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Summary

Fractions rich in hemicelluloses were extracted from the depectinated residue of two

different apple varieties ('Glockenapfel' and 'Golden Delicious') at three stages of ripe¬

ness (unripe, ripe and stored). The fractions extracted with a 4M sodium hydroxide solu¬

tion were characterised by high performance size exclusion chromatography, uronic acid

and neutral sugar determination and methylation analysis. Substantial amounts of ga-

lacturonic acid could be detected indicating the presence of pectic substances. The

objectives of the present work were to isolate and characterise these pectic substances

and to identify possible cross-links between hemicelluloses and pectins.

A degradation of the xyloglucan (hemicellulose) with a specific ß-i,4-glucanase was

necessary priortothe characterisation. The degradation products were removed by ultra¬

filtration. The enzyme resistant material was further degraded with enzymes specific to

pectic components (arabinans, galactans, rhamnogalacturonan I). Degradation products

were then removed again by ultrafiltration. All retentates were freeze-dried and

analysed by high performance size exclusion chromatography to verify if separation was

successful. Methylation analysis was performed to obtain information about the struc¬

ture of the pectic substances. A model of the pectin present in the hemicellulose-rich

fraction of ripe 'Glockenapfel' consisting of different regions was developed. Both

smooth (homogalacturonan) and hairy regions (rhamnogalacturonan I and xylo-

galacturonan) are present in a ratio of 1 to 11. The rhamnogalacturonan I backbone con¬

sists of an equal number of galacturonic acid (1,4-GalAp) and rhamnose residues

(1,2-Rhap and 1,2,4-Rhap). About 70% of the rhamnose residues are branched and carry

neutral sugar side chains. Highly ramified arabinans with a (1 —»-5)-linked backbone are

present as side chains. In addition, two galactose containing units are found: a long

(average dp 28) and a short galactan (average dp 3), which are both (i-»-4)-linked. Most

of the galactan side chains are branched at the C-6 of a galactose residue located close

to the rhamnogalacturonan backbone. Furthermore, xylogalacturonan is found, which

was assumed to be present as a side chain. It consists ofi,4-GalAp, 1,3,4-Galp, 1,4-Xylp and

T-Xylp.



VIII Summary

The presence of cross-links between pectin and xyloglucan was indicated by fractions

containing both pectins and xyloglucans, which eluted on an anion exchange column as

one acidic fraction. However, the existence of this linkage was not proven conclusively.

Fractions at three stages of ripeness were analysed to obtain information about changes

related to the ripening process. For the pectins present in the hemicellulose-rich

fractions, an extensive degradation of the long (i—4)-linked galactan chains during

ripening and storage was observed. The short galactan side chains were not degraded

during ripening but a degradation occurred during storage. These changes probably have

taken place due to the action of an endogenous galactanase.

Several structural differences between 'Glockenapfel' and 'Golden Delicious' apples were

identified. The most marked difference was the degradation of galactan side chains

which was found for both varieties during ripening and storage, however, fractions from

'Golden Delicious' apples experienced a larger galactose loss than those from 'Glocken¬

apfel'. Since the hemicellulose-rich fraction accounted for about 10% of the alcohol-

insoluble residue and the pectic polymers represented only a minor part of it, the

influence of these polysaccharides on the texture of apple fruit was assumed to be low.



Zusammenfassung

Hemicellulose-reiche Fraktionen wurden aus dem entpektinisierten Rückstand zweier

Apfelsorten ('Glockenapfel' und 'Golden Delicious') in drei Reifestadien (unreif, reif und

gelagert) extrahiert. Die durch Extraktion mit 4M Natronlauge gewonnenen Fraktionen

wurden mittels Hochleistungs-Grössenausschlusschromatographie, Uronsäure- und

Neutralzuckerbestimmung sowie mittels Methylierungsanalyse charakterisiert. Die

Anwesenheit von Uronsäuren im Hemicellulose-reichen Extrakt zeigte das Vorhanden¬

sein von Pektinen an. Das Ziel der vorliegenden Arbeit war die Isolierung und Charak¬

terisierung dieser Pektine. Weiter sollte eine möglicherweise vorhandene Verknüpfung

zwischen Hemicellulosen und Pektinen identifiziert werden.

