biomass utilization and to identify new targets of transcriptional regulators. To this end, 
micro-array data were analyzed of A. niger N402 (wild type) that had been grown on 
a large set of carbon sources and of regulatory mutants (ΔxlnR, ΔaraR, ΔamyR, ΔrhaR 
and ΔgalX) that had been grown on their specific inducing compounds. 

Materials and Methods

Strains, media and culture conditions
The A. niger strains used in this study are listed in Table 2. Strains were grown 

at 30ºC on minimal medium (MM) or complete medium (CM) [17] either or not 
containing 1.5% agar. Liquid cultures were grown on a rotary shaker at 250 rpm. Pre-
cultures for RNA isolation were grown for 16 h in 1 L Erlenmeyer flasks that contained 
250 ml CM + 2% D-fructose. Mycelium was washed with MM and transferred for 
2 h to 250 ml Erlenmeyer flasks containing 50 ml MM supplemented with 25 mM 
monosaccharide or 1% polysaccharide (Table 3). Mycelium was harvested by vacuum 
filtration, dried between towels and frozen in liquid nitrogen. 

Strain Phenotype Reference 
A. niger N402 cspA [7]
FP-304 ( ΔrhaR) cspA, ΔkusA::amdS+, pyrG-, ΔrhaR::pyrG+ Chapter 2
UU-A101.1 (ΔamyR) cspA, ΔargB, pyrA6, leuA1, nicA1, ΔamyR:: argB+ [62]
 FP-306 (ΔgalX) cspA, ΔkusA::amdS+, pyrG-, ΔgalX::pyrG+ Chapter 4
 UU-A033.21 (ΔaraR) cspA, pyrA6, nicA1, leuA1, ΔargB::pIM2101 ΔaraR::argB+ [2]
 UU-A062.10 (ΔxlnR) cspA, pyrA6, ΔargB, nicA1, leuA, pyrA6:: ΔxlnR::pyrA+ [2]

Table 2. A. niger strains used in this study

Micro-array processing
RNA for micro-array analysis was extracted using TRIzol reagent (Invitrogen) 

and purified using TRIzol® Plus RNA Purification Kit (Sigma-Aldrich) according to 
the instructions of the manufacturer. The concentration of RNA was calculated from 
the absorbance at 260 nm. The quality of the RNA was analyzed with an Agilent 
2100 bioanalyzer using a RNA6000 LabChip kit (Agilent Technology). Micro array 
hybridization was performed at ServiceXS (Leiden, The Netherlands).
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Transcriptome analysis
Micro-array data was analyzed using the Bioconductor tool package version 2.8 

(http://www.bioconductor.org/) together with house-made Perl (version .5.0) and 
Python (version 3.0) scripts. Probe intensities were normalized for background by 
the robust multi-array average (RMA) method [38] using the R statistical language 
and environment [53]. This method makes use of only perfect match (PM) probes. 
Normalization was processed by the quantiles algorithm. The median polish summary 
method [6] was used to calculate the gene expression values. Further statistical analyses 
were performed with the CyberT tool package (http://cybert.ics.uci.edu/). BayesAnova 
tests were performed on each gene through pairing carbon sources. Adjusted cut off 
value of P<0.05 was used to determine the statistical significance of gene expression 
difference.

Gene expression clustering and visualization
 Hierarchical clusters were made using the normalized expression data from selected 

CAZy-genes by calculating the Pearson correlation distances. Clusters and expression 
correlation profiles were visualized by Genesis [55]. Genes with an expression value 
<50 were colored dark blue, the ones >1000 were colored red and the values ≥50 and 
≤1000 were colored by a gradient of these 2 colors.

Results and Discussion
Micro-array data were analyzed of A. niger N402 that had been grown on a large 

set of carbon sources (Table 3) and of the regulatory mutants ΔxlnR, ΔaraR, ΔamyR, 
ΔrhaR and ΔgalX that had been grown on their inducing compounds (Table 1, 3). In 
all but two cases cultures had been pre-grown on fructose, after which the mycelium 
was transferred for 2 h to the carbon source of interest. Expression of N402 and 
ΔamyR on D-maltose was studied 4 h after transfer. Thus, this study focused on the 
initial response to the presence of a carbon source. It may therefore be that genes that 
were not expressed are induced after longer incubation or on substrates that were not 
included in this analysis. Clustering the expression profiles of A. niger CAZy-genes 
that are related to plant polysaccharide degradation by Pearson correlation resulted in 
9 clusters (A-I) (Suppl. Fig. 1). After the initial clustering analysis, genes with a signal 
value below 50 under all growth conditions were removed from the analysis. These 
genes were considered not to be expressed (Suppl. Table 1).

Strain Phenotype Reference 
A. niger N402 cspA [7]
FP-304 ( ΔrhaR) cspA, ΔkusA::amdS+, pyrG-, ΔrhaR::pyrG+ Chapter 2
UU-A101.1 (ΔamyR) cspA, ΔargB, pyrA6, leuA1, nicA1, ΔamyR:: argB+ [62]
 FP-306 (ΔgalX) cspA, ΔkusA::amdS+, pyrG-, ΔgalX::pyrG+ Chapter 4
 UU-A033.21 (ΔaraR) cspA, pyrA6, nicA1, leuA1, ΔargB::pIM2101 ΔaraR::argB+ [2]
 UU-A062.10 (ΔxlnR) cspA, pyrA6, ΔargB, nicA1, leuA, pyrA6:: ΔxlnR::pyrA+ [2]



Table 3: Composition, purity and concentration of the carbon sources used in this study. Gal = D-galactose, Ara = L-arabinose, Rha = 
L-rhamnose, GalA = D-galacturonic acid, Xyl = D-xylose, Man = D-mannose,  Os = other sugars. n.s. = not specified. Micro-array data was 
obtained for A. niger N402 that had been grown on all listed substrates, while micro-array data for the disruption strains was obtained by growth 
on their inducing carbon source: 1 ΔgalX, 2 ΔaraR,  3 ΔxlnR, 4 ΔrhaR, 5ΔamyR. 

Substrate Concentration Company Purity Composition
D-glucose 25 mM Sigma-aldrich ≥99.5% -
D-fructose 25 mM Sigma-aldrich ≥99% -
D-galactose1 25 mM Sigma-aldrich ≥99% -
L-arabinose2 25 mM Sigma-aldrich ≥99% -
D-xylose3 25 mM Sigma-aldrich ≥99% -
D-mannose 25 mM Sigma-aldrich ≥99% -
D-galacturonic acid 25 mM Sigma-aldrich ≥99% -
L-rhamnose4 25 mM Sigma-aldrich ≥99% -
Maltose5 25 mM Sigma-aldrich ≥99% -
Sucrose 25 mM Sigma-aldrich ≥99% -
Ferulic acid 25 mM Sigma-aldrich ≥99% -
Inulin from chicory 1% Sigma-aldrich n.s. n.s.
Cellulose 1% Sigma-aldrich n.s. n.s.
Guar gum 1% Sigma-aldrich n.s. n.s.
Xyloglucan 1% Sigma-aldrich n.s. n.s.
Xylan from beechwood 1% Sigma-aldrich >90% >90% D-xylose residues
Polygalacturonic acid (from apples) 1% Sigma-aldrich ≥85% n.s.
Apple pectin 1% Sigma-aldrich n.s. n.s.
Galactan (from potato) 1% Megazyme n.s. Gal: Ara: Rha: GalA = 88: 2: 3: 7



Debranched 1,5-α-L-arabinan from sugar beet 1% Megazyme ~95% Ara: Gal: Rha: GalA = 88: 4: 2: 6
Rhamnogalacturonan I (from potato) 1% Megazyme >97% GalA: Rha: Ara: Xyl: Gal: Os = 62: 20: 3,3: 1: 12: 1,7
Mannan (ivory nut) 1% Megazyme >98% 99% Mannan, Ara + Xyl traces
Citrus pulp 1% n.s. Glc: GalA: Ara: Gal: Xyl: Man: Rha = 39: 35: 11: 7: 4: 4: 1
Sugar beet pulp 1% n.s. n.s. Glc: Ara: GalA: Gal: Xyl: Man: Rha = 33: 28: 26: 7: 2: 2: 1
Soy been hulls 1% n.s. n.s. Glc: GalA: Xyl: Ara: Man: Gal: Rha = 49: 16: 15: 8: 7: 4: 1 
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Cluster A

Cluster A contains only 2 genes (Table 4). They represent enzymes from different 
CAZy families and have a relatively distant separation from each other within the 
expression profile tree (Suppl. Fig. 1). The overall expression of these genes is very low 
on all substrates. Furthermore, the genes were not significantly down- or up-regulated 
in the ΔxlnR, ΔaraR, ΔrhaR, ΔgalX or ΔamyR strain, indicating that these genes are not 
regulated by any of these transcriptional activators. 

The low overall expression of pelF, a gene encoding a putative pectin lyase, has 
been reported previously [48]. Notably, pelF did not cluster with any of the other 
pectinolytic genes. This was the case in a cluster analysis by de Vries et al. [21]. 
However, pelF was distant from the other pectinolytic genes within this cluster. The 
study of de Vries et al. included a smaller set of genes and a more focused set of growth 
conditions. This could explain the differences with our study. 

Gene Enzyme code CAZy family
Regulated by 

(literature)
Ref

An15g00320 (sucB) SUC GH32 InuR [35, 65]

An15g07160 (pelF) PEL PL1 - [21, 37]

Table 4. Significantly expressed genes of cluster A. Enzyme codes are explained in 
Suppl. Table 1. 

Gene sucB encodes an intracellular invertase with transfructosylation activity [8, 
17]. Its expression profile is distinct from other inulinolytic genes. The sucB gene has 
been reported to be under control of the inulinolytic regulator InuR [35] and to have a 
constitutive low level of expression [64]. In our study, significant expression of sucB 
was found on inulin, which supports regulation by InuR. In addition, sucB expression 
was observed on D-maltose in the ΔamyR strain (Suppl Fig 1). This suggests interaction 
between AmyR and InuR, similarly as was described for XlnR and AraR in A. niger [2, 
13]. 

Cluster B

The genes within cluster B were specifically induced on L-arabinose, D-xylose and/
or polygalacturonic acid. This cluster can be divided into sub-cluster B1 and B2 that 
contain 7 and 10 genes, respectively (Suppl. Fig. 1) (Table 5). Highest expression 
for genes of sub-cluster B-1 was on L-arabinose, except for axhA that was induced 
on L-arabinose but was higher expressed on polygalacturonic acid. The axhA gene 
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encodes an arabinoxylan arabinofuranohydrolase and, as its name implies, is specific 
for arabinoxylan degradation [34]. The high expression of this and other genes within 
cluster B on polygalacturonic acid might be due to impurity of the substrate. The 
expression of XlnR-regulated genes has been shown to decrease with increasing 
concentrations of D-xylose due to carbon catabolite repression [19]. Small traces of 
D-xylose and L-arabinose in the polygalacturonic acid substrate might therefore lead to 
higher espression of the xylanolytic, arabinanolytic and cellulolytic genes than on 25 
mM of D-xylose or L-arabinose.

One gene of sub-cluster B-1 has been characterized as an endoglucanase (eglB), 
which has activity towards cellulose [61]. The other genes within this cluster encode 
an arabinofuranosidase (abfA), two putative endoxylanases (xlnC and An15g04550), 
a putative α-galactosidase (aglD) and a putative β-endogalactanase (An03g01050). 
The highest expression level of these genes was found on L-arabinose (Suppl. Fig. 1). 
Regulation of two of these genes, abfA and axhA, is controlled by the transcriptional 
activator AraR [6][2] that has L-arabitol (a metabolic product of L-arabinose) as its 
inducer [18]. Similar expression profiles for the other genes in this sub-cluster (eglB,  
xlnC, aglD, An15g04550 and An03g01050) suggest that they are also regulated by 
AraR. This is supported by the reduced expression of these genes in the ΔaraR strain 
on L-arabinose compared to N402. The axhA and xlnC genes are also regulated by 
XlnR [61]. This was confirmed in our analysis, as they were down-regulated in the 
ΔxlnR strain. 

