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Stellingen 

De eenvoud van het bepalen van 'pectinase-activiteit' d.m.v. 

viscositeits-metingen en reducerende eindgroepen-bepalingen leidt 

tot de publikatie van irrelevante artikelen (Solis-Pereira et al. (1993) 

Effects of different carbon sources on the synthesis of pectinase by 

Aspergillus niger in submerged and solid state fermentations. Appl 

Microbiol Biotechnol 39:36-41). 

Generalisatie van de aanwezigheid van RG-II strukturen in bioactieve 

pectines is nog geen garantie voor een actieve rol van deze 

strukturen in de heilzame werking van medicinale kruiden (Hirano et 

al. (1994) Existence of a rhamnogalacturonan ll-like region in 

bioactive pectins from medicinal herbs. Planta Med 60:450-454). 

Met het gebruik van steeds verfijndere moleculair-biologische 

technieken voor de classificatie van schimmels is het van belang een 

duidelijk onderscheid te maken tussen soortskenmerken en indivi

duele kenmerken (Dit proefschrift). 

Een literatuur referentie die niet genoemd wordt krijgt vaak meer 

aandacht dan één die wel genoemd wordt. 

Het gebruik van oudere literatuurreferenties voor 'standaard'-

technieken getuigt van luiheid en kan ten koste gaan van de 

reproduceerbaarheid van experimenten door anderen (SDS-PAGE: 

Laemmli 1970; Western blotting: Burnette et al. 1981; DNA-

sequencing: Sanger et al. 1977). 



6. Het gebruik van afkortingen in wetenschap en technologie is 

eff iciënt, maar vooral ook verwarrend (CMC, carboxymethylcellulo-

se; complement mediated cytotoxicity; chemistry, manufacturing 

and control; critical micel concentration). 

7. Bij beslissingen omtrent de toelating van genetisch gemanipuleerde 

voedingsmiddelen zou de vrije keuze van de consument boven 

commerciële belangen moeten gaan. 

8. Het kloneren van zoogdieren gaat ten koste van het unieke van een 

nieuw-geborene en dus van de biodiversiteit. 

9. Het hier beschreven onderzoek laat sporen na. 

Stellingen behorende bij het proefschrift 

"Molecular analysis of endo-rhamnogalacturonan hydrolases 

in Aspergillus" 
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Wageningen, 7 mei 1997 



Contents 

Chapter 1 

General introduction 1 

Chapter 2 

Cloning, sequence and expression of the gene coding for rhamnogalacturo-

nan hydrolase of Aspergillus aculeatus; a novel pectinolytic enzyme 41 

Chapter 3 

Cloning and characterization of two rhamnogalacturonan hydrolase encoding 

genes from Aspergillus niger 65 

Chapter 4 

Identification of regulatory mutants of A. aculeatus affected in rhamnoga

lacturonan hydrolase expression 91 

Chapter 5 

Classification of black Aspergilli by RFLP analysis: Molecular criteria to 

identify A. aculeatus, A. japonicus and A. carbonarius 111 

Chapter 6 

Summary and conclusions 129 

Samenvatting 141 

Nawoord 

Curriculum vitae 



List of abbreviations 

Ace Aceric acid (3-C-carboxy-5-deoxy-L-xylose) 

Api Apiose (3-C-hydroxymethyl-D-glycero-tetrose) 

Ara L-arabinose 

CNBr Cyanogen bromide 

DHA 3-deoxy-D-lyxo-2-heptulosaric acid 

Fuc L-fucose 

Gal D-galactose 

GalpA D-galacturonic acid 

Glu D-glucose 

GlcpA D-glucuronic acid 

goxC Structural gene encoding glucose oxidase 

KDO 2-keto-3-deoxy-D-manno-octulosonic acid 

Man L-mannose 

Me- Methylesterified 

(M)HR (Modified) hairy regions 

PAE Pectin acetylesterase 

PEL Pectate lyase 

PG Polygalacturonase 

pkiA Pyruvate kinase encoding gene 

PL Pectin lyase 

pyrk Orotidine-5'-phosphate-decarboxylase encoding gene 

PME Pectin methylesterase 

RFLP Restriction fragment length polymorphism 

RG-1,11 Rhamnogalacturonan 1,11 

Rha L-rhamnose 

RHG Rhamnogalacturonan hydrolase 

rhg Rhamnogalacturonan hydrolase encoding gene 

rRNA Ribosomal RNA 

Xyl D-xylose 



1 General introduction 

Industrial application of pectinolytic enzymes 

Pectinolytic enzymes are used in industrial processes, such as fruit juice produc

tion (Whitaker 1984) and wine making (Colagrande et al. 1994). For instance, 

the processing of apples to juice includes mechanical treatments, like pressing 

and ultrafiltration, and enzymatic treatments, like pulp enzyming, liquefaction, 

clarification and cloud stabilization (Voragen and Pilnik 1989). The enzymatic 

treatments are performed with crude pectinolytic enzyme preparations, which 

are commonly derived from nonpathogenic fungi, like Aspergillus, and therefore 

are generally regarded as safe (GRAS). Fungi, but also plants and bacteria, can 

degrade pectin by the production of a broad spectrum of pectinolytic enzymes. 

However, the ease of handling cultures and the advantages of an eukaryotic 

production system make fungi suitable organisms for various industrial purposes 

on a large scale. 

The enzyme composition of a commercial preparation determines its effect on 

the yield of the juice or wine obtained, but also on characteristics as composi

tion, viscosity, turbidity, colour and flavour thereof. Comparative analysis of 

fungal preparations which are currently used by different companies, revealed 

the presence of a variety of pectinolytic enzyme activities (Table 1). In addition, 

all of the preparations showed hemicellulase and cellulase activities, suggesting 

that complex substrates have been used as carbon source for fungal growth. 

Examples of carbon sources which are frequently used for the purpose of mul

tiple enzyme production are milled soybean and wheat bran, because these 

contain the whole scala of plant polysaccharides (Hours and Sakai 1994). 

Whereas most of the polymer degrading enzymes produced by fungi have favou

rable effects on fruit processing, some of them are undesired. An example is 

arabinan-haze formation in apple juices, which arises after debranching of ara-

binans by a-L-arabinofuranosidase activities also present in the enzyme prepara

tion (Whitaker 1984). Commercial enzyme mixtures are therefore continuously 

optimized by adjusting media composition and growth conditions. Besides sub

merged cultivation also solid state fermentations of several fungal species are 
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being applied successfully to obtain pectinolytic enzyme preparations (Solfs-

Pereira et al. 1993; Roche et al. 1995). Likewise, intrinsic pectinolytic enzymes 

in plants can have undesired effects for other purposes. For instance, the pro

duction of polygalacturonases (PGs) during fruit ripening results in softening, 

which is unfavourable during the storage of fruits. This has led to the develop

ment of genetically modified, so-called Flavr Savr™ tomatoes, in which PG 

production levels are reduced by the introduction of antisense genes (Schuch 

1994). 

Differences between the enzyme mixtures in Table 1 are partly due to the use of 

different Aspergillus species for their preparation. Individual strains can be 

further improved by changing their genetic constitution, either by classical 

mutagenesis (random) or by genetic recombination (directed). For the latter, 

straightforward approach, enzymes with a desired activity are being identified in 

this strain (homologous) or in a strain belonging to another fungal or non-fungal 

species (heterologous), after which the corresponding genes are cloned and ma

nipulated. Heterologous gene expression mostly occurs from an endogenous, 

well-known promoter (Upshall et al. 1992). 