Ein Abbau des Xyloglucans (Hemicellulose) mit Hilfe einer spezifischen ß-i,4-Glucanase

war vor der Charakerisierung der Pektine nötig. Die Abbauprodukte wurden mittels

Ultrafiltration entfernt. Das enzymresistente Material wurde anschliessend mit Hilfe von

Enzymen, welche spezifisch auf Pektinkomponenten (Arabane, Galactane, Rhamno¬

galacturonan I) wirken, abgebaut und die Abbauprodukte wiederum mittels Ultrafiltra¬

tion entfernt. Alle Retentate wurden gefriergetrocknet und die Entfernung der

Abbauprodukte mittels Hochleistungs-Grössenausschlusschromatographie überprüft.

Anschliessend wurden die Proben mittels Methylierungsanalyse untersucht, um Hin¬

weise zur Struktur der Pektine zu erhalten. Aufgrund dieser Informationen wurde ein

Modell zur Struktur der mit Hemicellulosen assoziierten Pektine entwickelt. Sowohl

lineare (Homogalacturonan) als auch verzweigte Bereiche (Rhamnogalacturonan I und

Xylogalacturonan) liegen vor, in einem Verhältnis von 1:11. Das Rückgrat von Rhamno¬

galacturonan I besteht aus alternierenden Galacturonsäure- (1,4-GalAp) und Rhamnose-

einheiten (1,2-Rhap und 1,2,4-Rhap). Ungefähr 70% der Rhamnosebausteine sind

verzweigt und tragen Neutralzuckerseitenketten. Als Seitenketten sind stark verzweigte

Arabane mit einer (1-»-5)-verknüpften Hauptkette vorhanden. Zudem liegen Galactane

in zwei verschiedenen strukturellen Einheiten vor: als lange (durchschnittlicher

Polymerisationsgrad 28) und als kurze Seitenketten (durchschnittlicher Polymerisations¬

grad 3). Sie sind beide (i->-4)-ver knüpft. Die meisten Galactanseitenketten besitzen eine

Verzweigung am C-6 eines Galactosebausteines, der sich in der Nähe des Rhamno-



X Zusammenfassung

galacturonan Rückgrates befindet. Zusätzlich ist Xylogalacturonan vorhanden, das als

Seitenkette vorliegt. Es besteht aus den Bausteinen 1,4-GalAp, 1,3,4-Galp, 1,4-Xylp und

T-Xylp.

Fraktionen, die sowohl Xyloglucan als auch Pektine enthielten, wurden mittels

Anionenaustauschchromatographie isoliert und zeigten eine mögliche kovalente

Verknüpfung dieser beiden Polysaccharide an, was jedoch nicht bewiesen werden

konnte.

Zur Identifizierung von durch den Reifungsprozess verursachten Veränderungen wurden

Fraktionen in drei Reifestadien untersucht. Für die Pektine der Hemicellulose-reichen

Fraktion wurde ein starker Abbau der langen linearen Galactane beobachtet. Die kurzen

Galactanseitenketten erfuhren während der Reifung keinen Abbau, wohl aber im Verlauf

der Lagerung. Diese Veränderungen wurden wahrscheinlich durch fruchteigene Galac-

tanasen verursacht.

Einige strukturelle Unterschiede zwischen 'Glockenapfel' und 'Golden Delicious' Äpfeln

wurden gefunden. Die deutlichste Veränderung war der Abbau der Galactanseitenket¬

ten während der Reifung und Lagerung, wobei Fraktionen von 'Golden Delicious' Äpfeln

einen stärkeren Galactoseverlust als jede von 'Glockenapfel' aufwiesen. Da die Hemi¬

cellulose-reichen Fraktionen etwa 10% des Alkohol-unlöslichen Rückstands ausmachen

und die Pektine nur einen geringen Teil dieser Fraktion bilden, wurde der Einfluss dieser

Polysaccharide auf die Textur als gering eingeschätzt.