The genes of sub-cluster B-2 were significantly down-regulated in the ΔxlnR strain 
(Table 5). This suggests that they are controlled by XlnR. Indeed, five of these genes 
(axeA, xlnD, aguA, faeA and xlnB) have previously been shown to be regulated by 
XlnR [24, 39, 61]. Most genes of this sub-cluster were highest expressed on D-xylose, 
except for aguA and An11g02100 that were higher expressed on polygalacturonic acid, 
and axlA and An16g00540 that were higher expressed on L-arabinose (Suppl Fig 1). 
High expression on D-xylose has previously been reported for axlA [39, 63]. It encodes 
a putative α-xylosidase that is suggested to have a role in xyloglucan degradation [10]. 
An16g00540 encodes an α-L-fucosidase, which also has a putative role in xyloglucan 
degradation, indicating co-regulation of some of the genes involved in this process. 
An11g02100 and An08g01760 encode the cellulolytic enzymes β-glucosidase and 
cellobiohydrolase, respectively. This agrees with the previous finding that XlnR is a 
regulator of xylanolytic, xyloglucanolytic and celluloytic genes [61].



Table 5. Significantly expressed genes of cluster B. Enzyme codes are explained in Suppl. Table 1.

Up/Down-regulated 

Gene
Enzyme 

code

CAZy 

family
ΔxlnR ΔaraR ΔrhaR ΔgalX ΔamyR

B-1 An03g01050 GLN GH5 4.8 -74.6 3.1 29.9 6.3
An14g01800 (aglD) AGL GH27 - -97.4 - 2.4 2.6
An01g00330 (abfA) ABF GH51 - -113.9 - 4.6 38.3
An03g00940 (xlnC/xynA) XLN GH10 -17.6 -27.6 - - -
An03g00960 (axhA) AXH GH62 -17.3 -28.5 - - -
An16g06800 (eglB) EGL GH5 4.1 -6.2 - - -
An15g04550 XLN GH11 - -6.6 - - -

B-2 An12g05010 (axeA) AXE CE1 -51.5 - - - -
An01g09960 (xlnD/xynD) XLN GH3 -502.6 - - - -
An08g01900 BXL GH43 -4.0 - - - 5.9
An11g02100 BGL GH1 -5.3 - - 2.1 -
An14g05800 (aguA) AGU GH67 -32.5 - -3.7 - 2.0
An09g00120 (faeA) FAE CE1 -78.3 - - - -
An08g01760 CBH GH6 -3.8 - - - -
An09g03300 (axlA/xylS) AXL GH31 -10.4 -6.6 - 3.8 4.3
An01g00780 (xlnB/xynB) XLN GH11 -40.7 -6.3 - - -
An16g00540 AFC GH95 -13.4 -9.5 - - -

Regulated by

(this study) (literature)

AraR -
AraR -
 AraR AraR

XlnR + AraR XlnR
XlnR + AraR XlnR + AraR

AraR -
AraR -

XlnR XlnR
XlnR XlnR
XlnR -
XlnR -

XlnR + RhaR XlnR
XlnR XlnR
XlnR -

XlnR + AraR -
XlnR + AraR XlnR
XlnR + AraR -

Ref

[10]
[10]

[2, 31]
[10, 61]

[2, 34, 61]
[10]
[10]

[10, 61]
[60, 61]

[10]
[10]

[22, 61]
[24, 61]

[10]
[63]

[10, 61]
[10]
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Cluster C

Cluster C contains 28 genes. Some of them are pectinolytic genes, mainly from 
CAZy families GH28 (several types of pectin hydrolases) and GH78 (α-rhamnosidases) 
(Table 6). It can be divided into the sub-clusters C-1, C-2, and C-3 (Suppl. Fig. 1). Sub-
cluster C-3 contains 12 genes, of which 10 have been shown to be regulated by RhaR 
(Chapter 2). These genes are specifically induced on L-rhamnose (Chapter 2). The 
other two genes of this cluster (agdF and An01g14600) were also specifically induced 
on L-rhamnose and down-regulated in the ΔrhaR strain suggesting that they are also 
under control of this regulator. Notably, the agdF gene has previously been assigned to 
encode a putative enzyme of the starch degrading GH31 family [10]. Our data does not 
support a function in starch degradation as, in addition to induction on L-rhamnose, it 
is significantly up-regulated in the ΔamyR strain, while the opposite would be expected 
for a starch-related gene. The expression profile of An01g14600, which encodes an 
enzyme of the GH11 endoxylanase family, is unexpected as no link between this family 
and rhamnogalacturonan degradation has been described. 

A high expression level on L-rhamnose has been reported for rgaeB, rgxA, rgxB, 
urhgA and rglB [47, 48]. In our analysis, rgaeB is higher expressed on L-rhamnose 
in combination with D-galacturonic acid than on L-rhamnose alone. This gene also 
appears to have a slightly different expression profile from the other genes within sub-
cluster C-3 as it is located within a separate branch of the hierarchal cluster (Suppl. Fig. 
1).  

Sub-cluster C-1 contains 3 genes, two of which are regulated by RhaR on 
L-rhamnose: lacC and rgxC (Chapter 2). Although these genes are RhaR regulated, 
their expression profile differs from the RhaR regulated genes in sub-cluster C-3, in that 
their expression is higher on polygalacturonic acid and L-rhamnose + D-galacturonic 
acid than on L-rhamnose alone. These genes were previously reported to be expressed 
on D-galacturonic acid, polygalacturonic acid and L-rhamnose, in contrast to the genes 
of sub-cluster C-3 that were specifically induced on L-rhamnose [48]. High expression 
of lacC and rgxC on galactan could be due to the small traces of D-galacturonic acid 
and L-rhamnose in the substrate (Table 3). Although lacC has been reported to be under 
control of AmyR [62], down-regulation in the ΔamyR strain was not observed in our 
study. 



Table 6. Significantly expressed genes of cluster C. Enzyme codes are explained in Suppl. Table 1. 

Up/Down-regulated 

Gene Enzyme code CAZy family ΔaraR ΔrhaR ΔgalX ΔamyR

C-1 An01g13610 (amyD) AMY GH13 - - - -
An18g04810 (rgxC) RGX GH28 - -17.1 - -
An06g00290 (lacC) LAC GH35 - -20.2 - -

C-2 An11g04040 (pgxA) PGX GH28 - - - -
An03g06740 (pgxB) PGX GH28 2.5 - - -
An02g12450 (pgxC) PGA GH28 - - - -
An12g07500 (pgaX) PGX GH28 2.6 - - -
An02g00140 BXL GH43 2.3 - - -
An03g06310 (pmeA) PME CE8 - - - -
An14g04370 (pelA) PEL PL1 - - - -
An14g01130 (rglA) RGL PL4 - - - -

C-3 An18g05620 (agdF) AGD GH31 - -3.4 2.7 3.2
An09g02160 (rgaeA) RGAE CE12 - -22.1 2.3 -
An04g09360 (rgaeB) RGAE CE12 - -38.1 - 2.1
An01g14650 (rgxA) RGX GH28 - -26.4 - -
An01g06620 RHA GH78 - -90.2 - 2.8
An12g05700 RHA GH78 - -132.0 - 4.8

Regulated by

(this study) (literature)

- -
RhaR RhaR
RhaR RhaR + AmyR

- -
- -
- -
- -
- -
- -
- -
- -

RhaR -
RhaR RhaR
RhaR RhaR
RhaR RhaR
RhaR RhaR
RhaR RhaR

Ref

[63]
[47]
[47]

[47]
[47]
[47]
[47]
[10]
[40]

[37, 45]
[21]

[63]
[Chapter 3, 25]
[Chapter 3, 48]
[Chapter 3, 47]
[Chapter 3, 10]
[Chapter 3, 10]



RhaR RhaR
RhaR RhaR
RhaR RhaR
RhaR -
RhaR RhaR
RhaR RhaR

An14g02920 (urhgA) URH GH105 2.3 -50.2 2.1 3.6
An07g00240 RHA GH78 - -17.0 - -
An10g00290 RHA GH78 - -8.2 - -
An01g14600 XLN GH11 - -13.5 - -
An03g02080 (rgxB) RGX GH28 - -137.7 - -
An04g09070 RHA GH78 - - 40.4 - 2.0

[Chapter 3, 48]
[Chapter 3, 10]
[Chapter 3, 10]

[10]
[47]

[Chapter 3, 10]
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Gene amyD has been classified as an α-amylase [10]. However, expression of 
amyD was not detected on D-maltose in A. niger N402 [63]. In our study, expression 
was shown on D-galacturonic acid, polygalacturonic acid and D-galacturonic acid 
in combination with L-rhamnose. A role of amyD in starch degradation is therefore 
doubtful.    

The pectinolytic genes in sub-cluster C-2 are involved in the degradation of 
homogalacturonan. These genes are not regulated by RhaR but were induced on 
D-galacturonic acid and polygalacturonic acid in this study. This suggests the presence 
of a second pectinolytic regulator that would have D-galacturonic acid, or a derivative 
thereof, as its inducer as has also been suggested by de Vries et al. [21]. The genes of 
sub-cluster C-2 include the exopolygalacturonases (pgxA, pgxB, pgxC and pgaX), a 
pectin methyl esterase (pmeA), a pectin lyase (pelA), and rhamnogalacturonan lyase 
(rglA), as well as An02g00140, which encodes a putative β-xylosidase. The pelA, 
pmeA and pgaX genes were previously shown to cluster and it was suggested that these 
genes play a major role in the initial degradation of pectin [21]. Strong induction on 
D-galacturonic acid and polygalacturonic acid had been reported for pgxB, pgxC and 
pgaX, while lower expression was observed for pgxA on these substrates [47]. These 
observations correlate with the results of our study. The pelA gene was well expressed 
on all tested substrates, but its highest expression was detected on polygalacturonic 
acid. The rglA gene was only expressed on D-galacturonic acid, polygalacturonic acid 
and galactan. Martens-Uzunova et al. described similar expression patterns for these 
two genes [48]. Furthermore, the absence of rglA expression on L-rhamnose was also 
observed in both studies. Expression of pmeA was absent in the study of Martens-
Uzunova et al. [48], but a slight induction for this gene on D-galacturonic acid and 
polygalacturonic acid was observed in our study and that of de Vries et al. [21].

Cluster D

Cluster D consists of sub-clusters D-1 and D-2 (Suppl. Fig. 1). Sub-cluster D-1 
contains 9 genes mainly encoding enzymes from different GH families. Sub-cluster 
D-2 contains 6 genes mainly encoding enzymes from GH families assigned to starch 
degradation (GH13, 15 and 31) (Table 7). The genes within sub-cluster D-1 are not 
down-regulated in the ΔxlnR, ΔaraR,  ΔamyR, ΔrhaR or ΔgalX strains, indicating that 
they are not regulated by any of these transcriptional activators. They show a relatively 
distant separation from each other and most have low, but similar expression levels 
on all substrates (Suppl. Fig. 1). This indicates that the genes in sub-cluster D-1 are 
constitutively expressed. Indeed, the abnB gene, which can be found in this sub-
cluster, was previously reported to be constitutively expressed on D-fructose, D-xylose, 
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sorbitol, L-rhamnose, D-galacturonic acid, polygalacturonic acid and sugar beet pectin 
[48]. 

Two genes of sub-cluster D-2, glaA and agdA, showed high expression levels on 
all substrates. The highest expression levels of these genes are found on maltose in 
N402, as was previously described [63]. The glaA gene encodes a glucoamylase, while 
agdA encodes an α-glucosidase, both involved in starch degradation [10, 63]. Gene 
aamA, which encodes an acid α-amylase, [41] has also been reported to be highly 
expressed on maltose [63]. However, this gene is expressed at a much lower level in 
our study. Therefore significant expression was, in addition to maltose, only detected on 
L-arabinose, polygalacturonic acid and sugar beet pulp. The similar expression patterns 
and the down-regulation of these genes in the ΔamyR strain, indicates co-regulation of 
glaA, agdA and aamA by AmyR, as has been suggested by Yuan et al [63]. All three 
genes are up-regulated in the ΔgalX mutant on D-galactose to a level even higher than 
the expression level on maltose in N402. The α-amylase gene amyC was also most 
highly expressed on D-galactose in the ΔgalX mutant. Like glaA, agdA, and aamA, 
expression of this gene was reported to be reduced in the ΔamyR strain [63]. However, 
the expression profile of amyC in our study differs from the other three amylolytic 
genes because a similar expression level of this gene was found on D-maltose, 
L-rhamnose and guar gum, making its induction on D-maltose less specific. Expression 
of amyC was similar on D-xylose and D-maltose after 2 h of incubation in a previous 
study, but after 8 h expression on xylose was lost, while expression on maltose was still 
detected [63]. 