Analysis of pectin degradation products generated by the activity of individual 

enzymes progressively contributes to the structural elucidation of pectins 

(McCleary and Matheson 1986). Thus, purification and subsequent analysis of 

the pectinolytic enzymes PG, pectin lyase (PL) and pectin methylesterase (PME) 

from A. niger has contributed to our present knowledge about pectin structures, 

not only from apples (De Vries 1983), but also from grape berries (Saulnier and 

Thibault 1987) and carrots (Massiot and Thibault 1989). This knowledge in turn 

allows further adjustment of specific enzyme mixtures, which are required for 

appropriate processing of different fruits and vegetables. 

Unlike PG, PL and PME, rhamnogalacturonan hydrolase activity is not common 

to all conventional enzyme preparations, although levels are progressively 

elevated by optimalization of growth conditions, as mentioned above (Table 1). 

For instance, the use of two foregoing enzyme preparations from A. niger, 

Biopectinase OS and LQ (Quest Int., The Netherlands), for apple processing 
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MIDDLE LAMELLA 
pectic polysaccharides 
± tignin 

PRIMARY CELL WALL 
Fibrils: cellulose 
Matrix: hemicellulose 

pectinic acid 
pectin 

SECONDARY WALL 
Fibrils: cellulose 
Matrix: hemicellulose 

lignin 

cell lumen 

plasma membrane 

intercellular space 

plasmodesmata 

Cellulose fibrils 

Xyloglucan 

Arabinogalactan linked to polysaccharide 

Rhamnogalacturonan 

j Arabinogalactan linked to protein and polysaccharide 

B 

Fig. 1 A Schematic representation of the plant cell wall . B Structural model of the Acer 
pseudoplatanus primary cell wal l , according to Keegstra et al. (1973). In this model 
xyloglucans form a monolayer, which is linked by hydrogen bonds to the cellulose 
microfibrils. Interaction between neighbouring microfibrils may occur by covalent 
attachment to the various other components: xyloglucans are attached to arabinogalac-
tans, arabinogalactans to pectins, and pectins to the hydroxyproline-rich glycoprotein 
extensin 
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coincided with the attainment of residual pectin material in the final juice 

obtained, due to the absence of rhamnogalacturonan hydrolase activity in these 

enzyme preparations (Musters et al. 1993). At that time promising results were 

obtained with Pectinex Ultra SP, also called Ultra SP (Novo Nordisk, Denmark), 

originating from A. aculeatus and the effects were ascribed to rhamnogalacturo

nan hydrolase activity (Schols et al. 1990). Therefore, this type of enzymes has 

been further studied as described in this thesis. For a better understanding the 

attention will firstly be drawn to the structure and degradation of pectins in 

general. 

Pectins 

Localization and function of pectins in plant cell walls 

All plant cells are surrounded by a cell wall, which provides the plant with a 

structural yet flexible framework. The primary cell wall, which is found in gro

wing and dividing cells, can change into a secondary cell wall during differentia

tion (Dey and Brinson 1984). Between the cell walls of different cells an intersti

tial layer, the middle lamella, is found (Fig. 1A). The primary cell wall is com

posed of different polymers, 90% of which are polysaccharides and 10% are 

proteins (Dey and Brinson 1984). Secondary cell walls further contain the poly-

phenolic compound lignin, whereas cutin, which is composed of hydroxy fatty 

acids, constitutes the waxy external layer of plants (Cook and Rayner 1984). 

Plant cell wall polysaccharides are divided into celluloses, hemicelluloses and 

pectins (Dey and Brinson 1984). Celluloses form microfibrillar structures, which 

are composed of polymerized glucan chains and constitute between 25% of 

primary cell walls up to 60% of woody, secondary cell walls (Dey and Brinson 

1984; Fig. 1A). 

Hemicelluloses form a group of heteropolysaccharides, including xylans, glucans 

and mannans, which are present in variable amounts in different plant families. 

For example, xyloglucans are the main hemicellulosic constituents of plants 

belonging to the Dicotyledonae and glucuronoarabinoxylans of those belonging 
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to the Monocotyledonae (Carpita and Gibeaut 1993). They are closely linked to 

cellulose microfibrils by hydrogen bonds, as stated by Dey and Brinson (1984). 

Other hemicelluloses, as glucomannans and galactomannans, primarily serve as 

storage polysaccharides in seeds. 

The third major cell wall polysaccharide, pectin, is a complex heteropolysaccha-

ride consisting of thirteen different monosaccharides. Two of these monosac

charides, galacturonic acid and rhamnose, are mainly found in the backbone of 

pectin, thus determined as homogalacturonan or rhamnogalacturonan, whereas 

the others are only found in the side chains. Galacturonic acid residues are 

partially methylated at C-6 and/or acetylated at C-2 or C-3. 

Pectins constitute up to 35% of the primary cell wall and are the main compo

nent of the middle lamella (Fig. 1A). They also take part in the pectocellulose 

layer, which connects the external cuticle of plants with the epidermis (Cook 

and Rayner 1984). Pectins for industrial use are mostly derived from fruits and 

especially from the rinds of lemon and orange. 

Comparison of pectins which were isolated from different fruits revealed vari

ation in composition (Kravtchenko et al. 1992). Structural variation was also 

observed upon comparison of pectins from different locations within one plant. 

Pectins from the middle lamella and the cuticle are usually less branched and 

less methylated, thus leaving a higher amount of galacturonic acid residues 

which can interact via Ca2+ ions, than pectins from primary cell walls (Hwang et 

al. 1993; Alvarez et al. 1995). Pectin structures however are not static and 

changes in the degree of branching and the degree of methylation have been 

observed during fruit ripening (Fischer and Bennet 1991). 

Pectins form a gel matrix in between the other cell wall constituents and thus 

provide a solid but flexible framework. The construction of a cell wall is illustra

ted by several models, which are principally based on an earlier model of Keeg-

stra et al. (1973) (Fig. 1B). Besides a structural function, pectins also influence 

the wall porosity and by this they may control the access of for instance 

hydrolytic enzymes. Furthermore, pectins can modulate pH and ion balances 

because of their acidic character. Oligomers derived after pectin degradation can 
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serve as regulatory molecules both in processes of differentiation (Marfà et al. 

1991) and in defense mechanisms against phytopathogens (Ryan 1988). 

Chemical interactions of pectins 

In the plant cell wall, pectin polymers are closely linked with other cell wall 

constituents, which explains their function as gel matrix. Side chains radially 

extend from the rhamnose residues within the rhamnogalacturonan part of 

pectin, thus forming the branched, 'hairy' regions (HR; Fig. 1B). Covalent lin

kages with proteins like extensin occur via these side chains, whereas 

hemicelluloses can also be directly linked to the backbone of HR, as was demon

strated for the major hemicellulose of apple cell walls, fucogalactoxyloglucan 

(Renard et al. 1991). 

Although HRs and homogalacturonans have been independently isolated and 

characterized, they are presumably interconnected. An indication for this is the 

release of two types of rhamnogalacturonan structures from cell walls after 

degradation with polygalacturonase (An et al. 1994; Puvanesarajah et al. 1991) 

and likewise the release of homogalacturonan structures from cell walls after 

degradation with rhamnogalacturonan hydrolase (Renard et al. 1993). 

Pectin molecules also interact with each other. Intermolecular ionic linkages can 

be formed indirectly via Ca2+ cations, forming bridges between different galactu-

ronic acid residues. The 'egg-box'-like junction zone thus formed is the basis for 

gel-formation and is exploited by the preparation of jams and jellies from various 

fruits (Rolin and De Vries 1990). Stable junction zones require 15-20 contiguous 

galacturonic acid residues, interruptions taking place by residues which are 

methylated and by intercalating rhamnose residues. However, both the 

hydrophobic forces between methylated galacturonic acid residues and the 

presence of side chains linked to rhamnose residues contribute to the gelling 

properties of pectins (Burchard 1993; Oosterveld et al. 1995). 