1 Introduction

The softening of fruit during ripening is associated with modifications of the cell wall

polysaccharides. It is a biochemical process which constructs the textural characteristics

of the fruit tissues. Loss in firmness was shown to be associated with the activity of cell

wall degrading enzymes. This is one of the critical factors which limits the length of

storage and influences shelf life, wastage, infection by post-harvest pathogens and

frequency of harvest. AI I these factors directly affect costs. Consequently, it is very impor¬

tant to understand the mechanism of fruit softening. Attempts to understand the mo¬

lecular basis of softening of apple fruit during ripening have led to investigations of cell

wall polymers, of compositional changes during growth and storage, as well as of wall

degrading enzymes.

A widely accepted model of the primary cell walls of dicots proposes three distinct but

interacting polymer networks: a cellulose-xyloglucan network, a network of pectic poly¬

saccharides and a network consisting of structural proteins. Nocovalent bonds between

these three networks were postulated, although an interaction between the pectic

matrix and the cellulose-xyloglucan framework was presumed. However, evidence for a

covalent linkage exists, but the nature of this pectin-xyloglucan cross-link has not yet

been identified. Therefore its presence remains uncertain and has to be confirmed.

Avast amount of publications deal with the well known structure of extractable pectic

substances from various plants. However, only little information is available on pectins

which are co-extracted with hemicelluloses. Therefore, the main focus of this investiga¬

tion was laid on the xyloglucan-rich fractions extracted with 4M NaOH.

Only few investigations regarding cell wall changes and textural properties of different

apple varieties at different stages of ripeness have been carried out. In this study the two

apple varieties 'Glockenapfel' and 'Golden Delicious' were chosen as they are known to

develop different textural characteristics during ripening and senescence. The 'Glocken¬

apfel' remains crisp during storage, whereas the 'Golden Delicious' apple tends to go

mealy. Fractions extracted from apples at the unripe, ripe and stored stage of both

varieties were chosen. An enrichment of pectic substances was achieved by enzymatic

degradation of xyloglucan. The pectic polymers were characterised by methylation
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analysis and determination of their uronic acid and neutral sugar composition. In

addition, degradation experiments with pectin-specific enzymes were performed to

reveal the fine structure of these polysaccharides.

Since some of the xyloglucans present in the 4M fraction were not chromatographically

separable from the pectic polymers, they were assumed to be somehow linked to them.

The existence of this linkage still hasto be proven and its structural elements to be iden¬

tified. Therefore, fractions containing both types of polysaccharides were analysed.

The results are expected to enlarge the knowledge on the structure of pectic substances,

their changes during ripening and storage and their possible influence on the texture of

apple tissue.



2 Literature review

2.1 Structure of the cell wall

A number of different reviews on the composition and structure of the plant cell wall

have been published during the last decades. Early models were postulated by Keegstra

et ai [i] and Cleland [2]. They were based on the structure of the previouslycharacterised

polysaccharide and protein components. The different matrix polymers were thought to

be covalently cross-linked in orderto maintain coherence. Hypotheses were developed to

explain how the different polymers were assembled and altered to form an extensible

wall. Butthey did not accountforthe directionsthe microfibrils move in relation to each

other during cell expansion and elongation [3]. Recent cell wall models by McCann and

Roberts [4] as well as Carpita and Gibeaut [3] accomodate this requirement. They depict

the three major domains in the wall, i.e. the cellulose-xyloglucan framework, the pectic

polysaccharide network and the structural proteins, as three structurally independent,

although interacting domains. They describe the wall as a thick but dynamic structure

with various physiological roles in a wide spectrum of biological functions. Some molecu¬

lar processes in the cell wall are still poorly understood and even the recent models

cannot conclusively explain several observations. Therefore they will probably be altered

and complemented in the future.

2.2 Components of the cell wall

The primary cell wall is mainly composed of polysaccharides, enzymes and structural

proteins. The polysaccharides can be further divided into three different groups, namely

cellulose, hemicelluloses and pectins. The general polymeric composition of the primary

cell wall in dicotyledonous plants is approximately 30% cellulose, 30% hemicellulose,

35% pectin and 5% protein [5]. In fruit cell walls, the pectin content may be substantially

higher and the protein content lower [6].
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2.2.1 Cellulose

Cellulose is a linear (i-*4)-linked ß-D-glucan that provides the mechanical strength of

plant cell walls [6]. The basic repeating unit of cellulose is cellobiose, since every second

glucose residue is rotated i8o° with respect to its neighbour.