Low expression for agtB was detected on all substrates, with a low level induction on 
D-fructose and D-maltose and down-regulation in the ΔamyR strain (Table 7). This data 
was in contrast with a previous study [63], where expression was only detected after 
8 h on D-maltose and agtB was reported to be AmyR independent. Co-expression of 
agtB and agsC was previously observed [63]. Even though agsC was not significantly 
expressed in our study, it did cluster with agtB in our initial correlation analysis. 

An03g05530 is also found in this cluster, even though its highest expression level 
is on L-rhamnose and D-galacturonic acid. However, this gene is significantly down-
regulated in the ΔamyR strain which might explain why this gene is found in sub-
cluster D-2.   



Table 7. Significantly expressed genes of cluster D. Enzyme codes are explained in Suppl. Table 1. 

Up/Down-regulated

Gene Enzyme code CAZy family ΔxlnR ΔrhaR ΔgalX ΔamyR

D-1 An02g01400 (abnB) ABN GH43 - - - -
An11g07660 (exgD) EXG GH5 - - - -
An04g09890 (agsA) AGS GH13 - - - -
An02g08600 BGL GH1 - - - -
An18g04800 RHA GH78 - - - -
An15g01890 BGL GH3 - - - -
An13g02110 AFC GH29 - - - -
An01g01340 UGH GH88 - - - -
An14g05340 (urghB) URH GH105 - - - -

D-2 An04g06930 (amyC) AMY GH13 - - 6.2 -3.4
An03g06550 (glaA) GLA GH15 -2.3 - 9.1 -44.4
An11g03340 (aamA) AMY GH13 4.3 12.8 38.4 -35.8
An04g06920 (agdA) AGD GH31 - 4.3 6.7 -42.7
An12g02460 (agtB) AGT GH13 - - - -3.8

An03g05530 XG-EGL GH12 - - - -3.0

Regulated by

(this study) (literature)

- -
- -
- -
- -
- -
- -
- -
- -
- -

AmyR AmyR
XlnR + AmyR AmyR

AmyR AmyR
AmyR AmyR
AmyR -

AmyR -

Ref

[48]
[10]

[11, 63]
[10]
[10]
[10]
[10]
[10]
[48]

[10]
[5, 10, 33, 62]

[41, 63]
[10, 49, 62]

[63]

[52]
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Ref

[48]
[10]

[11, 63]
[10]
[10]
[10]
[10]
[10]
[48]

[10]
[5, 10, 33, 62]

[41, 63]
[10, 49, 62]

[63]

[52]

Cluster E 

Cluster E contains 8 genes that have a relatively distant separation from each other 
within the expression profile tree (Suppl. Fig. 1). Sub-cluster E-1 consists of only eglD 
and pelB (Table 8). These genes showed a low overall expression. This was in contrast 
to the reported absence of expression for pelB [48]. Sub-cluster E-2 contains 6 genes. 
These genes were expressed on guar gum, inulin, sugar beet pulp and/or sucrose. High 
expression on inulin and to a lesser extent on guar gum was observed for inuE. This 
gene clustered with inuA, but expression levels of the latter gene were much lower. A 
previous study showed expression of inuE, inuA and sucA (also present in sub-cluster 
E-2) on sucrose and inulin and co-regulation of these genes was suggested [64]. The 
more distant position of sucA in the expression profile tree can be explained by the 
relative expression levels on sucrose, inulin and sugar beet pulp, the latter giving 
the highest expression for sucA. An08g01100 and to a less extent An07g09760 were 
specifically induced on guar gum. These two genes are located close to inuE and inuA 
in the expression profile tree (Suppl. Fig. 1). The correlation analysis also demonstrated 
which substrates are most similar when the expression of all the tested genes was taken 
into account. Guar gum was most closely related to inulin, sucrose and sugar beet pulp. 
The sugar beet pulp used in this study contains significant amounts of sucrose (data 
not shown), which explains the clustering of this substrate with sucrose and inulin. Our 
results suggest that guar gum might also contain some traces of sucrose, even though 
this was not reported by the supplier.  



Table 8. Significantly expressed genes of cluster E. Enzyme codes are explained in Suppl. Table 1. 

Up/Down-regulated

Gene Enzyme code CAZy family ΔxlnR ΔaraR ΔgalX ΔamyR
E-1 An15g04900 (eglD) EGL GH61 2.1 - - -

An03g00190 (pelB) PEL PL1 - - - -

E-2 An07g09760 BGL GH3 - - - -
An08g01100 EXG GH5 - - - -
An11g03200 (inuA/inuB) INU GH32 - - - -
An12g08280 (inuE/inu1) INX GH32 2.9 2.0 5.2 3.8
An02g04900 (pgaB) PGA GH28 2.6 -2.3 2.2 -2.1
An08g11070 (sucA/suc1) SUC GH32 - - - -

Regulated by

(this study) (literature)
- -
- -

- -
- -
- InuR
- InuR

AraR + AmyR -
- InuR

Ref
[10]
[44]

[10]
[10]

[50, 62]
[62]
[51]

[4, 54, 65]
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Cluster F

Cluster F contains only 5 genes (See Suppl Fig 1) (Table 9). Sub-cluster F-2 contains 
only one gene (An09g05350). It is expressed on D-glucose, D-fructose, D-maltose and 
rhamnogalacturonan. The four genes that form sub-cluster F-1 differ in their expression 
profile. The reason for the clustering of these genes might be that they did not fit into 
any of the other clusters. It should be noted that the genes of this cluster have a distant 
separation from each other within the expression profiling tree (Suppl. Fig. 1). The 
agsE gene showed high expression levels on all substrates in N402, which confirms 
a previous study [63]. However, expression of this gene was strongly reduced in the 
ΔamyR strain in our study, which was not observed in the study of Yuan et al [63]. The 
opposite was found for aglC that was reported to be under control of AmyR [63], while 
our study only detected significant down-regulation in the ΔrhaR strain. Expression of 
abnD was previously reported to be constitutive [48], but we only detected significant 
expression levels on D-maltose in N402 and down regulation in the ΔamyR strain, 
suggesting control by this regulator. 

Cluster G

Most of the genes within cluster G are highly expressed on D-galacturonic acid and 
polygalacturonic acid. The distinction between these genes and D-galacturonic and 
polygalacturonic acid induced genes of cluster C is that these genes are less specifically 
induced on these carbon sources, as they also show high expression levels on other 
carbon sources. Cluster G can be divided into the sub-clusters G-1, G-2, and G-3 
(Supp. Fig 1).

Expression of some of the genes in cluster G have been previously analyzed on 
D-fructose, L-rhamnose, D-xylose, sorbitol, D-galacturonic acid, polygalacturonic 
acid and sugar beet pectin [47, 48]. Specific induction was observed for pmeB, xghA, 
pgaI, abfB, abfC, lacA, lacB, galA and abnA on D-galacturonic acid, polygalacturonic 
acid and sugar beet pectin [48]. Furthermore, the abfB and abfC genes were also 
highly expressed on D-xylose [30, 48]. In our study, induction of these genes on 
D-galacturonic acid and polygalacturonic acid was also observed. In addition, abfB, 
abfC, lacA, lacB, galA and abnA, all members of sub-cluster G-2, were highly 
expressed on galactan (Suppl. Fig. 1). Co-regulation of abfB, abnAand galA was 
suggested previously [21, 29], and was confirmed in our study. 

High expression for most of the sub-cluster G-2 genes, except lacA and galA, was 
also observed on arabinan, while high expression on L-arabinose was observed for 
abfB, abfC and lacA. The genes within this sub-cluster all encode enzymes that could 



Table 9. Significantly expressed genes of cluster F. Enzyme codes are explained in Suppl. Table 1. 

Up/Down-regulated

Gene Enzyme code CAZy family ΔaraR ΔRhaR ΔgalX ΔamyR
F-1 An02g00610 GUS GH2 - - - -

An09g03070 (agsE) AGS GH13 - - -11.0 -5.8
An16g02730 (abnD) ABN GH43 -2.2 - - -2.5
An09g00260/An09g00270 (aglC) AGL GH36 - -4.0 - -

F-2 An09g05350 - - - - - -

Regulated by
(this study) (literature)

- -
GalX + AmyR -

AraR -
RhaR AmyR

- -

Ref

[10]
[11, 63]

[48]
[1, 62]

[52]



Ref

[10]
[11, 63]

[48]
[1, 62]

[52]

Table 10. Significantly expressed genes of cluster G. Enzyme codes are explained in Suppl. Table 1. 

Up/Down-regulated 

Gene Enzyme code CAZy family ΔxlnR ΔaraR ΔRhaR ΔgalX ΔamyR

G-1 An17g00520 BGL GH3 - - - - -
An11g06540 (mndA) MND GH2 4.1 -904.7 -2.8 - 2.6
An03g03740 (blg4) BGL GH1 4.1 - - 5.8 9.6
An12g01850 (mndB) MND GH2 -2.5 - - - 13.4
An02g07590 - GH3 -301.6 - - - -
An09g05880 (agdE) AGD GH31 - - - - -

G-2 An09g01190 (abnA) ABN GH43 5.5 -591.7 - - 13.1
An01g10350 (lacB) LAC GH35 - -2.7 - 3.5 12.9
An18g05940 (galA) GAL GH53 - - - - -
An01g12150 (lacA) LAC GH35 -8.9 -6.3 - 6.4 13.6
An08g10780 (gbgA) BXL GH43 - -29.7 2.8 11.7 5.2
An08g01710 (abfC) ABF GH51 - -8.7 - 7.7 31.1
An15g02300 (abfB) ABF GH54 2.2 -6.2 - 18.8 159.4

G-3 An01g01320 AGL GH27 - -1470.5 -2.6 2.5 -
An17g00300 (xarB) BXL GH3 -2.8 - - - -
An01g04880 (axlB) AGD GH31 -2.2 - - - -
An16g02760 (afcA) AFC GH95 -5.2 2.2 - - 5.9

Regulated by

(this study) (literature)

- -
AraR + RhaR -

- -
XlnR -
XlnR -

- -

AraR AraR
AraR -

- -
XlnR + AraR XlnR

AraR -
AraR -
AraR AraR

AraR + RhaR -
XlnR -
XlnR -
XlnR -

Ref

[10]
[1]

[10]
[10]
[10]
[63]

[32]
[10]
[27]

[20, 43]
[48]
[48]
[30]

[10]
[15]
[63]
[10]



An01g03340 (xgeA) XG-EGL GH12 - - - - -
An04g09690 (pmeB) PME CE8 - -2.7 - - -
An04g09700 (xghA) XGH GH28 - -4.6 - - -
An01g11520 (pgaI) PGA GH28 - - - - -
An19g00270 (pelD) PEL PL1 - - - - -

- -
AraR -
AraR -

- -
- -

[10]
[48]
[58]
[8]

[36, 37]
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be involved in the degradation of the pectinolytic side chains, suggesting a strong link 
between function and expression.

High expression levels of the genes of sub-cluster G-1 were detected on 
polygalacturonic acid, but to a much lower extent than the sub-cluster G-2 genes. The 
highest expression for three genes within sub-cluster G-1, mndA, mndB and bgl4, was 
found on mannan. The mndA gene encodes a β-mannosidase [1], involved in mannan 
degradation, while mndB and bgl4 encode a putative β-mannosidase and β-glucosidase, 
respectively. Their co-expression with mndA supports these functions as both activities 
are needed for complete degradation of galactoglucomannan. The highest expression 
for the other genes within this sub-cluster, agdE, An17g00520 and An02g07590, was 
detected on polygalacturonic acid.   