In addition, covalent linkages between different pectin molecules can be formed 

by dimerization of ferulic acid residues, which are esterified to arabinose and 

galactose residues in sugar beet pectin (Micard et al. 1994). However, no ferulic 

acid was found in apple pectin (Renard et al. 1990). 
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Fig. 2 A Hypothetical structure of apple pectin and of the prevailing modified hairy 
region population thereof, according to Schols (1995). SR, smooth regions; HR, hairy 
regions. Subunit I, xylogalacturonan; Subunit II, arabinan-rich stubs; Subunit III, oligo
mers. B Oligoglycosylfragments of rhamnogalacturonan II, according to Puvanesarajah 
et al. (1991). The particular backbone galacturonic acid residue to which each oligogly-
cosyl side chain is attached has not been determined 
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Structure of pectins 

Pectins are acidic heteropolysaccharides, which include homogalacturonan, 

rhamnogalacturonan and the neutral polymers arabinan, galactan and arabinoga-

lactan (Fig. 1B). Homogalacturonans have a backbone consisting of (1,4)-linked 

cr-D-galacturonic acid residues, occasionally interrupted by single (1,2)-linked CT-L-

rhamnose residues. These interruptions cause an alteration in the three-dimen

sional structure by forming kinks. Depending on the degree of methylation of the 

galacturonic acid residues pectate, low methoxyl- and high methoxylpectins, are 

distinguished. The degree of acetylation in homogalacturonans is only limited, 

however branching with apiose and apobiose has been demonstrated in apioga-

lacturonans from Lemna minor (Hart and Kindel 1970) and with xylose in xylo-

galacturonans from soy bean (Kikuchi and Sugimoto 1976). 

Rhamnogalacturonans are characterized by a backbone of alternating (1,4)-

linked galacturonic acid and (1,2)-linked rhamnose residues. Here, about half of 

the rhamnose residues functions as an attachment point for complex arabinose-

and galactose-containing side chains. These side chains might be synthesized 

independently from the backbone and linked afterwards in the cell wall (Hwang 

et al. 1993). Rhamnogalacturonan structures isolated from suspension-cultured 

sycamore cells (Acer pseudoplatanus) are named rhamnogalacturonan I (RG-I; 

McNeil et al. 1980). Rhamnogalacturonans isolated from apples and other fruits 

and vegetables are referred to as HR, because of their highly branched structure 

in contrast to the 'smooth' homogalacturonan regions (Schols 1995). HR iso

lated by the liquefaction method are called modified HR (MHR), because their 

structure may be altered by the enzymic treatments (Schols et al. 1990). In 

contrast to RG-I, where nearly equal amounts of rhamnose and galacturonic acid 

are present in the backbone, the rhamnose:galacturonic acid ratio in MHR varies 

from 0.41 in apple to 0.63 in leek. Detailed structural analysis of apple MHR 

revealed that about 20% of the galacturonic acid residues is substituted with O-

acetyl-groups or xylosyl-groups, the latter of which are clustered within the 

xylogalacturonan subunit of MHR (Fig. 2A). A relatively low degree of methyla

tion and traces of fucose, glucose and mannose are also found, however the 
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site of linkage of these residues is not clear. In RG-I terminally linked fucose and 

xylose residues have been found associated with arabinose and galactose resi

dues in the side chains. Additionally, glucuronic acid and 4-O-methyl-glucuronic 

acid residues are found, which are absent in MHR (An et al. 1994). Both sugars 

also take part of rhamnogalacturonans found in gum exudates, e.g. Karaya gum, 

and mucilages (Stephen 1983). 

Another pectin structure isolated from sycamore cell walls by Darvill et al. 

(1978) is rhamnogalacturonan II (RG-II), which is in fact a short-chain substi

tuted galacturonan (Fig. 2B). While a rhamnose:galacturonic acid ratio of 0.44 is 

found in RG-II, no rhamnose is present in the backbone, which is only composed 

of about seven galacturonic acid residues. Besides, some galacturonic acid 

residues are found in the side chains, together with arabinose, fucose, 

galactose, glucuronic acid and xylose residues. Some of the xylose and fucose 

residues are methylated to 2-O-methyl-xylose and 2-O-methyl-fucose, respec

tively (Darvill et al. 1978; Spellman et al. 1983). Other side chain constituents 

of RG-II are the more rare sugars 3-C-carboxy-5-deoxy-L-xylose (aceric acid), 3-

C-hydroxymethyl-D-glycero-tetrose (apiose), 3-deoxy-D-lyxo-2-heptulosaric acid 

(DHA) and 2-keto-3-deoxy-D-manno-octulosonic acid (KDO) (see also Fig. 3). 

In contrast to MHR and RG-I, where the rhamnose residues are either 1,2- or 

1,2,4- linked, rhamnose residues in RG-II are highly substituted, being terminal, 

1,3-, 1,3,4- or 1,2,3,4-linked. While the terminal linked rhamnose residues are in 

the o-configuration, as they are in RG-I and MHR, the other linkages are in the ß-

configuration. Substitutions take place with galacturonic acid at C-2, with galac

turonic acid or aceric acid at C-3 and with fucose at C-4 of rhamnose. 

Rhamnose residues themselves are linked to C-2 of arabinose, C-3 of apiose or 

C-5 of KDO (Fig. 2B). Whereas the structure of the RG-II side chains is clear and 

the same oligomeric structures have been identified in the cell walls of various 

other plants, their site of linkage to the backbone has not yet been established. 

The presence of eleven different monosaccharides within one molecule, which is 

composed of about 60 residues in total, makes it structurally the most complex 

plant polysaccharide yet found. 
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Table 2 Main size and relative amount (dry mass) of pectin and its constituents homo-
galacturonan and rhamnogalacturonan in the primary cell walls of apple, sycamore cells 
and Arabidopsis thaliana leaves. MHR, modified hairy regions; RG-I and RG-II, rhamno
galacturonan I and II 

Polymer 

Pectin 

Homogalacturonan 

Rhamnogalacturonan 

MHR 

RG-I 

RG-II 

Molecular 
mass 
(kDa) 

80 -200 

21 

100-1000 

5 

Plant 
source 

Apple 
A. thaliana 

Apple 
A. thaliana 

Apple 

Sycamore 
A. thaliana 

Sycamore 
A. thaliana 

% (w/w) pectin 
cell w a l l ' 

3 5 % 
4 2 % 

2 3 % 

1.68%' 

7 -14% 
1 1 % 

3% 
8% 

Reference 

De Vries et al. 1983 
Zablackis et al. 1995 

Thibault et al. 1993 
Zablackis et al. 1995 

Schols 1995 

O'Neill et al. 1990 
Zablackis et al. 1995 

O'Neill é t a l . 1990 
Zablackis et al. 1995 

Relative to the total apple mass, about 2% of which is composed of cell wall polysaccharides 

The high resistance of RG-II structures to enzymic degradation allows their 

purification from plant material after fungal degradation. Thus, RG-II structures 

have been purified from apple juice (Pellerin et al. 1995) and even from the com

mercial enzyme preparation Pectinol AC, derived from A. niger after growth on 

pectin (York et al. 1985). 

Comparison of the relative amount of the individual pectin components after 

isolation from the primary cell walls of plants, reveals that homogalacturonan is 

the highest and RG-II the least represented (Table 2). Values however vary with 

the plant source and the method of extraction used. Although pectins are highly 

heterogeneous in size, differences in molecular mass between the different 

constituents are an indication of their complexity. Apple MHR was chosen as a 

model substrate for the study described in this thesis. 
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Pectin metabolism 

The biosynthesis of plant polysaccharides, among which pectins, is realized by 

the activity of several enzymes, however the exact mechanisms are not known 

(Fry 1988). Endogenous pectin degradation is performed by the activity of 

pectinolytic enzymes, some of which are produced constitutively whereas others 

are produced only during processes of growth, ripening and defence against 

infections (Wu et al. 1993; Fry 1995). 