In most plant species the microfibrils are composed of cellulose I, which is an extended

rod composed of 30-100 glucan chains held together by intramolecular hydrogen bonds.

This crystalline structure renders the microfibrils more stable with respect to enzymatic

degradation as well as chemical reactions. One chain in the microfibrillar phase consists

of 600 to 25000 D-glucose residues depending on plant species and cell wall type [7].

Individual glucan molecules are thought to start at different points within a microfibril

sothata single microfibril can be much longerthan an individual glucan molecule [3]. In

the cell wall, microfibrils are found regularly spaced in parallel sheet structures [8].

2.2.2 Hemicelluloses

The principal hemicellulose in dicotyledonous cell walls is xyloglucan. In addition,

xyloglucan is ubiquitous in the cell wall of seed plants [7]. It consists of a linear

ß-(i-»4)-linked D-glucan backbone to which side chains are attached to the C-6 positions

of the glucose residues at regular intervals. Side chains in apples were shown to consist

ofa-D-Xylp-(i->-6)-, ß-D-Galp-(i->2)-a-D-Xylp-(i->-6)-ora-L-Fucp-(i->-2)-ß-D-Galp-(i->-2)-

a-D-Xylp-(i->-6)- [9,10]. Generally, a degree of branching of 75% for the xyloglucan back¬

bone was found, although lower degrees of branching occur [11]. The branching of the

backbone of apple fruit xyloglucan was described to be approximately 65% [12]. Kiefer et

al. [13] found thatthe galactose residues present in xyloglucan isolated from suspension-

cultured sycamore cell walls can be O-acetylated. This possibly applies to xyloglucan

from other sources as well. It should further be mentioned that a specific nomenclature

for xyloglucan, which unambiguously describes its structure, was proposed by Fry et

al. [14].

In the cell wall, xyloglucans are bound to the surface of cellulose microfibrils by hydrogen

bonds to form an extensive cellulose-xyloglucan framework. This interaction seems to be

structurally specific because the affinity of xyloglucan for cellulose does not interfere

with other glucans possessing differentglycosidic linkages, such asß-(i->-2),ß-(i-^3) and
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ß-(i-»-6). Computer simulation studies have suggested that the a-i_-Fucp-(i->-2)-

ß-D-Galp-(i-»2)-a-D-Xylp-(i-»6)- side chains play a role in the binding of xyloglucans to

microfibrils and prevent the association of two xyloglucan chains [15]. When using con¬

centrated alkali solutions for the extraction of xyloglucan, a substantial amount of this

polysaccharide was still found to remain insoluble. This finding was proposed to indicate

the presence oftwo forms of xyloglucan in mum, one being bound to the paracrystalline

surface of microfibrils and the other one being intercalated into crystalline cellulose

microfibrils [16,17].

2. 2.3 Pectic polymers

Pectins are a highly heterogeneous group of polymers. They are polymolecular, poly-

disperse and exhibit significant heterogeneity with respect to chemical structure,

composition and molecularweight. Pectins were primarilydefined bytheirextractability

in hot water, chelators or dilute acid [6]. They are found in the middle lamella and

primary cell wall of higher plants, where they fulfill different functions.

Generally, pectins exist in the cell wall as either smooth or hairy regions.

Smooth regions are built up by linear chains of a-D-(i-»-4)-galacturonic acid residues.

Other sugars are only present in low amounts or completely absent [18]. The carboxyl

groups of the galacturonic acid residues can be methyl esterified. In addition, galact-

uronic acid can be O-acetylated at C-2 and/or C-3.

The hairy regions contain rhamnogalacturonan I and II. Rhamnogalacturonan I (RG I) is

the second major type of polysaccharide. The backbone of RG I consists of a strictly alter¬

nating sequence of (1-^4)-! inked a-D-galacturonicacid unitsanda-(i->-2)-linked L-rham-

nose residues. Latter can carry side chains at C-4 consisting of arabinans, galactans or

two different types of arabinogalactans. Values between 20-80% are described for the

degree of branching of rhamnogalacturonan depending on the source of the

polysaccharide [3,18]. Arabinans, arabinogalactans and galactans can also be present in

the cell wall as independent molecules [18-20]. In addition, type II arabinogalactans can

be found associated with hydroxyproline-rich proteins [21].