The highest expression levels of all the genes within sub-cluster G-3 were 
also found on polygalacturonic acid. Specific induction of pelD was found on 
polygalacturonic acid, in contrast to a previous study where this gene was reported 
to be non-expressed [48]. Expression of pgaI, pmeB and xghA has previously been 
reported on D-galacturonic acid and polygalacturonic acid [48], which was confirmed 
in our study. Three genes within sub-cluster G-3 were down-regulated in the ΔxlnR 
strain, suggesting control by XlnR. These genes were xarB, axlB and afcA, which 
encode a putative bifunctional xylosidase/arabinosidase [15], an α-glucosidase and an 
α-fucosidase, respectively. Two other genes of this sub-cluster, pmeB and xghA, were 
down-regulated in the ΔaraR strain, suggesting regulation by AraR. As mentioned 
earlier, the polygalcturonic acid specific induction of arabinanolytic and xylanolytic 
genes might be due to impurity of the substrate with small traces of D-xylose and 
L-arabinose.  

Cluster H

Sub-cluster H-1 contains 6 genes, while 15 genes make up sub-cluster H-2 (Suppl. 
Fig. 1)(Table 11). The faeB gene of sub-cluster H-1 was reported to have a basal level 
of expression on L-rhamnose, D-xylose, sorbitol, D-fructose D-galacturonic acid, 
polygalacturonic acid and sugar beet pectin, while expression of the faeD gene, which 
is also found in this sub-cluster, was absent on these substrates [48]. Expression of faeB 
has been reported to be specifically induced on ferulic acid [26]. This was confirmed 
in our study. It was shown that faeD was also induced on this substrate, suggestion co-
regulation of these two feruloyl esterase encoding genes. The other four genes within 
this sub-cluster were also specifically induced on ferulic acid and encode putative 
β-glucosidases ( An04g03170, An14g01770 and bgm1) and a putative endoglucanase 
(An15g04570).

- -
AraR -
AraR -

- -
- -

[10]
[48]
[58]
[8]

[36, 37]
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The genes within sub-cluster H-2 had a constant level of expression on most carbon 
sources tested, but had a low expression on D-glucose, D-fructose, sucrose and sugar 
beet pulp in common. As mentioned before, the sugar beet pulp used in this analysis 
contains sucrose (data not shown). These genes might therefore be under strong carbon 
catabolite repression. Binding sites for CreA have been found in the promoter regions 
of all these genes [10]. The low overall expression of agdC has been previously 
described [63]. The agdB gene was reported to have a strong induction on D-maltose 
and was down-regulated in the ΔamyR strain [63]. Our study, however, revealed that 
this gene is highly expressed on most carbon sources tested and no down-regulation in 
the ΔamyR strain was observed.  

Cluster I

Cluster I is a small cluster of 8 genes (Suppl. Fig. 1) (Table 12). All genes in cluster I 
have a low expression on D-maltose and sugar beet pulp in the N402 strain in common. 
Some of these genes (i.e. An15g03550, abnC, An07g07630 and An11g06080) are up-
regulated in the ΔamyR strain. The highest expressed gene of this cluster is abnC. It 
is highly expressed on all the tested substrates except D-maltose and sugar beet pulp. 
Expression levels of this gene were previously reported to be elevated after 24 h on 
D-fructose, L-rhamnose, sorbitol, D-xylose and D-galacturonic acid [48]. The abnC 
gene was significantly down-regulated in the ΔxlnR strain on D-xylose, which indicates 
that this gene is regulated by XlnR. The abnC gene and An15g03550, both encoding 
enzymes of GH43, are highly expressed on galactan, while An15g03550 is also highly 
expressed on mannan. The highest expression levels of An08g05230, An14g02670, 
An03g05380 and plyA were found on arabinan.



Table 11. Significantly expressed genes of cluster H. Enzyme codes are explained in Suppl. Table 1. 

Up/Down-regulated 

Gene Enzyme code CAZy family ΔxlnR ΔaraR ΔRhaR ΔgalX ΔamyR

H-1 An04g03170 BGL GH1 - - - 2.3 3.3
An14g01770 BGL GH3 - - - - -
An11g00200 (bg1m) BGL GH3 - 3.7 - - 2.2
An12g02550 (faeD) FAE CE1 - - - - -
An12g10390 (faeB) FAE CE1 - 2.4 -2.8 - 6.5

H-2 An15g04570 EGL GH61 - -2.7 - - -
An14g04200 (rhgB) RHG GH28 - - - - -
An16g09090 ? GH3 - - - - 2.0
An18g03570 (bglA/bgl1) BGL GH3 -13.1 2.9 -2.4 - 101.3
An16g02100 ? GH5 - - - - -
An04g02700 AGL GH36 - - - - -
An18g04100 (exgA) EXG GH5 - -5.7 - 6.0 -
An01g06120 (gdbA) - GH13 - - - - 6.3
An01g10930 (agdB) AGD GH31 2.2 3.4 - - -
An11g03120 (xynD) BXL GH43 - 4.5 - 4.9 22.5
An06g00170 (aglA) AGL GH27 - -4.2 - 6.5 -
An02g11150 (aglB) AGL GH27 - - 2.5 9.6 5.5
An02g13240 (agdC) AGD GH13 - - - 2.8 2.4
An05g02410 BGL GH2 - - - 4.5 3.9
An14g04190 (gbeA) GBA GH13 - - - 2.9 6.1

Regulated by

(this study) (literature)

- -
- AmyR
- -
- -

RhaR RhaR

AraR -
- -
- -

XlnR + AraR -
- -
- AmyR

AraR -
- -
- AmyR
- -

AraR AmyR
- XlnR
- -
- -
- -

Ref

[10]
[10, 62]

[10]
[48]

[26 Chapter 3]

[10]
[56]
[10]
[12]
[10]

[10, 62]
[10]
[63]

[62, 63]
[10]

[28, 42, 62]
[20]
[63]
[10]
[63]



Table 12. Significantly expressed genes of cluster I. Enzyme codes are explained in Suppl. Table 1. 

Up/Down-regulated

Gene Enzyme code CAZy family ΔxlnR ΔaraR ΔgalX ΔamyR
An08g05230 EGL GH61 - - - -
An14g02670 EGL GH61 - - - -
An03g05380 XG-EGL GH12 - - - -
An10g00870 (plyA) PLY PL1 - - - -
An02g10550 (abnC) ABN GH43 -27.8 15.2 - 32.8
An15g03550 - GH43 - 10.0 - 4.0
An07g07630 BGL - - 2.9 - 2.0
An11g06080 BGL - -2.5 - 2.4 2.5

Regulated by

(this study) (literature)
- -
- XlnR
- -
- -

XlnR -
- -
- -

XlnR -

Ref
[10]

[10, 61]
[10]
[3]

[48]
[10]
[52]
[52]
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AraR is described as the arabinanolytic regulator. In this study we found a broader 
role for AraR as genes encoding endoglucanase (eglB), α-galactosidases (aglD), 
β-galactosidases (lacA, lacB), α-xylosidase (axlA), β-xylosidases (gbgA, An01g01320), 
xylanases (xlnB, xlnC, An15g04450), mannosidase (mndA), α-fucosidase 
(An16g00540), pectin methyl esterase (pmeB), endopolygalacturonase (pgaB) and 
xylogalacturonase (xghA) were significantly down-regulated in the ΔaraR strain (Table 
13). 

In addition to cellulolytic, xyloglucanolytic and xylanolytic genes [23], mndB and 
glaA were down-regulated in the ΔxlnR strain (Table 14). This was surprising in the 
case of glaA because D-xylose is known to repress this gene. Yet, expression of glaA is 
not completely switched of on D-xylose [5, 46]. The residual activity of the gene may 
be lost upon inactivation of xlnR. 

Conclusion
Cluster B contains AraR and XlnR regulated genes, the genes within this cluster 

are involved in cellulose, xyloglucan, xylan and arabinan degradation. This study 
suggests co-regulation of these genes and may reflect the antagonistic interaction 
between these regulators [2, 13]. Co-regulation of arabinanolytic, xyloglucanolytic 
and xylanolytic genes is an efficient strategy for polysaccharide degradation since 
L-arabinose, D-xylose and D-glucose often co-occur in plant cell wall polysaccharides. 
Co-regulation of some AraR regulated arabinolytic genes (i.e. abfA, abfB and abnA) 
has been suggested by Flipphi et al [2, 29]. Indeed, PCA clustering of the pectinolytic 
genes resulted in one cluster which contained abfA, abfB, abnA and lacA [21]. 
However, in this study, the abfB, abnA and lacA genes are located in cluster G, separate 
from abfA, which indicates that abfA has an expression profile that is distinct from the 
expression profiles of the abfB, abnA and lacA genes. This is likely due to the large set 
of carbon sources that were tested in our study.

Cluster C mostly contains pectinolytic genes that are involved in the degradation 
of the pectinolytic main chains. This cluster contains a sub-cluster of genes that are 
specifically induced on L-rhamnose and that are regulated by RhaR and a subcluster 
of genes specifically induced on D-galacturonic acid and polygalacturonic acid. The 
latter sub-cluster is probably regulated by a still to be identified D-galacturonic acid 
responsive regulator. The function of 5 out of 8 putative α-rhamnosidase encoding 
genes (i.e. An01g06620, An12g05700, An07g00240, An10g00290 and An04g09070) 
is supported by our analysis. These 5 genes are part of sub-cluster C-2. They are 
specifically induced on L-rhamnose and are under control of RhaR. Three genes, 
amyD, agdF and An01g14600, which were suggested to have a role in starch and 



Chapter 6

174

Table 13. Genes that are directly or 
indirectly regulated by AraR. Genes 
in bold had been identified previously as 
potential targets of AraR.  

Gene Enzym e code 
aglD AGL

abfA ABF
abfC ABF

abnA ABN
abnD ABN

axhA AXH
axlA AXL
eglB EGL
gbgA BXL
lacA LAC
lacB LAC

mndA MND
pgaB PGA
pmeB PME
xghA XGH
xlnB XLN
xlnC XLN

An01g01320 AGL
An15g04450 XLN
An16g00540 AFC

Gene
ABN
AFC
AGU
AXE
AXH
AXL
AGD
BGL
FAE
GLA
LAC
MND
BXL
XLN
XLN
XLN

An02g07590 BGL
An08g01760 CBH
An08g01900 BXL
An11g02100 BGL
An11g06080 BGL
An16g00540 AFC

Enzym e code 
abnC
afcA

aguA
axeA
axhA
axlA
axlB

bglA
faeA
glaA

lacA
mndB
xarB

xlnB
xlnC
xlnD

Table 14. Genes that are directly or 
indirectly regulated by XlnR. Genes 
in bold had been identified previously as 
potential targets of XlnR.

xylan degradation respectively [10], were also found in cluster C. Gene agdF and 
An01g14600 were specifically induced on L-rhamnose and down-regulated in the 
ΔrhaR strain suggesting they are more likely to be involved in rhamnogalacturonan 
degradation. The amyD gene was only expressed on D-galacturonic acid, 
D-galacturonic acid + L-rhamnose and polygalacturonic acid, suggesting a role in 
homogalacturonan degradation instead of starch degradation. 