Plants form at least a part of the food supply of many organisms. Its constituent 

polysaccharides however are only partly degraded because of the limited 

enzyme production in most digestive systems. Endogenous enzymes of verte

brates and most invertebrates can only attack a-D-(1,4) glucosidic linkages, 

making starch the principal supplier of energy and ar-amylase the major polysac-

charide-degrading enzyme. In man cr-amylase is secreted by the salivary gland 

and the pancreas, whereas the disaccharide degrading enzyme maltase is pro

duced intracellular^ by intestine epithelial cells, together with invertase and 

lactase. The degradation of the remaining polysaccharides is basically realized 

by the activity of enzymes produced by the microbial population of the intestine. 

Several plant polysaccharides can function as dietary fibres, which is manifested 

by a range of medicinal effects. Effects ascribed to pectins include the reduction 

of plasma-cholesterol levels and the activation of macrophages (cf. Pilnik and 

Rombouts 1985). Interaction with macrophage receptors has been demonstrated 

for the RG-ll constituent KDO, which is also part of bacterial cell walls (Morrison 

et al. 1992). Possibly, this also explains the bioactivity of RG-ll-like structures 

purified from Chinese and Japanese medicinal herbs (Hirano et al. 1994). 

Exceptions among the vertebrates are formed by ruminants, because they pre

dominantly digest non-starch polysaccharides like cellulose and pectin, albeit 

again with the help of bacteria and certain anaerobic fungi (Trinci et al. 1994). 

Besides bacteria and fungi, the capacity to degrade pectin is restricted to some 

classes of protozoa, nematodes and insects. 

Special about fungi is their exploitation of nearly all organic carbon sources, by 

the production of a large scala of enzymes. Among fungal species there is wide 
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variation in the ability to utilize carbon compounds of different type and location 

in dead and living plants. As mentioned, some cellulolytic fungi reside in the 

digestive apparatus of ruminants where they take care of the breakdown of 

celluloses in collaboration with bacteria. Lignolytic fungi have the enzymatic 

capacity for the complete breakdown of lignin, enabling wood to rot. On the 

other hand, a wide range of saprotrophic fungi, among which many species 

belonging to the genus Aspergillus, grow in soil where they produce a variety of 

pectinolytic enzymes in the presence of plant material. Many of these enzymes 

are also produced by plant pathogens, among which species belonging to the 

fungal genera Botrytis, Fusarium and Sclerotinia and the well studied bacterial 

genus Erwinia. Like other polymer-degrading enzymes pectinolytic enzymes are 

secreted by these organisms and act extracellularly. After pectin degradation 

small end-products can be absorbed through the microbial plasma membrane. 

Pectinolytic enzymes and their encoding genes 

Homogalacturonan degradation 

The heterogeneity of pectin is reflected by the large group of pectinolytic 

enzymes, which are involved in its degradation. These enzymes can be clas

sified into two major groups, viz. the methyl- and acetyl-esterases, which are 

responsible for modification of the polymer, and the depolymerases, which 

include endo- and exo-acting hydrolases and lyases. Well-studied are the homo

galacturonan degrading enzymes PG, PL, PME and pectate lyase (PEL). These 

enzymes have been characterized in fungi, bacteria and plants, however up to 

now most PLs have been isolated from fungi and most PELs from bacteria. 

Recently, a pectin acetylesterase (PAE) active towards homogalacturonan of 

sugarbeet was isolated from the fungus A. niger (Searle van-Leeuwen et al. 

1995). 

For extensive cross-species analysis of pectinolytic enzymes in fungi, bacteria 

and plants specific activity staining methods have been developed. Besides, 

genomic and cDNA libraries are hybridized with genes encoding known enzymes 
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from other organisms as probes. In plants ripening-related enzymes can be 

explored via differential hybridisation of cDNA libraries prepared with mRNAs 

from ripe fruits. The functionality of new genes in ripening and in phytopathoge-

nic processes can be easily controlled by elimination of the respective gene 

functions. This is achieved by co-expression of antisense mRNA in plants (Hall 

et al. 1993) and by insertion mutagenesis in Erwinia (Casadaban and Cohen 

1979). Induced effects are analysed in the transgenic plants and the Erwinia 

mutants thus obtained. By these methods multiple isofunctional enzymes have 

been elucidated, which are encoded by gene families in each species. The genes 

presently characterized in isolates belonging to the fungal species A. niger and 

A. tubingensis, the bacterial species Erwinia chrysanthemi and E. carotovora and 

the plant species Lycopersicon esculentum (tomato), are summarized in Table 3. 

However, future elucidation of additional isoenzymes will certainly expand each 

of the pectinolytic gene families shown. 

Up to now, the gene families encoding PEL in E. carotovora and PME in E. 

chrysanthemi and tomato comprise two to four different genes. Larger gene 

families characterized are those encoding PG and PL in A. niger and PEL in E. 

chrysanthemi. Each of these families is composed of up to seven genes and in 

some cases the multiplicity of isoenzymes is reflected at the genetic level by 

clustering of their encoding genes. Examples are the pectate lyase encoding 

genes pe/A-pe/E-pe/D and pe/B-pe/C, which are clustered in the genome of E. 

chrysanthemi (Condemine and Robert-Baudouy 1991) and the pectin methyl-

esterase encoding genes B8 and B16, which are associated with a third pectin 

methylesterase encoding gene in the genome of tomato (Hall et al 1994). The 

amino acid sequences deduced from two genes of the pe/ADE cluster of E. 

chrysanthemi strain EC16, pe/A and pe/E, share 62% identity, whereas those 

from the pe/BC cluster share 84% identity (Tamaki et al. 1988). The amino acid 

sequence deduced from the pe/D gene, which has been characterized in strain 

B374, shares 60% and 8 1 % identity, respectively with the pe/A- and pe/E-

derived amino acid sequences in this strain (Van Gijsegem 1989). The amino 

acid sequences deduced from the tomato B8 and B16 genes even share 93% 



16 I Chapter 1 

Table 3 Genes encoding homogalacturonan degrading enzymes in the fungal species A. 
niger and A. tubingensis, the bacterial species E. chrysanthemi and E. carotovora and 
the plant species Lycopersicon esculentum 

Species 

A. niger 

A. tubingensis 

A. niger 

A. niger 

E. carotovora 
subsp carotovora 

subsp atroseptica 
E. chrysanthemi 

E. chrysanthemi 

E. carotovora 
subsp carotovora 

subsp atroseptica 

E. chrysanthemi 

E. carotovora 
subsp carotovora 

E. chrysanthemi 

L. esculentum 

Type 

CBS120.49 
CBS120.49 
CBS120.49 
RH5344 
NW756 

CBS120.49 
CBS120.49 

RH5344 
CBS120.49 

SCRI193 
SCC3193 
71 
EC 
EC16 

EC16 
EC16 
B374 
3937 
3937 
3937 
3937 
3937 
3937 
3937 

71 

SCRI193 
EC153 
ER 
ER 
EC 

3937 

71 

B374 
3 9 3 7 

Ailsa Craig 

Ailsa Craig 
Ailsa Craig 
Rutgers 

Enzyme 

PG 

exoPG 

PL 

PME 

PEH 

exoPEH 

PEL 

OGL 

PL 

PME 

PG 

PME 

Gene 

pgral,II,C 
pgaB 
pgaA.B.D 
pgalV 
pga\\ 
pgaX 

pe/A,B,C,D 
pe/E,F 

pme 
pme 

peh 
pehA 
peh A 
peh 
pehX 

pe/B, E 
pe/A,C 
pe/A,D,E 
pe/A 
pe/B 
pe/C 
pe/D 
pe/E 
pell 
pe(L 

pe/-1,2,X 
pel-Z 
pelB.C 
PL153 
pel\ 
pe/ll l 
pe/A 
pe/B 
ogl 

pn/A 

pem 
pem 
pemB 

pTOM6' 