Rhamnogalacturonan II (RG II) is a structurally complex, well defined pectic poly¬

saccharide with low molecular-weight [22,23]. The RG II backbone is composed of at least
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seven (i-»-4)-linked a-D-galacturonic acid units and contains besides galacturonic acid

and rhamnose rare characteristic sugar residues, such as apiose, 2-O-methyl-xylose,

2-O-methyl-fucose, 3,4-linked fucose, 2,3,4-linked rhamnose, 2-linked glucuronic acid,

aceric acid, 3-deoxy-D-manno-2-octulosonic acid (Kdo), and 3-deoxy-D-lyxo-2-heptu-

losonic acid (Dha) [23-25]. Since the backbone of RG II consists only of galacturonic acid

and does not contain any rhamnose residues, its name does not reflect its structure. A

more accurate name should be chosen for this molecule, as it would be better described

as a branched homogalacturonan (HG).

Another type of pectic polysaccharide isxylogalacturonan (XGal). It has a backbone built

of (1 — 4) -1 i n ke d a-D-galacturonic acid units, some of them carrying D-xylose residues at

C-3. A part of the carboxyl groups of the galacturonic acid residues was found to be

methyl esterified [26].

2.2.4 Proteins

The major types of proteins identified in the cell wall are hydroxyproline-rich glyco¬

proteins (extensin and potato lectin), proline-rich glycoproteins, glycine-rich proteins

and arabinogalactan proteins. In addition, enzymic proteins such as peroxidases,

phosphatases, glycosyl hydrolases and some dehydrogenases have also been found in

the cell wall [8]. They play an important role in synthesis, cell elongation and degradation

of the plant tissue [27].

Extensin is a well-studied highly glycosylated extracellular rod-like structural protein

which is found in the cell wall in an insoluble form. This protein consists of repeating

Ser-(Hyp)4 and Tyr-Lys-Tyr sequences that are significant to structure. The function of

extensin in the cell wall isyet unclear, however, it isthoughtthat peroxidase could cross¬

link wall extensins to each other by forming intermolecular /so-dityrosine bonds. These

cross-links lock the form of the wall and make it less easily penetrable by pathogens [3].

Originally extensin was thought to loosen the cell wall by disrupting hydrogen bonds

between cellulose microfibrils and xyloglucan.
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2.2.5 Phenolic compounds

The phenolic components of primary eel I walls a re principally ferulic acid and p-cou marie

acid which are often found esterified to arabinose or galactose residues of pectic

polysaccharides [24]. They are widely spread in monocotyledoneous plants, particularly

in grasses [28]. Few dicotyledonous plants have similar levels of phenolic compounds as

monocotyledons, as for example sugar beet [29,30].

Ferulic acids can undergo oxidative coupling to yield diferuoyl cross-links. According to

Waldron et al. [31] small amounts of such cross-links may have a tremendous effect on

the texture of fruit.

2.3 Evidence for a cross-link between xyloglucan and

pectin

Although evidence for a linkage between xyloglucan and pectin exists, its nature has not

been established yet. In an early model for primary cell walls of dicotyledons, Keegstra et

al. [1] proposed a connection via glycosidic linkage between the reducing end of xyloglu¬

can and a side-chain of pectin. It was based on the assumption that uronic acid is

uniquely characteristic of pectins and xylose of xyloglucans, respectively. Since then

glucuronoarabinoxylans were found to be part of hemicelluloses in some dicotyledons,

in addition, pectins containing xylose residues were reported [17,26,32]. Therefore, the

original evidence for covalent xyloglucan-pectin linkages was inconclusive. The original

model lost favour and new models for the primary eel I walls were proposed [3,4]. In these

models two distinct networks were proposed, a cellulose-xyloglucan network held

together by hydrogen-bonds and a network of pectic polysaccharides held together

partly by Cambridges. These two networks are claimed to be independent and lack an

explanation for the observed cross-linking of hemicelluloses and pectin. Therefore,