The pectinolytic genes found in cluster C are expressed on L-rhamnose, 
D-galacturonic acid and/or polygalacturonic acid after 2 h of incubation, suggesting 
that these genes encode initial pectin degrading enzymes. Pectinolytic genes that 
showed no significant, or constitutive expression, might be induced on pectin related 
substrates after longer incubation times. Expression of plyA, pgaII, pgaB, pgaD, 
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Cluster D also falls apart in sub-clusters, one of which contains genes that are 
not down-regulated in any of the regulatory disruptant strains. They appear to be 
constitutively expressed. The other sub-cluster contains genes that are involved in 
starch degradation and are down-regulated in the ΔamyR strain. AmyR was recently 
described as a transcriptional activator of genes encoding α- and β-glucosidases and 
α- and β-galactosidases, in addition to amylolytic genes [65]. In this study, no down-

pgaE, pelB, pelC and pelF was not significant or low on all substrates in our study, 
however expression of these genes on D-galacturonic acid, polygalacturonic acid and 
sugar beet pectin was reported to increase in time [21]. In addition to the genes of 
cluster C, some other genes were identified that were down-regulated in the ΔrhaR 
strain. These included the α-glucuronidase encoding gene (aguA), arabinofuranosidase 
(abfB), α-galactosidase (aglC), β-glucosidase (bglA), feruloyl esterase (faeB) and 
β-mannosidase (mndA) (Table 15).

Gene Enzyme code
aguA AGU
abfB ABF
agdF AGD
aglC AGL
bglA BGL

faeB FAE
mndA MND

rgaeA RGAE
rgaeB RGAE
rgxA RGX
rgxB RGX

urhgA URH
An01g06620 RHA
An01g14600 XLN
An04g09070 RHA
An07g00240 RHA
An10g00290 RHA
An12g05700 RHA

Table 15. Genes that are directly or 
indirectly regulated by RhaR. Genes 
in bold had been identified previously as 
potential targets of RhaR.   
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Table 16. Genes that are 
directly or indirectly 
regulated by AmyR. Genes 
in bold had been identified 
previously as potential targets 
of AmyR.  

Gene Enzyme code
AMY
AMY
AGD
AGS
AGT
GLA
PGA

An03g05530 RGX

am yC
aam A
agdA
agsE
agtB
glaA
pgaB

Sub-cluster E-2 contained the extracellular inulinolytic genes inuA, inuE and sucA, 
that are all regulated by InuR. Co-regulation and expression on sucrose and inulin was 
previously reported for these genes [64]. Other described inulinolytic genes, sucB, 
sucC and inuQ were not found in cluster E. Absence of expression of the intracellular 
invertase encoding sucC gene, and inuQ, which was described to be a pseudogene, 
confirmed a previous study [64]. The other intracellular invertase encoding gene, sucB, 
was reported to have an overall low expression on other substrates than sucrose and 
inulin [64], which was also confirmed by our study. A. niger ΔinuR was not included in 
our analysis, therefore no additional InuR regulated genes were detected in this study to 
the ones known from literature.  

regulation was found for any of the α- and β-glucosidases and α- and β-galactosidases 
encoding genes. This could be due to the differences in carbon source in the preculture, 
incubation time and carbon source concentration. In our study the N402 and ΔamyR 
strains were incubated for 4 h on D-maltose, whereas in the study of Yuan et al. [63] 
these strains were incubated on this substrate for 2 and 8 h, respectively. In addition, 
the pre-culture used by Yuan et al. contained 2% D-xylose, whereas 2% D-fructose 
was used in our analysis. Furthermore, the transfer cultures were induced with 2% 
maltose in the study of Yuan et al., whereas 25 mM maltose (i.e. 0.86%) was used in 
our analysis. These differences could also explain why in our study down-regulation is 
sometimes observed for genes in the ΔamyR strain that are not reported to be down-
regulated in the ΔamyR strain in the study of Yuan et al. (Table 16) [63]. 



        177

Chapter 6

Sub-cluster G-2 contained genes that could all be active on the side chains of pectin, 
the high expression of these genes on D-galacturonic acid, polygalacturonic acid, 
galactan and arabinan and their clustering supports this hypothesis. Another sub-group 
within cluster G represented mndA, mndA and bgl4 that encode enzymes that could all 
be active on galactoglucomannan. Their high expression on mannan and their clustering 
supports this hypothesis. Genes of sub-cluster H-1 are all specifically induced on 
ferulic acid. However two genes have been classified as feruloyl esterases, the other 
genes being β-glucosidases. The genes in cluster H showed constant expression levels 
on most substrates, but were all lowly expressed on D-glucose, D-fructose, sucrose and 
sugar beet pulp. This is probably due to CreA control. All genes contain CreA binding 
sites in their promoters. Genes in cluster I have low expression on maltose and sugar 
beet pulp in common. Only a small number of genes were significantly expressed in 
clusters A and F. The genes share no specific trends in their expression profiles and 
have relatively distant separations from each other within the expression profiling tree 
(Suppl. Fig. 1). These genes did not fit into any other clusters and are probably not 
co-expressed. results in this study confirm the limited role of GalX in regulating genes 
encoding extracellular polysaccharide degrading enzymes (Chapter 4). 
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Supplemental figure 1. Expression profiling tree containing 168 genes encoding 
CAZy-enzymes (www.cazy.org). Cluster A-I can be distinguished



Supplemental Table 1. Significanty and not significantly expressed genes encoding CAZymes in A. niger CBS513.88 in this study. 
Substrates tested are listed in Table 3. Enzymatic functions encoded by these genes are indicated, together with their corresponding CAZy 
family and enzyme code. Table is modified from [23]. Genes are sorted according to their position in the expression profiling tree (Suppl. 
Fig. 1). 

CAZY A. niger Significantly expressed
Cluster enzym e code function fam ily CBS513.88 in this study

A EXG exo-1,3-galactanase GH 5 An06g02060 no
SUC invertase/beta-fructofuranosidase GH 32 An15g00320 yes
BGL beta-glucosidase GH 3 An15g04800 no
GLA glucoamylase GH 15 An12g03070 no
PEL pectin lyase PL 1 An15g07160 yes

B-1 GLN exo-1,6-galactanase GH 5 An03g01050 yes
AGL alpha-galactosidase GH 27 An14g01800 yes
ABF alpha-arabinofuranosidase GH 51 An01g00330 yes
XLN endoxylanase GH 10 An03g00940 yes
AXH arabinoxylan arabinofuranohydrolase GH 62 An03g00960 yes

XG-EGL xyloglucan active endoglucanase GH 12 An14g02760 no
EGL endoglucanase GH 5 An16g06800 yes
XLN endoxylanase GH 11 An15g04550 yes

XG-EGL xyloglucan-active endoglucanase GH 74 An01g01870 no
B-2 CBH cellobiohydrolase GH 6 An12g02220 no

AXE acetyl xylan esterase CE 1 An12g05010 yes
BXL beta-xylosidase GH 3 An01g09960 yes
BXL beta-xylosidase GH 43 An08g01900 yes
BGL beta-glucosidase GH 1 An11g02100 yes
AGU alpha-glucuronidase GH 67 An14g05800 yes

FAE-SF7 feruloyl esterase ? An09g00120 yes
CBH cellobiohydrolase GH 6 An08g01760 yes
AXL alpha-xylosidase GH 31 An09g03300 yes
XLN endoxylanase GH 11 An01g00780 no
AFC alpha-fucosidase GH 95 An16g00540 yes



B-1 GLN exo-1,6-galactanase GH 5 An03g01050 yes
AGL alpha-galactosidase GH 27 An14g01800 yes
ABF alpha-arabinofuranosidase GH 51 An01g00330 yes
XLN endoxylanase GH 10 An03g00940 yes
AXH arabinoxylan arabinofuranohydrolase GH 62 An03g00960 yes

XG-EGL xyloglucan active endoglucanase GH 12 An14g02760 no
EGL endoglucanase GH 5 An16g06800 yes
XLN endoxylanase GH 11 An15g04550 yes

XG-EGL xyloglucan-active endoglucanase GH 74 An01g01870 no
B-2 CBH cellobiohydrolase GH 6 An12g02220 no

AXE acetyl xylan esterase CE 1 An12g05010 yes
BXL beta-xylosidase GH 3 An01g09960 yes
BXL beta-xylosidase GH 43 An08g01900 yes
BGL beta-glucosidase GH 1 An11g02100 yes
AGU alpha-glucuronidase GH 67 An14g05800 yes

FAE-SF7 feruloyl esterase ? An09g00120 yes
CBH cellobiohydrolase GH 6 An08g01760 yes
AXL alpha-xylosidase GH 31 An09g03300 yes
XLN endoxylanase GH 11 An01g00780 no
AFC alpha-fucosidase GH 95 An16g00540 yes

C-1 PGA endopolygalacturonase GH 28 An01g14670 no
AMY alpha-amylase GH 13 An01g13610 yes
RGX exorhamnogalacturonase GH 28 An18g04810 yes
LAC beta-galactosidase GH 35 An06g00290 yes

C-2 GUS beta-glucuronidase GH 2 An01g01260 no
PGX exopolygalacturonase GH 28 An11g04040 yes
PGX exopolygalacturonase GH 28 An03g06740 yes
PGA endopolygalacturonase GH 28 An02g12450 yes
PGX exopolygalacturonase GH 28 An12g07500 yes
BXL beta-xylosidase GH 43 An02g00140 yes
PGA endopolygalacturonase GH 28 An05g02440 no
PME pectin methyl esterase CE 8 An03g06310 yes
PEL pectin lyase PL 1 An14g04370 yes
RGL rhamnogalacturonan lyase PL 4 An14g01130 yes

C-3 MND beta-mannosidase GH 2 An01g06630 no
AGD alpha-glucosidase GH 31 An18g05620 yes

RGAE rhamnogalacturonan acetyl esterase CE 12 An09g02160 yes
LAC beta-galactosidase GH 35 An14g05820 no

RGAE rhamnogalacturonan acetyl esterase CE 12 An04g09360 yes
RGX exorhamnogalacturonase GH 28 An01g14650 yes
RHA alpha-rhamnosidase GH 78 An01g06620 yes
RHA alpha-rhamnosidase GH 78 An12g05700 yes
URH unsaturated rhamnogalacturonyl hydrolase GH 105 An14g02920 yes
RHA alpha-rhamnosidase GH 78 An07g00240 yes
RHA alpha-rhamnosidase GH 78 An10g00290 yes
XLN endoxylanase GH 11 An01g14600 yes
RGX exorhamnogalacturonase GH 28 An03g02080 yes
RHA alpha-rhamnosidase GH 78 An04g09070 yes
RGL rhamnogalacturonan lyase PL 4 An11g00390 no



C-1 PGA endopolygalacturonase GH 28 An01g14670 no
AMY alpha-amylase GH 13 An01g13610 yes
RGX exorhamnogalacturonase GH 28 An18g04810 yes
LAC beta-galactosidase GH 35 An06g00290 yes

C-2 GUS beta-glucuronidase GH 2 An01g01260 no
PGX exopolygalacturonase GH 28 An11g04040 yes
PGX exopolygalacturonase GH 28 An03g06740 yes
PGA endopolygalacturonase GH 28 An02g12450 yes
PGX exopolygalacturonase GH 28 An12g07500 yes
BXL beta-xylosidase GH 43 An02g00140 yes
PGA endopolygalacturonase GH 28 An05g02440 no
PME pectin methyl esterase CE 8 An03g06310 yes
PEL pectin lyase PL 1 An14g04370 yes
RGL rhamnogalacturonan lyase PL 4 An14g01130 yes

C-3 MND beta-mannosidase GH 2 An01g06630 no
AGD alpha-glucosidase GH 31 An18g05620 yes

RGAE rhamnogalacturonan acetyl esterase CE 12 An09g02160 yes
LAC beta-galactosidase GH 35 An14g05820 no

RGAE rhamnogalacturonan acetyl esterase CE 12 An04g09360 yes
RGX exorhamnogalacturonase GH 28 An01g14650 yes
RHA alpha-rhamnosidase GH 78 An01g06620 yes
RHA alpha-rhamnosidase GH 78 An12g05700 yes
URH unsaturated rhamnogalacturonyl hydrolase GH 105 An14g02920 yes
RHA alpha-rhamnosidase GH 78 An07g00240 yes
RHA alpha-rhamnosidase GH 78 An10g00290 yes
XLN endoxylanase GH 11 An01g14600 yes
RGX exorhamnogalacturonase GH 28 An03g02080 yes
RHA alpha-rhamnosidase GH 78 An04g09070 yes
RGL rhamnogalacturonan lyase PL 4 An11g00390 no