B16 ' 
B8 ,16 ' 
PET1' 

Reference 

Bussink 1992 
Parenicova et al. 1995 
Parenicova et a l . , unpubl 
Ruttkowski et al. 1990 
Bussink 1992 
Kester et al. 1996 

Kusters-van Someren 1991 
Kusters-van Someren et a l . , 
unpubl 

Khanh et al. 1991 
Visser et al. 1996 

Hinton et al. 1990 
Saarilahti et al. 1990 
Liu et al. 1994 
Lei et al. 1992 
He and Collmer 1990 

Keen and Tamaki 1986 
Tamaki et al. 1988 
Van Gijsegem 1989 
Favey et al. 1992 

Reverchon et al. 1989 
Lojkowska et al. 1995 
Pissavin et al. 1995 

Liu and Chatterjee, unpubl 
Liu et al. 1994 
Hinton et al. 1989 
Trollinger et al. 1989 
Ito et al. 1988 
Yoshida et al. 1991 
Lei et al. 1988 
Lei et al. 1987 
Reverchon et al. 1989 

McEvoy et al. 1990 
Chatterjee et al. 1991 

Plastow 1988 
Laurent et al. 1993 
Shevchik et al. 1995 

Grierson et al. 1986 

Ray et al. 1988 
Hall et al. 1994 
Harriman et al. 1991 

' cDNA 
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identity (Hall et al. 1994). Because of the high degrees of similarity found within 

the different gene clusters, gene duplications are thought to underly the cluster 

phenomenon. Overall, only about 12% of the amino acids composing the Erwi-

nia pe/A,B,C,D and E derived sequences are conserved, pointing to indepen

dence of the two gene families (Hinton et al. 1989). Two other pel genes identi

fied in E. chrysanthemi, pelL and pefZ, share neither significant homology with 

each other nor with the pe/ADE and pe/BC gene families. The close linkage of 

the pe/Z gene with the pe/BC gene cluster points to casual clustering, as also 

the close linkage of the pern gene with the pe/ADE gene cluster (Hugouvieux-

Cotte-Pattat et al. 1989). 

In each of two E. carotovora carotovora strains, SCRI193 and EC153, an 

intracellular PEL encoding gene, pe/B and PL1 53, respectively, has been iden

tified. The amino acid sequences derived from these two genes share 98% 

identity (Hinton et al. 1989). 

Three additional strains belonging to this subspecies, strains SCC3193, 71 and 

ER, the E. carotovora atroseptica strain EC and three E. chrysanthemi strains, 

EC16, B374 and 3937, are used for the characterization of pectinolytic 

enzymes. Likewise, two different species of tomato, designated Ailsa Craig and 

Rutgers, are used for the characterization of PME encoding genes, as well as 

two different A. niger strains, CBS120.49 and RH5344, for the characterization 

of pme and pga\\. The concomitant aberrancies in gene structures found has led 

to confusion (Markovic and Jörnvall 1990). This emphasizes the need for proper 

classification methods, especially for strains which are used for industrial appli

cations (see below). 

Rhamnogalacturonan degradation 

Liquefaction of apples with commercially used pectinolytic enzyme preparations 

for a long time resulted in pectic polymeric structures which remained after 

ultrafiltration of the final juice. Analysis of this residual material revealed that it 

is mainly composed of the HR of pectins, which are renamed to MHR because of 

possible enzymic modifications. 
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Structural analysis of MHR was initially performed by the use of enzymes with 

known mode of action, such as galactanase, /?-galactosidase, arabinanase and 

arabinofuranosidase. However, MHR from both apple and sugar beet were 

largely resistant to these enzymes (De Vries 1983; Guillon and Thibault 1989). 

Schols et al. (1990) were the first to identify an enzyme activity which is 

capable of degrading the backbone of MHR, by using the A. aculeatus enzyme 

preparation Ultra SP from Novo Nordisk. The enzyme responsible for this acti

vity, rhamnogalacturonan hydrolase A, was purified and characterized (Table 4). 

Structural analysis of MHR degradation products both revealed the rhamno

galacturonan hydrolase A specificity and simultaneously led to an adapted model 

structure of apple MHR (see Fig. 2A). Up to now five additional rhamnogalactu

ronan degrading enzymes have been purified from Ultra SP (see Table 4). For 

additional enzyme activities, which will contribute to complete MHR degrada

tion, other enzyme preparations are considered. 

The role of rhamnogalacturonan hydrolase A and other rhamnogalacturonan 

degrading enzymes in the structural elucidation of MHR 

Rhamnogalacturonan hydrolase A hardly degrades native MHR, but enhanced 

activities can be obtained after saponification of the ester-linkages in MHR 

(Schols et al. 1990) or by combined incubation with rhamnogalacturonan acetyl-

esterase. The latter enzyme has been purified both from Ultra SP (Table 4; 

Searle-van Leeuwen et al. 1992) and from A. niger after growth on pectin 

(Beldman et al. 1995). 

The oligomeric MHR degradation products were analysed by high performance 

anion exchange chromatography, NMR spectroscopy and methylation analysis 

(Schols 1995). These analyses revealed eight different structures, consisting of 

four to nine sugar residues (Fig. 4). In all structures two or three rhamnose 

residues alternated with galacturonic acid residues, with rhamnose at the non-

reducing end. From these results the specificity of rhamnogalacturonan 

hydrolase A for cr-D-galacturonic acid-(1,2)-a-L-rhamnose linkages in MHR was 
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1) <j-Rhap-d,4l-a-GalpA-d,2)-a-Rhap-d,4]-a-GalpA ' 

2) cr-Rhap-d,4)-<7-GalpA-d,2)-a-Rhap-d,4)-a-GalpA 

I 
0-Galp-( 1,4) 

3] 0-Galp-( 1,4)-a-Rhap-( 1,4)-o-GalpA-( 1,2)-o-Rhap-( 1,4)-a-GalpA 

4I /S-Galp-( 1,4l-a-Rhap-< 1,4)-a-GalpA-d,2)-o-Rhap-( 1,4|-o-GalpA 

I 
/S-Galp-d,4) 

5] o-Rhap-( 1,4l-a-GalpA-( 1,2)-o-Rhap-( 1,4)-o-GalpA-(1,2l-a-Rhap-( 1,4]-o-GalpA 

6) 0-Galp (1,4)-a-Rhap-d,4)-ff-GalpA-d,2)-a-Rhap-d,4)-o-GalpA-d.2l-c-Rhap-d,4)-a-GalpA 

I 
iff-Galp-<1,4| 

7) ,8-Galp-d,4)-a-Rhap-d,4)-a-GalpA-d,2)-CT-Rhap-d,4)-o-GalpA-d,2)-<7-Rhap-d,4|-CT-GalpA 

I 
ß-Galp-(1,4) 

8) /?-Galp-d ,4>-a-Rhap-d,4)-a-GalpA-d ,2)-o-Rhap-d,4)-o-GalpA-(1,2)-or-Rhap-d ,4)-o-GalpA 

I I 
£-Galp-d,4) ß-Galp-d,4) 

Fig. 4 Structure of the oligomers, obtained after degradation of saponified modified 
hairy regions from apple by rhamnogalacturonan hydrolase A, according to Schols 
(1995) 

deduced. Resistance of the oligomers to further degradation by rhamnogalactu

ronan hydrolase A is partly due to interference by single unit galactose side 

chains, which are linked to half of the rhamnose residues. These side chains can 

be removed with /?-galactosidase from A. niger, which has shown activity on 

both saponified MHR and its oligomeric degradation products (Table 4; Mutter et 

al. 1993). After this, the oligomers can be completely degraded by incubation 

with a partially purified enzyme fraction from Ultra SP, containing the enzymes 

rhamnogalacturonan rhamnohydrolase and rhamnogalacturonan galacturonohy-

drolase (Table 4; Mutter et al. 1993). Both enzymes have been purified and the 

presence of an additional rhamnogalacturonan galacturonohydrolase, acting from 

the reducing oligomeric end, is suggested by Schols et al. (1994). 