D-1 ABN endoarabinanase GH 43 An02g01400 yes
EXG exo-1,3-galactanase GH 5 An11g07660 yes
AGS alpha-glucan synthase GH 13 An04g09890 yes
BGL beta-glucosidase GH1 An02g08600 no
RHA alpha-rhamnosidase GH 78 An18g04800 yes
RHG endorhamnogalacturonase GH 28 An12g00950 no
CO cellulose oxidase GH 61 An04g08550 no

BGL beta-glucosidase GH 3 An15g01890 yes
AFC alpha-fucosidase GH 29 An13g02110 yes
UGH unsaturated galacturonyl hydrolase GH 88 An01g01340 yes
URH unsaturated rhamnogalacturonyl hydrolase GH 105 An14g05340 yes

D-2 AGD alpha-glucosidase GH 13 An13g03710 no
AMY alpha-amylase GH 13 An04g06930 yes
GLA glucoamylase GH 15 An03g06550 yes
AMY alpha-amylase GH 13 An11g03340 yes
AGD alpha-glucosidase GH 31 An04g06920 yes
AGT 4-alpha-glucanotransferase GH 13 An12g02460 yes
AGS alpha-glucan synthase GH 13 An12g02450 no
PGA endopolygalacturonase GH 28 An16g06990 no

XG-EGL xyloglucan active endoglucanase GH 12 An03g05530 yes



E-1 MAN endomannanase GH 26 An15g07760 no
RHG endorhamnogalacturonase GH 28 An07g01000 no
ABN endoarabinanase GH 43 An07g04930 no
BGL beta-glucosidase GH 3 An06g02040 no
RHA alpha-rhamnosidase GH 78 An08g09140 no
AXL alpha-xylosidase GH 31 An07g00350 no
CO cellulose oxidase GH 61 An15g04900 yes
PEL pectin lyase PL 1 An03g00190 yes

E-2 ? ? GH 13 An15g07800 no
AGS alpha-glucan synthase GH 13 An15g07810 no
AGS alpha-glucan synthase GH 13 An02g03260 no
BGL beta-glucosidase GH 3 An07g09760 yes
EXG exo-1,3-galactanase GH 5 An08g01100 yes
AMY alpha-amylase GH 13 An09g03110 no
INU endo-inulinase GH 32 An11g03200 yes
INX exo-inulinase GH 32 An12g08280 yes
? GH 3 An06g02460 no

PGA endopolygalacturonase GH 28 An15g05370 no
PGA endopolygalacturonase GH 28 An09g03260 no
PGA endopolygalacturonase GH 28 An02g04900 yes
SUC invertase/beta-fructofuranosidase GH 32 An08g11070 yes
PEL pectin lyase PL 1 An11g04030 no

E-1 MAN endomannanase GH 26 An15g07760 no
RHG endorhamnogalacturonase GH 28 An07g01000 no
ABN endoarabinanase GH 43 An07g04930 no
BGL beta-glucosidase GH 3 An06g02040 no
RHA alpha-rhamnosidase GH 78 An08g09140 no
AXL alpha-xylosidase GH 31 An07g00350 no
CO cellulose oxidase GH 61 An15g04900 yes
PEL pectin lyase PL 1 An03g00190 yes

E-2 ? ? GH 13 An15g07800 no
AGS alpha-glucan synthase GH 13 An15g07810 no
AGS alpha-glucan synthase GH 13 An02g03260 no
BGL beta-glucosidase GH 3 An07g09760 yes
EXG exo-1,3-galactanase GH 5 An08g01100 yes
AMY alpha-amylase GH 13 An09g03110 no
INU endo-inulinase GH 32 An11g03200 yes
INX exo-inulinase GH 32 An12g08280 yes
? GH 3 An06g02460 no

PGA endopolygalacturonase GH 28 An15g05370 no
PGA endopolygalacturonase GH 28 An09g03260 no
PGA endopolygalacturonase GH 28 An02g04900 yes
SUC invertase/beta-fructofuranosidase GH 32 An08g11070 yes
PEL pectin lyase PL 1 An11g04030 no



F-1 GUS beta-glucuronidase GH 2 An02g00610 yes
AGS alpha-glucan synthase GH 13 An09g03070 yes
ABN endoarabinanase GH 43 An16g02730 yes
AGL alpha-galactosidase GH 36 An09g00260 yes
AGL alpha-galactosidase GH 36 An09g900270 yes

F-2 AGL alpha-galactosidase GH 27 An11g06330 no
LAC beta-galactosidase GH 35 An07g04420 no
CO cellulose oxidase GH 61 An12g02540 no

RHG endorhamnogalacturonase GH 28 An11g06320 no
RHG endorhamnogalacturonase GH 28 An06g02070 no
CO cellulose oxidase GH 61 An12g04610 no

FAE-SF4 feruloyl esterase SF4 An04g02780 no
XLN endoxylanase GH 11 An14g07390 no
ABF alpha-arabinofuranosidase GH 51 An09g00880 no
SUC invertase/beta-fructofuranosidase GH 32 An06g02420 no
RHA alpha-rhamnosidase GH 78 An15g04530 no
INX exo-inulinase GH 32 An11g03210 no
BGL beta-glucosidase GH 3 An08g08240 no
RHG endorhamnogalacturonase GH 28 An11g08700 no

FAE-SF4 feruloyl esterase SF4 An09g05350 yes



G-1 BGL beta-glucosidase GH 3 An17g00520 yes
EGL endoglucanase GH 5 An07g08950 no
MND beta-mannosidase GH 2 An11g06540 yes
BGL beta-glucosidase GH 1 An03g03740 yes
MND beta-mannosidase GH 2 An12g01850 yes

? ? GH 3 An02g07590 yes
AGD alpha-glucosidase GH 31 An09g05880 yes

G-2 ABN endoarabinanase GH 43 An09g01190 yes
LAC beta-galactosidase GH 35 An01g10350 yes
GAL endogalactanase GH 53 An18g05940 yes
LAC beta-galactosidase GH 35 An01g12150 yes
BXL beta-xylosidase GH 43 An08g10780 yes
ABF alpha-arabinofuranosidase GH 51 An08g01710 yes
ABF alpha-arabinofuranosidase GH 54 An15g02300 yes

G-3 AGL alpha-galactosidase GH 27 An01g01320 yes
BXL/ABF beta-xylosidase/alpha-arabinofuranosidase GH 3 An17g00300 yes

AGD alpha-glucosidase GH 31 An01g04880 yes
AFC alpha-fucosidase GH 95 An16g02760 yes

XG-EGL xyloglucan active endoglucanase GH 12 An01g03340 yes
PME pectin methyl esterase CE 8 An04g09690 yes
XGH xylogalacturonase GH 28 An04g09700 yes
PGA endopolygalacturonase GH 28 An01g11520 yes
PEL pectin lyase PL 1 An19g00270 yes



H-1 BGL beta-glucosidase GH 3 An11g06090 no
BGL beta-glucosidase GH 1 An04g03170 yes
BGL beta-glucosidase GH 3 An14g01770 yes
BGL beta-glucosidase GH 3 An11g00200 yes

FAE-SF5 feruloyl esterase CE 1 An12g02550 yes
FAE-SF1 feruloyl esterase SF1 An12g10390 yes

CO cellulose oxidase GH 61 An15g04570 yes
H-2 AGT 4-alpha-glucanotransferase GH 13 An09g03100 no

RHG endorhamnogalacturonase GH 28 An14g04200 yes
? ? GH 3 An16g09090 yes

BGL beta-glucosidase GH 3 An18g03570 yes
EGL endoglucanase GH 5 An16g02100 yes
AGL alpha-galactosidase GH 36 An04g02700 yes
EXG exo-1,3-galactanase GH 5 An18g04100 yes
AMY alpha-amylase GH 13 An01g06120 yes
AGD alpha-glucosidase GH 31 An01g10930 yes
BXL beta-xylosidase GH 43 An11g03120 yes
AGL alpha-galactosidase GH 27 An06g00170 yes
BGL beta-glucosidase GH 3 An03g05330 no
AGL alpha-galactosidase GH 27 An02g11150 yes
AGD alpha-glucosidase GH 13 An02g13240 yes
GUS beta-glucuronidase GH 2 An05g02410 yes
GBA glycogen debranching enzyme GH 13 An14g04190 yes

? ? CE 1 An07g03100 no



I CO cellulose oxidase GH 61 An08g05230 yes
CO cellulose oxidase GH 61 An14g02670 yes

XG-EGL xyloglucan active endoglucanase GH 12 An03g05380 yes
PLY pectate lyase PL 1 An10g00870 yes
EGL endoglucanase GH 5 An01g11670 no
MAN endomannanase GH 5 An05g01320 no
GAL endogalactanase GH 53 An16g06590 no
ABN endoarabinanase GH 43 An02g10550 yes
ABN endoarabinanase GH 43 An15g03550 yes
BGL beta-glucosidase GH 3 An07g07630 yes
BGL beta-glucosidase GH 3 An11g06080 yes
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Introduction
The plant cell wall consists mainly of the polysaccharides cellulose, hemicellulose 

(xyloglucan, xylan and galacto(gluco)mannan) and pectin. Many fungi grow on these 
polysaccharides. Secreted enzymes degrade these sugars into monosaccharides, which 
are taken up by the fungus to serve as nutrients. The polysaccharide degrading enzymes 
are not only essential in the carbon cycle in nature, they are also used by the industry 
in a broad range of processes [10, 11]. Relatively little is known about the regulation 
of plant polysaccharide degradation. It is generally assumed that constitutively 
synthesized enzymes release small amounts of monosaccharides from the plant cell 
wall polysaccharides on which the fungus grows. These monosaccharides function 
as signal molecules, also referred to as inducers, that activate specific transcriptional 
regulators [4]. These transcriptional regulators increase the expression of genes 
encoding relevant enzymes or repress the expression of irrelevant ones in order to 
prevent a waste of energy [1, 5, 15, 16, 18]. Obtaining more knowledge about the 
regulatory mechanisms involved in plant biomass degradation is of fundamental and 
applied interest. These regulators can be used to manipulate sets of enzymes rather than 
individual ones. This is particularly useful for applications where complete hydrolysis 
of the biomass is required (e.g. biofuel) as it enables up-regulation of the complete set 
of enzymes required for this process.

 Members of the genus Aspergillus are among the main cell factories for the 
production of plant polysaccharide enzymes. At the start of this Thesis project only 
3 regulators involved in this process (AmyR, XlnR, CreA) had been identified in 
Aspergillus species. The aim of this thesis was to identify and characterize transcription 
factors that are involved in pectin and galacto(gluco)mannan degradation. To this 
end, Aspergillus niger and Aspergillus nidulans were used. The former species is an 
important cell factory, while the latter is a fungal model system.  