High performance size exclusion chromatography analysis of the MHR digest 

revealed two additional populations of degradation products of higher molecular 

mass than the oligomeric products. These populations contained arabinan-rich 

stubs and xylogalacturonan fragments, respectively. Both structures are inclu-
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ded in the revised model structure of apple MHR, as depicted in Fig. 2A (Schols 

1995). 

Resistance of xylogalacturonans to rhamnogalacturonan hydrolase A degradation 

is understood, since the backbone is only scarcely interrupted by rhamnose 

residues. An exogalacturonase, which also has been purified from Ultra SP, is 

capable of degrading these structures to galacturonic acid and /?-xylose-(1,3)-

galacturonic acid dimers (Table 4; Beldman et al. 1996). This enzyme also 

showed activity on other rhamnogalacturonan structures, such as the soluble 

polysaccharides from soy bean (designated as SPS; Adler-Nissen et al. 1984) 

and gum tragacanth (Stephen 1983). Possibly, the dimeric products of MHR can 

be further degraded by /?-xylosidase, which was successfully used for the degra

dation of soy bean polysaccharides. 

Possible explanations for the resistance of the arabinan-rich stubs to rhamnoga

lacturonan hydrolase A degradation are their high level of branching and/or an 

irregular sequence of rhamnose and galacturonic acid residues in their backbone. 

Removal of the MHR side chains can be achieved with the enzymes arabinanase 

and ff-L-arabinofuranosidase, both of which have been purified from Ultra SP and 

from A. niger (Beldman et al. 1993; Lerouge et al. 1993). Possibly also the 

galactanases purified from Ultra SP (Van de Vis et al. 1991) and from the 

enzyme preparation SP249, originating from A. niger var. aculeatus (Lahaye et 

al. 1991), contribute to the degradation of MHR side chains. The arabinanase, 

arabinofuranosidase and galactanase enzymes purified from A. niger, in combi

nation with an additionally purified exo-/?-galactanase, have the capacity to com

pletely degrade the side chains of RG-I (Lerouge et al. 1993). 

Rhamnogalacturonan hydrolase nomenclature 

The nomenclature for rhamnogalacturonan hydrolases is not unambiguous. 

Before there was any knowledge about rhamnogalacturonan lyases and the 

degradation of linkages in the rhamnogalacturonan backbone by /^-elimination 

instead of hydrolysis, the firstly identified rhamnogalacturonan hydrolase was 
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named rhamnogalacturonase A (RGaseA) by Schols et al. (1991). Subsequently, 

the newly characterized rhamnogalacturonan lyase was named RGaseB by 

Kofod et al. (1994), thus precluding consecutive naming of isoenzymes of both 

types in future. Likewise, the genes encoding RGaseA and RGaseB were named 

rhgA and rhgB, respectively. Afterwards, the enzymes RGaseA and RGaseB 

were renamed to RGHase and RGLase respectively, without changing the names 

of the respective genes (Azadi et ai. 1996). 

To avoid further confusion concerning rhamnogalacturonan hydrolase nomencla

ture, we have maintained the name rhg for the rhamnogalacturonan hydrolase 

encoding genes and for clarity we also used RHG for the corresponding 

enzymes. 

Accessory enzymes 

After liquefaction of apples with the enzyme preparation Ultra SP, still some 

material remained undegraded (Schols et al. 1991). Complete degradation of HR 

thus requires the activity of additional enzymes. 

Minor amounts of fucose, glucose and mannose have been detected in HR, 

however their type of linkage is not clear (Schols 1995). Besides /?-glucosidases 

no o-glucosidases have been identified in plants yet, making it very likely that 

also glucose residues taking part of HR are /3-linked (Fry 1995). Most /5-gluco-

sidases, among which those from A. aculeatus are explored for the degradation 

of celluloses and glucosides (Sakamoto et al. 1985), however a putative acces

sory role in the degradation of HR cannot be excluded. 

Bovine a-L-fucosidase has been successfully used for the degradation of RG-I 

side chains (Lerouge et al. 1993), but the same results can possibly be obtained 

with ar-L-fucosidase from Aspergillus (Oxenboll 1994). Additionally, the enzymes 

a-D-mannosidase (Inoue et al. 1995), /^-glucuronidase (Oxenboll 1994) and apio-

furanosidase (Dupin et al. 1992), which have been characterized in different 

Aspergillus species, might act on HR, RG-I and RG-II, respectively. Further, the 

presence of methoxylgroups in HRs, though less than in homogalacturonans, 

possibly requires a specific pectin methylesterase, acting on HR. 
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Expression of pectinolytic enzymes 

A battery of pectinolytic (iso)enzymes is involved in the degradation of pectin. 

Synergistic activities have been demonstrated between PME, which demethy-

lates pectin into pectate, and either PG or PEL, both of which act on the latter 

substrate. As mentioned, the pern gene of E. chrysanthemi was found clustered 

with some of the pel genes in the genome. In the anaerobic bacteria Clostridium 

thermosaccharolyticum synergism between PME and PG is facilitated by extra

cellular complex-forming between these enzymes (Van Rijssel et al. 1993). 

Both phenomena would suggest co-expression, however in most bacterial and 

fungal species pectinolytic enzymes are differentially expressed. Whereas ex

pression of the majority of these enzymes is induced in the presence of pectin 

substrates, some are expressed constitutively. Examples are PG and PME from 

Erwinia (McMillan et al. 1994) and exo-pectinase from A. niger, the latter of 

which is only expressed in conidia (Aguilar and Huitrón 1993). In plants the 

expression of some pectinolytic enzymes is correlated with ripening, as was 

demonstrated for PG and PME in tomato (Bird et al. 1984; Harriman et al. 

1991). 

The spectrum of pectinolytic (iso)enzymes produced by Erwinia further depends 

on the source of pectin which is used as a substrate. Whereas most of the PEL, 

PL, PG and PME (iso)enzymes are produced on polygalacturonic acid, other 

variants are only produced in the presence of pectin, presumably because of its 

higher degree of methylation (McMillan et al. 1994). Besides, variable spectra of 

pectinolytic enzymes have been observed in fungal strains, which were grown 

either by solid state fermentation or by submerged cultivation (Hours and Sakai 

1994). 

In several fungal species variation in the onset of pectinolytic enzyme production 

has been demonstrated. For instance, PG and PEL from A. nidulans are pro

duced sequentially during growth on polygalacturonic acid (Dean and Timberlake 

1989), whereas pectinolytic enzyme activity in A. niger can be demonstrated 

during two intervals of growth on pectin (Schmidt et al. 1995). One of these 

intervals is growth-associated, whereas the other only starts after the end of 
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catabolite repression. Likewise, the hemibiotroph Colletotrichum produces pecti-

nolytic enzymes mainly late during pathogenesis, whereas the necrotroph Botry

tis already starts at the beginning, illustrating their different life styles (Dean and 

Timberlake 1989). 

In order to achieve high and controlled expression levels of pectinolytic enzymes 

for industrial purposes, the endogenous transcription signals of the individual 

fungal genes are usually replaced by another, well-characterized and strong 

promoter. In such cases the accompanying fungal strain is also used for the 

production of the enzyme. However, the production of an enzyme from its own 

promoter in the strain of origin has several advantages. For instance, besides 

rhamnogalacturonan hydrolase A at least five additional rhamnogalacturonan 

degrading enzymes are produced simultaneously in A. aculeatus, as demon

strated by the preparation of Ultra SP (Table 4). Moreover, yet unidentified 

accessory pectinolytic enzymes might be produced as well under these circum

stances. This makes A. aculeatus a convenient strain for the natural production 

of a variety of pectinolytic enzymes at a rather high level. 