Subsets of pectinolytic enzymes can be distinguished based on 
expression patterns and mode of regulation

Pectinase is a collective name for a large variety of enzymes that act on various parts of 
pectin (Table 1). Pectinases are an important class of industrial enzymes [10]. They are 
for instance used to clear fruit juices and wine, to aid in oil extraction, paper making, 
fermentation of coffee and tea, retting and degumming of fiber crops and to treat pectic 
waste water. In Chapter 6 it was shown that genes encoding rhamnogalacturonan-I 
(RG-I) degrading enzymes were specifically induced on L-rhamnose, whereas genes 
encoding homogalacturonan (HGA) degrading enzymes were specifically induced on 
D-galacturonic acid and polygalacturonic acid. The group of genes encoding RG-I 



Pectinolytic structure Enzyme function CAZy-family
Homogalacturonan (HG) Endopolygalacturonase GH28

Exopolygalacturonase GH28
d-4,5 unsaturated-glucuronyl hydrolase GH88
Unsaturated rhamnogalacturonan hydrolase GH105
Pectin lyase PL1
Pectate lyase PL1, 3, 9
Pectin methyl esterase CE8
Pectin acetyl esterase CE12

Xylogalacturonan (XG) Xylogalacturonase GH28
Rhamnogalacturonan (RG-I) Rhamnogalacturonan rhamnohydrolase/Endorhamnogalacturonase GH28

Rhamnogalacturonan galacturonohydrolase/Exorhamnogalacturonase GH28
α-rhamnosidase/Rhamnogalacturonan rhamnohydrolase GH78
Rhamnogalacturonan lyase PL4, 11
Rhamnogalacturonan acetyl esterase GH

Pectinolytic side chains α-L-arabinofuranosidase GH51, 54
Endoarabinase GH43
Exoarabinase GH93
β-1,4-endogalactanase GH53
β-1,6-endogalactanase -
β-1,4-D-galactosidase GH2, 35
β-1,4-exogalactanase -
β-1,6-exogalactanase -
β-1,3-exogalactanase -
β-1,4-D-xylosidase GH3, 43
Feruloyl esterase CE1

Table 1 Pectinolytic enzymes in Aspergilli. 
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L-rhamnose release and catabolism are coupled at the transcriptional 
level

A. niger ΔrhaR is not able to grow on L-rhamnose (Chapter 2), suggesting that RhaR 
has a role in L-rhamnose catabolism. In Chapter 2, homologs of the four L-rhamnose 
catabolic pathway genes of Pichia stipitis [17] were identified in A. niger. Three of 
them (An13g00920, An13g00930, and An13g00940) were specifically induced on 
L-rhamnose and are located next to rhaR on chromosome II. Disruption of rhaR caused 
down-regulation for two of these genes (An13g00920 and An13g00930), indicating that 
they are indeed regulated by RhaR. A correlation between regulation of extracellular 
release and intracellular conversion is also seen in the case of the transcriptional 
activators XlnR and AraR. These regulators control genes encoding enzymes involved 
in D-xylose and L-arabinose release, respectively, and genes encoding enzymes of the 
pentose catabolic pathway (PCP) [1-3]. 

Regulation of D-galactose catabolism differs in Aspergilli
 GalX and GalR were identified as transcriptional regulators involved in D-galactose 

catabolism (Chapter 3 and 4). GalX is present in A. niger, A. nidulans, A. oryzae, 
A. flavus and A. fumigatus and absent in Aspergillus clavatus, Aspergillus terreus 
and Neosartorya fischerii. On the other hand, GalR is unique to A. nidulans. GalX 
regulates the expression of ladB in A. niger and A. nidulans. The ladB gene was 

degrading enzymes was shown to be under control of the transcriptional activator RhaR 
(Chapter 2). Its gene is likely induced by L-rhamnose or a derivative thereof. RhaR 
is present in all sequenced Aspergilli as well as many other ascomycetes. The genes 
encoding HGA degrading enzymes are not regulated by RhaR. As HGA consists of 
a backbone of D-galacturonic acid, it is likely that a D-galacturonic acid responsive 
transcriptional regulator is involved in regulating these genes as has been previously 
suggested [6]. 
   Some genes encoding pectinases (Table 1) were hardly if at all expressed on all tested 
substrates (Chapter 6). It should be noted that this PhD project focused on the initial 
response of Aspergillus when exposed to pectin substrates. Some of the pectinolytic 
genes have been shown to be expressed at later stages of pectin degradation [6]. This 
indicates that distinct sets of pectinolytic genes are involved in different stages of 
pectin degradation. The initial set would be involved in depolymerization and release of 
monosaccharides from large polymeric forms of pectin, whereas the set that is produced 
at a later stage would be mainly active on partially hydrolyzed pectin. The mechanism 
behind the regulation of pectinolytic genes in time is currently unknown.
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recently characterized as a gene that encodes a galactitol dehydrogenase that is part of 
the oxido-reductive pathway in A. niger (Fig. 1) [13]. In addition to GalX, A. nidulans 
contains a second D-galactose related transcriptional activator, GalR, which is under 
regulatory control of GalX. (Chapter 3). The galR gene is located directly upstream 
of galX and is more similar to araR and xlnR than to galX. The latter excludes that 
galR evolved as a duplication of galX. GalR was shown to regulate genes of the 
Leloir patway (galE and galD), a gene of the oxido-reductive pathway (ladA) and an 
extracellular α-galactosidase (aglC) (Fig.2). A disruption of galR or galX in A. nidulans 
abolished the ability to grow on D-galactose (Chapter 3).  

A. niger is not able to grow on D-galactose in the presence of nitrate but is able to do 
so in the presence of ammonium (Chapter 4). A disruption of galX in A. niger resulted 
in a strain that was also unable to grow on D-galactose in the presence of ammonium. 
No indications were found for an active Leloir pathway in A. niger, suggesting that 
the D-galactose oxido-reductive pathway is the primary pathway for D-galactose 
conversion in A. niger under the conditions used. In Chapter 4 it was also shown that  
the role of GalX on polysaccharide and oligosaccharide degradation is limited in A. 
niger. No decrease in growth on polysaccharides was observed for an A. niger ΔgalX 
strain (Chapter 4) and genes encoding polysaccharide-degrading enzymes were not 
down-regulated in this strain (Chapter 6). As mentioned above, GalX is absent in A. 
clavatus, A. terreus and N. fischerii. The former two fungi are not able to grow on 
D-galactose, however the latter does grow on this monosaccharide. This suggests the 
presence of an alternative D-galactose regulator in this species.  

The influence of AraR on D-galactose catabolism in A. nidulans
A. nidulans ΔgalR is not able to grow on D-galactose, while its growth is only 

reduced on galactitol (Chapter 3). A similar decrease in growth on galactitol was 
observed for A. nidulans ΔaraR (Chapter 5), indicating a role for AraR in D-galactose 
catabolism. LxrA and XdhA are suggested to be part of the D-galactose oxido-
reductive pathway in A. nidulans based on the D-galactose oxido-reductive pathway 
in Trichoderma reesei. These enzymes as well as LadA, which has been shown to 
take part in this pathway, also function in the L-arabinose catabolic pathway. On 
L-arabinose, the genes encoding these enzymes are under control of AraR. Whether 
these genes are also under control of AraR on D-galactose remains to be investigated. 
GalR does not regulate the ladA, lxrA and xdhA genes on L-arabinose. Notably, the A. 
nidulans ΔaraRΔgalR strain shows a similar reduction in growth on galactitol as A. 
nidulans ΔaraR and A. nidulans ΔgalR (Chapter 5). This observation may be explained 
by i) the presence of one (or more) additional regulator(s) involved in galactitol 
catabolism, ii) the presence of an alternative pathway for galactitol conversion and 
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Enzyme redundancy in the D-galactose catabolic pathway
 It was reported that D-galactose is converted into galactitol by D-xylose reductase 
(XyrA) in A. niger (Fig.1) [12]. However, in that study growth of A. niger on 
D-galactose was induced by adding small amounts of D-xylose. This could lead to 
the activation of XyrA. The fact that A. niger ΔxyrA still grows on 2% D-galactose 
+ 0.025% D-xylose shows that XyrA is not the only enzyme that is able to convert 
D-galactose into galactitol [13]. 
   Sorbitol dehydrogenase A (SdhA) was reported to catalyze the conversion of 
D-sorbitol into D-fructose, which is the final step of the oxido-reductive pathway 
(Fig.1) [12]. A disruption of this gene led to abolished growth on 2% sorbitol, but 
growth on galactitol was only slightly reduced [12]. This suggests that galactitol can 
induce expression of an alternative gene encoding an enzyme that can catalyze the 
same reaction. The conversion of galactitol into L-xylo-3-hexulose in A. niger is only 
catalyzed by LadB, as A. niger ΔladB is not able to grow on galactitol [13]. However, 
for the other steps of the D-galactose oxido-reductive pathway, it might be that A. niger 
has a redundancy in enzymes. In Chapter 4, three genes were found, in addition to ladB, 
that were specifically induced on D-galactose. These genes are closely located to galX 
on chromosome V and are down-regulated in the A. niger ΔgalX strain. They encode 
two putative reductases (red1; An16g01700 and red2; An16g01630) and one putative 
dehydrogenase (deh1; An16g01650). It might be that these genes encode enzymes 
that are also involved in the D-galactose oxido-reductive pathway in A. niger, as this 
pathway includes two enzymes with dehydrogenase activities and two enzymes with 
reductase activities (Fig.1). The two putative reductases are also present in A. nidulans, 
which indicates that they could serve as additional genes for steps of the D-galactose 
oxido-reductive pathway enzymes, next to LadA, LxrA and XdhA. This would explain 
the growth on galactitol in the A. nidulans ΔaraRΔgalR strain. Characterization of 
these genes is required to verify this hypothesis. Redundancy of enzymes has also 
been observed for the PCP [8, 14]. Two or more enzymes, not directly involved in 
L-arabinose catabolism, were able to compensate for the loss of pathway specific genes 
to varying degrees [14]. 

/ or iii) the presence of other enzymes that can convert galactitol. Galactitol may be 
converted by LadB in the A. nidulans ΔaraRΔgalR strain, as ladB is regulated by GalX 
and not by GalR or AraR (Fig.2). GalX might also regulate other genes of the oxido-
reductive pathway in A. nidulans.



Fig 1. D-galactose catabolism in A. niger. A. niger possesses three pathways for D-galactose conversion: 1. Leloir pathway, 2. oxido-reductive 
pathway and 3. DeLey Doudoroff pathway. Some enzymes of these pathways are characterized (Red), whereas others remain to be identified 
(Blue). Some genes encoding these proteins are regulated by GalX (Yellow boxes). The conversion product of galactitol was identified as L-xylo-
3-hexulose in A. niger [13]. Whether L-xylo-3-hexulose needs to be converted to L-sorbose before it can be converted to D-sorbitol is unknown 
[14]. GalE = galactokinase (An16g04160), GalD = D-galactose-1-phosphate uridyltransferase (An02g03590), GalF = UTP-glucose-1-phosphate 
uridyl transferase (An12g00820), GalG = UDP-glucose-4-epimerase (An14g03820), PgmB = phosphoglucomutase (An02g07650), XyrA = 
D-xylose reductase (An01g03740), LadB = galactitol dehydrogenase (An16g00710), LxrA = L-xylulose reductase (An08g01930), SdhA = sorbitol 
dehydrogenase A (An07g01290), HxkA = hexokinase A (An02g14380 ), Red1 = putative reductase 1 (An16g01630), Red2 = putative reductase 2 
(An16g01650), Deh1 = putative dehydrogenase 1 (An16g01700). 
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Fig 2. D-galactose catabolism in A. nidulans. A. nidulans possesses two pathways 
for D-galactose conversion: 1. Leloir pathway and 2. oxido-reductive pathway. Some 
enzymes of these pathways are charcaterized (Red), whereas others remain to be 
identified (Blue). Some genes encoding these proteins are regulated by GalX (Yellow 
boxes) or GalR (Orange boxes). The conversion product of galactitol was identified as 
L-sorbose in A. nidulans [7], while it was L-xylo-3-hexulose in A. niger [13]. GalE = 
galactokinase (AN4957), GalD = D-galactose-1-phosphate uridyltransferase (AN6182), 
GalF = UTP-glucose-1-phosphate uridyl transferase (AN9148), GalG = UDP-glucose-
4-epimerase (AN4727), PgmB = phosphoglucomutase (AN2867), LadA = L-arabitol-
4-dehydrogenase (AN0942),  LadB = galactitol dehydrogenase (AN4336), LxrA = 
L-xylulose reductase (AN10169),  XdhA = xylitol dehydrogenase A (AN9064), HxkA = 
hexokinase A (AN7459).
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Conclusion
At the start of this Thesis project AmyR, CreA and XlnR had been identified as 

regulators involved in plant biomass utilization in Aspergilli. During the course of this 
project AraR [1], InuR [18] and MalR [9] were identified as well. This thesis describes 
the identification and characterization of GalX, GalR and RhaR. GalR is unique to 
A. nidulans and regulates expression of genes of the Leloir pathway and the oxido-
reductive pathway. GalX regulates the expression of GalR and ladB in A. nidulans. 
LadB is characterized as a galactitol dehydrogenase that is part of the oxido-reductive 
pathway in A. niger [13] and probably has a similar function in A. nidulans. A. niger 
GalX regulates the oxido-reductive pathway genes ladB and sdhA. This regulator does 
not substitute for the lack of GalR in this species as it does not regulate the expression 
of ladA and and genes from the Leloir pathway. In this thesis a redundancy of enzymes 
in the oxido-reductive pathway is suggested, and indications for the regulation of 
some of the genes by GalX were obtained. RhaR is a regulator of genes encoding 
rhamnogalacturonan degrading enzymes. These genes are specifically induced on 
L-rhamnose. RhaR is not the only regulator involved in pectin degradation as genes 
encoding homogalacturonan, xylogalacturonan and pectinolytic side chain degrading 
enzymes are not under control of RhaR. The genes encoding enzymes involved in 
the degradation of homogalacturonan are also co-expressed and probably regulated 
by a D-galacturonic acid responsive regulator (PecR; Fig. 3). Some genes encoding 
arabinofuranosidases, endoarabinanases and β-galactosidases that are active on the 
pectinolytic side chains were also co-expressed and down-regulated in A. niger ΔaraR, 
indicating that AraR is an important regulator in the degradation of these structures. 
In addition to the D-galacturonic acid responsive transcriptional activator (PecR), the 
transcriptional activators that respond to ferulic acid (FaeR) and D-mannose (ManR) 
still remain to be identified (Fig. 3). 
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Fig 3. Regulators involved in pectin and galacto(gluco)mannan degradation in 
A. niger and A. nidulans. Pectin is composed of the substructures xylogalacturonan 
(XG), homogalacturonan (HG), and rhamnogalacturonan I (RG-I) and II (RG-II). 
Galacto(gluco)mannan and the pectinolytic substructures are composed of different 
monosaccharides that function as specific inducers for the depicted transcriptional 
activators. Some transcriptional activators are characterized in A. niger and A. nidulans 
(Black), whereas others still need to be identified (Grey). *GalR is unique to A. nidulans.        
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Schimmels spelen een belangrijke rol in de koolstofcyclus op Aarde. Vele schimmels 
breken dood (of levend) plantenmateriaal af dat voor een groot deel uit polysacchariden 
bestaat. Deze polysacchariden worden door de schimmel gebruikt als voedingsstoffen, 
maar moeten eerst tot monosacchariden worden afgebroken alvorens deze opgenomen 
kunnen worden. Aangezien er verscheidene plant polysacchariden zijn, elk met een 
unieke samenstelling aan monosacchariden, zijn er ook verschillende enzymen nodig 
die elk een specifieke binding tussen de monosacchariden kunnen hydrolyseren. 
Schimmels beschikken over regulator eiwitten die de aanmaak van specifieke sets 
van deze enzymen kunnen stimuleren of onderdrukken afhankelijk van de aanwezige 
polysacchariden. Er is weinig bekend over de regulatie van plant polysaccharide 
afbraak. Er wordt in het algemeen verondersteld dat constitutief gesynthetiseerde 
enzymen kleine hoeveelheden monosacchariden losmaken van de polysacchariden 
waarop de schimmel groeit. Deze monosacchariden fungeren als signaal moleculen, 
ook wel ‘inducers’ genoemd, die specifieke regulatoren activeren. Het verkrijgen van 
meer kennis over de regulatoren die betrokken zijn bij plant polysaccharide afbraak 
is van belang voor verscheidene industrieën, aangezien polysaccharide-afbrekende 
enzymen hun toepassing vinden in vele industriële processen. Deze regulator eiwitten 
kunnen gebruikt worden om bepaalde groepen, in plaats van individuele, enzymen 
te manipuleren wat bijvoorbeeld van belang is voor toepassingen waarbij complete 
hydrolyse van biomassa nodig is (e.g. Bio-brandstof). In dit proefschrift wordt 
de indentificatie en karakterisatie van regulatoren van de filamenteuze schimmels 
Aspergillus niger en Aspergillus nidulans beschreven die betrokken zijn bij de utilisatie 
van plant biomassa. 

 Een belangrijke groep van polysaccharide-afbrekende enzymen die hun toepassing 
vinden in de industrie zijn pectinases. Pectinase is een verzamelnaam voor een grote 
verscheidenheid aan enzymen die actief zijn op de verschillende delen van de plant 
celwand polysaccharide pectine: homogalacturonan (HG), xylogalacturonan (XG), 
rhamnogalacturonan I en II (RG-I, RG-II). Deze enzymen worden bijvoorbeeld gebruikt 
om fruitsappen en wijn te klaren, en om extractie van olie, het maken van papier, 
het fermenteren van koffie en thee, het roten en ontgommen van vezelgewassen en 
het behandelen van pectine afvalwater te vergemakkelijken. In hoofdstuk 2 wordt de 
identificatie en karakterisatie van RhaR beschreven, een grote groep genen die coderen 
voor RG-I afbrekende enzymen staat onder controle van deze regulator. Het rhaR gen 
wordt waarschijnlijk geïnduceerd door L-rhamnose of een derivaat daarvan. Het rhaR 
gen is aanwezig in alle gesequencte Aspergilli en vele andere Ascomyceten. De genen 
die coderen voor HGA-afbrekende enzymen staan niet onder regulatie van RhaR. 
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Omdat HGA uit een backbone van D-galacturonzuur bestaat is het waarschijnlijk dat 
een regulator die D-galacturonzuur als inducer heeft deze genen reguleert. RhaR blijkt 
ook betrokken bij het intracellulaire katabolisme van L-rhamnose. Allereerst is een A. 
niger rhaR disruptie stam niet meer in staat om op L-rhamnose te groeien, daarnaast 
werden in hoofdstuk 2 homologen geïdentificeerd in A. niger voor 4 L-rhamnose 
katabole genen van Pichia stipitis waarvan twee genen neerwaarts gereguleerd zijn in 
deze disruptie stam. Deze genen werden in A. niger wild type specifiek geïnduceerd 
op L-rhamnose en zijn gelokaliseerd naast rhaR op chromosoom II. Een correlatie 
tussen regulatie van het extracellulair vrijmaken en intracellulair omzetten van 
monosacchariden is al eerder geobserveerd voor de transcriptionele activatoren XlnR en 
AraR. Deze regulatoren reguleren genen die coderen voor enzymen die betrokken zijn 
bij het vrijmaken van D-xylose en L-arabinose, respectievelijk, en genen die coderen 
voor enzymen van de pentose katabole route (PCP). 

 In hoofdstuk 3 werden GalX en GalR geïdentificeerd als transcriptionele regulatoren 
betrokken bij D-galactose katabolisme in A. nidulans. GalX is aanwezig in A. niger, 
A. nidulans, A. oryzae, A. flavus en A. fumigatus en afwezig in Aspergillus clavatus, 
Aspergillus terreus en Neosartorya fischerii. GalR is daarentegen uniek in A. nidulans. 
GalR reguleert genen van de Leloir route (galE and galD), een gen van de oxido-
reductieve route (ladA) en een extracellulaire α-galactosidase (aglC). GalR staat 
onder regulatie van GalX, daarnaast reguleert GalX de expressie van ladB, een gen 
dat recentelijk gekarakteriseerd is als galactitol dehydrogenase in A. niger. Het galR 
gen ligt direct naast galX op het chromosoom, maar vertoont meer overeenkomsten 
in de sequentie met araR en xlnR dan met galX. Dit sluit uit dat galR geëvolueerd is 
vanuit een lokale genduplicatie van galX. Een disruptie van galR of galX in A. nidulans 
leidt tot een stam die niet in staat is te groeien op D-galactose, de groei op galactitol 
is daarentegen slechts vermindert. Een vergelijkbare afname in groei op galactitol is 
zichtbaar voor A. nidulans ΔaraR (Hoofdstuk 5), dit suggereert dat ook AraR een rol 
heeft in het D-galactose katabolisme. LxrA en XdhA zijn gesuggereerd als deel van de 
D-galactose oxido-reductive route in A. nidulans gebaseerd op de D-galactose oxido-
reductive route in Trichoderma reesei. Deze enzymen en LadA, waarvan bekend is dat 
dit enzym deel uitmaakt van de D-galactose oxido-reductieve route, zijn ook betrokken 
bij de L-arabinose katabole route. Op L-arabinose, staan de genen die coderen voor deze 
enzymen onder regulatie van AraR. Of deze genen ook onder controle van AraR staan 
op D-galactose moet nog onderzocht worden. De ladA, lxrA en xdhA genen staan niet 
onder regulatie van GalR op L-arabinose. De A. nidulans ΔaraRΔgalR stam laat een 
zelfde afname in groei zien op galactitol als A. nidulans ΔaraR en A. nidulans ΔgalR 
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(Hoofdstuk 5). Dit zou verklaart kunnen worden door i) de aanwezigheid van een (of 
meer) extra regulator(en) die betrokken is bij galactitol katabolisme ii) de aanwezigheid 
van een alternatieve route voor de omzetting van galactitol en/of iii) de aanwezigheid 
van andere enzymen die galactitol kunnen omzetten. Galactitol zou omgezet kunnen 
worden door LadB in the A. nidulans ΔaraRΔgalR stam, omdat ladB gereguleert wordt 
door GalX en niet door GalR of AraR. GalX zou ook andere genen die betrokken zijn 
bij de oxido-reductieve route in A. nidulans kunnen reguleren.

A. niger kan niet groeien op D-galactose in de aanwezigheid van nitraat, maar kan dit 
wel wanneer ammonium aanwezig is als stikstofbron (Hoofdstuk 4). Een disruptie van 
galX in A. niger resulteerde in een stam die ook niet in staat was om op D-galactose te 
groeien in de aanwezigheid van ammonium. Er zijn geen indicaties gevonden voor een 
actieve Leloir route in A. niger, wat suggereert dat de D-galactose oxido-reductieve 
route de primaire route is voor de omzetting van D-galactose onder de gebruikte 
condities in deze studie. GalX reguleert expressie van de oxido-reductieve pathway 
genen ladB en sdhA in A. niger. GalX compenseert niet voor de afwezigheid van GalR 
in deze soort. In dit proefschrift wordt een redundantie aan enzymen gesuggereerd voor 
de D-galactose oxido-reductieve route. In hoofdstuk 4 werden namelijk drie genen 
gevonden die specifiek geïnduceerd werden op D-galactose, naast galX op chromosoom 
5 liggen en neerwaarts gereguleeerd zijn in de A. niger ΔgalX stam. Ze coderen voor 
putatieve reductases (red1; An16g01700 en red2; An16g01630) en een putatieve 
dehydrogenase (deh1; An16g01650). De D-galactose oxido-reductieve route in A. 
niger maakt gebruik van twee stappen waarbij enzymen met dehydrogenase activiteit 
betrokken zijn en twee stappen waarbij enzymen met reductase activiteit betrokken 
zijn. De twee putatieve reductases zijn ook aanwezig in A. nidulans, wat aangeeft dat 
ze kunnen dienen als additionele genen voor de D-galactose oxido-reductive route, 
naast LadA, LxrA en XdhA. Dit zou verklaren waarom de A. nidulans ΔaraRΔgalR 
stam nog steeds groei vertoont op galactitol. Karakterisatie van deze genen is nodig 
om deze hypothese te verifiëren. Redundantie van enzymes is ook waargenomen voor 
de pentose katabole route. Twee of meer enzymen, die niet direct bij L-arabinose 
katabolisme betrokken zijn, konden compenseren voor het verlies van specifieke 
genen voor deze route tot op verschillende hoogten. Hoofdstuk 4 laat zien dat de rol 
van GalX op polysaccharide en oligosaccharide degradatie vrij gelimiteerd is. Er was 
geen groeivermindering zichtbaar voor de A. niger ΔgalX stam op polysacchariden, 
daarnaast was er geen neerwaartse regulering zichtbaar voor genen die coderen voor 
polysaccharide afbrekende enzymen in deze stam (Hoofdstuk 6). Zoals al eerder 
vermeld is GalX afwezig in A. clavatus, A. terreus en N. fischerii. A. clavatus en A. 
terreus zijn niet in staat om op D-galactose te groeien,  N. fischerii daarentegen groeit 



wel op deze monosaccharide wat een aanwezigheid van een alternatieve regulator in 
deze soort kan suggereren.
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