Strains can be improved by the successive integration of multiple copies of 

desired pectinase genes, whereas specific additional features can be introduced 

by applying mutagenesis. Eventually, desired properties of different strains can 

be recombined by somatic crossing. 

Knowledge about mechanisms regulating the expression of pectinase genes in 

future will allow further manipulation and thus optimalization of pectinolytic 

enzyme production in A. aculeatus, without using heterologous gene promoters. 

Regulation of pectinase gene expression 

In plants, the induction of gene expression occurs mainly via wide domain 

control by hormones. Besides, galacturonic acid oligomers formed after pectin 

degradation, can play an important role as signalling molecules, especially when 

the degree of polymerization is between 10 and 15 (Albersheim and Darvill 

1985).. Besides, post-transcriptional regulation of pectinolytic enzymes has been 

shown by the identification of the /?-subunit of tomato PG (Watson et al. 1994), 
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the fungal PG inhibiting protein from the bean Phaseolus vulgaris (PGIP; Berg

mann et al. 1994) and the PME inhibiting protein from the kiwi Actinidia chinen-

sis (PMEI; Balestrieri et al. 1990). 

Most of the pectinase genes characterized in fungi and bacteria are regulated at 

the transcriptional level, induction and repression taking place by pectin and 

glucose, respectively. Pectins from variable sources, like apple, beet, citrus, 

orange and soybean have been shown effective inducers. However, also the 

major endproduct formed after pectin degradation, galacturonic acid, has been 

successfully employed. Cooper and Wood (1975) already demonstrated that 

galacturonic acid is an effective inducer for the production of pectinolytic 

enzymes in fungi and since galacturonic acid induction is applied in various 

fungal and bacterial species. Recent examples are the induction of pgaX in A. 

niger (Kester et al. 1996) and the induction of pel genes in Erwinia (McMillan et 

al. 1994). However, no pectinolytic enzyme production could be demonstrated 

after growth of either A. nidulans or C. thermosaccharolyticum on galacturonic 

acid (Dean and Timberlake 1989; Van Rijssel et al. 1993). In C. thermosaccha

rolyticum this can be explained by the absence of an appropriate transport 

system for galacturonic acid. In contrast, di- and tri-mers of galacturonic acid 

have been shown effective inducers. Presumably, these oligomers are degraded 

to galacturonic acid by an intracellular^ produced oligo-PG (Van Rijssel et al. 

1993). 

Whereas little is known about the role of galacturonic acid in the regulation of 

gene expression in Aspergillus species, this is a well studied subject in E. chry-

santhemi. Some mutant strains which are deficient in galacturonic acid 

catabolism also appeared ineffective in pectin degradation (Condemine et al. 

1986). It turned out that accumulation of 2-keto-3-deoxygluconate (KDG), one 

of the intermediates of the galacturonic acid catabolic pathway, results in eleva

ted levels of pectinolytic enzyme expression. Apparently, KDG plays a crucial 

role in the regulation of pectinase gene expression, thus explaining the failure in 

pectin degradation after mutation of KDG generating enzymes. Instead of induc

tion, KDG acts indirectly via inhibition of the pectinase gene repressor kdgR 
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(Hugouvieux-Cotte-Pattat et al. 1994). The presence of a common kdgR binding 

sequence in the promoters of several pectinase genes of E. chrysanthemi is in 

agreement with this. 

Nothing is known about regulation mechanisms involved in rhamnogalacturonan 

degradation in A. aculeatus and the potential role of catabolic intermediates. The 

large number of monosaccharide constituents of rhamnogalacturonan, which are 

putative end-products after degradation (Fig. 3), greatly extends the group of 

potential inducer molecules. The presence of a coordinated system for the 

regulation of rhamnogalacturonan and homogalacturonan degrading enzymes 

cannot be excluded. 

Nomenclature and classification of A. aculeatus strains 

Nomenclature of A. aculeatus strains 

A. aculeatus strains are important producers of pectinolytic enzymes, as demon

strated by the successful application of the enzyme Ultra SP and the progressive 

purification of pectinolytic enzymes from this preparation (Table 4). Another 

experimental enzyme preparation from Novo Nordisk, SP249, originates from a 

strain referred to as A. aculeatus (Thibault and Rouau 1990) and A. niger var. 

aculeatus (Lahaye et al. 1991). Presumably this preparation is identical to Ultra 

SP. This would explain the similarities between the endogalactanases, which 

have been purified from the respective enzyme preparations (Table 4). 

Other polymer degrading enzymes characterized in A. aculeatus are those 

required for the degradation of cellulose, another multi-enzyme system. Three /?-

glucosidases, endoglucanases and exoglucanases each have been isolated from 

A. aculeatus strain F50 (Sakamoto et al. 1985; Murao et al. 1988) and at least 

one of the /?-glucosidase encoding genes has been cloned (Minamiguchi et al. 

1995). The production of multiple polymer-degrading enzyme systems by this 

species might explain the phytopathogenic character of some A. aculeatus 

strains in nature (Adisa 1989). 
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The enzymes /?-glucosidase and endo-glucanase have also been isolated from 

the related species A. japonicus (Sanyal et al. 1988), but the degree of similarity 

with the A. aculeatus enzymes is not known. Homogalacturonan degrading 

enzymes, PG and PL, have been characterized in A. japonicus strain ATCC 

20236 (Ishii 1976). 

Clarity about the relationship between different A. aculeatus strains and also 

between the species A. aculeatus and A. japonicus will allow more efficient use 

of different strains for tailored industrial applications. However, the development 

of proper classification methods is a prerequisite for this purpose. 

History of classification of black Aspergilli 

The genus Aspergillus is a group of filamentous fungi, most of which can only 

be reproduced asexually (Fungi Imperfecti), whereas others can also reproduce 

sexually (Ascomycetes). The latter were recognized as separate species and 

therefore carry different names (as shown in Table 5). 

The name Aspergillus (rough head) was raised by Micheli in 1729 because of 

the typical conidial heads of these fungi, composed of divergent chains of 

spores. Eventually in the middle of the 19th Century the role of Aspergilli in 

processes of decay and disease in plants and human and their generation of 

antibiotics and other biochemical products began to be recognized. This sparked 

the search for identification methods, especially for strains used in industrial 

fermentations. Various taxonomie efforts were made by different authors. First

ly, Aspergilli were classified according to colony colour, by which the black 

Aspergilli could easily be distinguished from eight other groups. However, the 

introduction of additional morphological criteria for classification has led to the 

proposal of many different classification schemes by different authors. Some of 

them even distinguished different genera within the presently recognized genus 

Aspergillus. 

At present the genus Aspergillus is divided into seven subgenera, which include 

nineteen different groups or sections in total (Samson 1994). Seven of these 
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Table 5 Classification of the genus Aspergillus according to Samson (1992, 1994). Both 
anamorph and teleomorph stages, representing the classes Fungi Imperfecti and Asco-
mycetes, respectively, are included. The teleomorphs carry their own genus names, as 
they were not recognized as Aspergillus strains in the past 

Subgenus 

Aspergillus 

Fumigati 

Ornati 

Clavati 

Nidulantes 

Circumdati 

Stilbothamnium 

Section 

Aspergillus 

Restricti 

Fumigati 

Cervini 

Ornati 

Clavati 

Nidulantes 

Versicolores 

Usti 

Terrei 

Flavipedes 

Wentii 

Flavi 

Nigri 

Circumdati 

Candidi 

Cremei 

Sparsi 

Stilbothamnium 

Number 

Anamorph1 

3 

5 

4 

3 

4 

7 

23 

5 

1 

1 

3 

11 

6 

16 

1 

3 

5 

5 

of species 

Teleomorph2 

19 

11 

2 
2 
1 

273 

34 

2 

3 

Eurotium 

Neosartorya 

Hemicarpenteles 
Sclerocleista 
Warcupiella 

Emericella 

Fennellia 

Petromyces 

Chaetosartorya 

1 And 2 are both represented within the genus Aspergillus; 3 Two of the teleomorphs are without 
an anamorph; " One of the teleomorphs is without an anamorph 
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sections belong to the subgenus Circumdati and include the section Nigri, which 

is also referred to as the 'black Aspergilli' (Table 5). During history both the total 

amount of groups distinguished within the genus Aspergillus and the amount of 

species distinguished within each of these groups have been highly changed by 

different authors. Species which were recognized within the group of the black 

Aspergilli are summarized in Table 6. 

Thorn and Church (1926) were the first who revised the genus Aspergillus and 

on the basis of morphological characteristics distinguished 69 species divided 

over eleven groups. The group of the black Aspergilli contained thirteen of these 

species (Table 6). In contrast to this, Mosseray (1934) recognized 35 different 

black Aspergillus species, eleven of which are listed in Table 6. Thorn and Raper 

(1945) distinguished fourteen groups of Aspergillus species, with sixteen of the 

77 species belonging to the black Aspergillus group. Raper and Fennel (1965) 

on their turn distinguished eighteen groups and 132 species, twelve of which 

belonged to the black Aspergillus group. Al-Musallam (1980) reduced the 

amount of black Aspergillus species to seven, however included eight varieties 

and additionally two formae. A recently performed extensive study of Samson 

(1992, 1994) led to the distinction of about 200 species, divided over the 

nineteen groups of Table 5. According to this classification the black Aspergilli 

only contained six different species, A. niger, A. carbonarius, A. japonicus, A. 

tubingensis, A. heteromorphus and A. ellipticus (Table 6). From these, A. niger 

and A. carbonarius were already distinguished by Thorn and Church and con

secutively also by the other authors. Apparently, strains belonging to these 

species can be distinguished by various classification methods. The species A. 

japonicus and A. tubingensis were introduced later by Mosseray. However, in 

contrast to the species A. tubingensis, which was subsequently only recognized 

by Raper and Fennel and by Samson, the species A. japonicus was recognized 

afterwards by all of the other authors. The remaining species A. heteromorphus 

and A. ellipticus were introduced by Raper and Fennel but were both maintained 

in the classification schemes of Al-Musallam and Samson. A. helicotrix was not 
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Table 6 Number of different species distinguished within the black Aspergilli by various 

authors 

Species 

A. cinnamomeus1 

A. schiemannr" 

A. nanus3 

A. luchuensis 

A. violaceo-fuscus 

A, luteo-niger 

A. niger 

A. phoenicis 

A. pulverulentus 

A. atropurpureus 

A. pulchellus 

A. carbonarius 

A. fumaricus 

A. japonicus 

A. atroviolaceus 

A. tubingensis 

A. awamori 

A. ficuum 

A. foetidus 

A. miyakoensis 

A. fonsecaeus* 

A. aculeatus 

A. heteromorphus 

A. ellipticus 

A. helicotrix 

Thorn & 
Church 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Mosseray' 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Thorn & 
Raper 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Raper & 
Fennel 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Al-Musallam 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Samson 

+ 

+ 

+ 

+ 

+ 

+ 

1 Only 11 of the 35 species distinghuished are indicated; 2 Mutants of A. niger, 3 Identical to A. 
subfuscus; " Identical to Sterigmatocystis fusca 
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distinguished as a separate species by Samson, because high similarities were 

found with A. ellipticus (Kusters-van Someren 1991). 

A. aculeatus strains thus were only distinguished as a separate species by Raper 

and Fennel. Al-Musallam (1980) could easily distinguish between uniseriate and 

biseriate species, which contain a single row and a double row of phialides, 

respectively and thus demarcated the uniseriates A. japonicus and A. aculeatus 

from the other species. However, instead of distinguishing A. aculeatus as a 

separate species, she only classified these strains as a variety of the species A. 

japonicus, named A. japonicus var. aculeatus. Finally, Samson could not distin

guish between A. aculeatus and A. japonicus strains at all and thus omitted 

both the species A. aculeatus and the subclassification within the species A. 

japonicus. Thus, the currently used mor-phological criteria are not suitable for 

further classification of uniseriate strains, forcing the development of supple

mentary methods. 

The heterogeneity within this group of strains will further increase in future by 

the continuous isolation of new strains and occasionally by mutation and dege

neration events occurring during maintenance. As Aspergillus strains, among 

which the uniseriates, are more and more applied for industrial purposes, this 

stresses the need for proper and detailed strain identification methods. Histori

cally, fungi are mainly classified on the basis of phenotypic characters. How

ever, developments in molecular techniques nowadays provide additional 

methods directed at the genotypic level, which are effective in the determination 

of microheterogeneities between strains. One of these methods, RFLP analysis, 

can be directed to genes encoding proteins with different kinds of functions, 

which are differentially conserved among species. The RFLP method described 

in this thesis is suitable for the classification of A. aculeatus and A. japonicus 

strains, but with a few modifications this method will be applicable for the 

classification of a range of other Aspergillus species as well. 
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Aim and outline of the thesis 

Most of the pectinolytic enzymes described so far only act on the homogalactu-

ronan part of pectins, whereas a significant part of these structures is composed 

of rhamnogalacturonans. Therefore, there was an interest in novel enzymes, 

which could degrade these so-called hairy regions. A. aculeatus, a saprotrophic 

fungus belonging to the group of the black Aspergilli, appeared to be an effec

tive producer of MHR degrading enzymes. At the time this work started only a 

rhamnogalacturonase (RHGA) was purified from the industrial enzyme prepara

tion Ultra SP, which originates from an A. aculeatus strain (Schols et al. 1990). 

The work described in this thesis is aimed at the elucidation of the structure of 

rhamnogalacturonase encoding genes and of the mechanism of gene regulation, 

whereas overproduction of the corresponding enzymes was also studied. 

Firstly, antibodies were generated against RHGA and a cDNA expression library 

was constructed, after which the rhgk gene was isolated from A. aculeatus, as 

described in Chapter 2. 

Two rhamnogalacturonan hydrolase genes (rhgk and rhgB), which are 

homologous to A. aculeatus rhgk, were isolated from A. niger, as described in 

Chapter 3. 

For the efficient expression of rhamnogalacturonase genes, the respective rhg 

gene promoters were replaced by the strong A. awamori xylanase promoter. 

This allowed detection of each of the gene products and the use of simple 

carbon sources for their induction. The rhamnogalacturonan hydrolases from A. 

aculeatus and A. niger were purified and their capacities in degrading apple hairy 

regions were compared. The induction characteristics of the respective rhamno

galacturonan hydrolase genes upon growth on apple pectin medium were analy

sed. 

Rhamnogalacturonan hydrolase A expression was further optimized by selecting 

UV-induced A. aculeatus mutants, as described in Chapter 4. By using the A. 

niger glucose oxidase gene as reporter, expression could be monitored easily. 

Initially, this expression system was used for the investigation of rhamnogalac-
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t u ronan hydro lase induct ion on other carbon compounds instead of apple pec t in . 

Some of t he mu tan ts were subjected to more detai led analysis using somat ic 

recombina t ion . 

As many d i f fe rent uniseriate s t ra ins, belonging either to the species A. aculeatus 

or t o t he species A. japonicus, are explo i ted for the p roduct ion of pect ino ly t ic 

enzymes, w e invest igated their re lat ionship by RFLP analysis, as descr ibed in 

Chapter 5. Reference A. niger and A. tubingensis s t rains and addi t ional ly a f e w 

A. carbonarius s t ra ins were analysed at the same t ime , a l lowing compar ison 

w i t h b iser iate black Aspergillus species. 
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