Thompson and Fry [33] reintroduced the model of Keegstra et al. [1]. Several possibilities

for cross-links between xyloglucan and pectins are discussed in literature. Stevens and

Selvendran [34] speculated about a protein connecting the xyloglucan with the pectic

polymers. The probability of a protein cross-link is low as incubation of a pectin-

xyloglucan fraction from suspension-cultured rose cells with protease did not liberate
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neutral xyloglucan [33]. A second possibility for a pectin-xyloglucan cross-link is through

phenolic compounds. In the cell walls of the Chenopodiacea some ofthe pectic arabinose

and galactose residues are esterified with ferulic or coumaric acid [35]. These aromatic

acids are potential partners for cross-linking via oxidative coupling. Although it is likely

that covalent linkages involving dehydroferulic acids exist in pectins, their existence has

not been proven in mum. Femenia et al. [36] isolated and characterised pectic-xylan-

xyloglucan complexes from alkali extracts of the lower stems of cauliflower and found

them to absorb UV radiation. It was speculated that this occurred because of the

presence of phenolic material, which might have been responsible for the inter-poly-

saccharide bonding [33]. Ruperezeto/. [37] postulated the existence of pectic-hemicellu-

lose-polyphenol complexes in alkali extracts from apple cell walls but could not present

any analytic proof for that. Renard et al. [38] affirmed that such polysaccharide-poly¬

phenol complexes are probably artefacts due to fast association of apple procyanidins

with cell wall material during extraction. However, it remains to be established if hemi-

cellulose-pectin complexes are artefacts or not.

2.4 Plant growth and ripening

2.4.1 Plant growth

Plantgrowth or plant cell enlargement results from a loosening of the plant cell wall and

is turgor driven. This may occur via weakening of the non-covalent bonding between

polysaccharides, cleavage of the backbone of the major matrix polymers, and breakage

of cross-links between matrix polymers [39]. Plant growth must also involve the

synthesis of new cell wall material and its integration. The spacing between cellulose

microfibrils was shown to remain constant during elongation. It is thought that micro¬

fibrils from several cell wall strata may merge, as new material is deposited on the inner

surface of the wall. This reorganisation of microfibrils is likely to involve cleavage of the

interlacing xyloglucan polymers [40].
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2.4. 2 Changes of the cell wall polysaccharides during ripening

Disassembly of the fruit cell wall is strongly responsible for softening and textural

changes during ripening [41,42]. Its components, pectins, hemicelluloses, and possibly

the amorphous regions of cellulose undergo structural modifications [43]. These

structural modifications occur as a consequence of enzymatic and/or nonenzymatic

reactions. Despite many softening studies, there is still a poor understanding of what

causes firmness variation.

Pectin disassembly is particularly extensive depending on the fruit species. It is asso¬

ciated with the later stages of ripeness and fruit deterioration in the overripe stages [44].

During this process, changes in the integrity and cross-linking of pectic polysaccharides

happen. Most reported changes in cell wall integrity involve an increase in water-soluble

pectic polysaccharides which is thought to occur due to a decrease of their degree of

esterification and a reduction in their molecular size [45,46]. This depolymerisation

during ripening and storage was indicated by an overall loss of galactose, arabinose and

uronic acid residues [47]. In apple flesh, solubilisation of pectic substances was reported

to occur without depolymerisation of the pectic molecules [48,49]. However, it is still not

known if the processes of pectin solubilisation and loss of galactose are causal, coinci¬

dental, or a consequence of fruit softening [50].

It has been shown for various fruit that the molecular weight distribution of hemicellu¬

lose shifts to lower va lues du ring ripening [51]. In apples a decrease was detected likewise

byVincken etal. [52] which could be attributed to xyloglucan endotransglycosylase (XET)

activity.

Crystalline cellulose I is very resistant to enzymatic degradation and can only be de¬

graded by the combined action of a number of glycanases and glycosidases. Therefore it

is not surprising that degradation of cellulose has not been observed during fruit

ripening [46].
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2.4.3 Enzymes associated with cell wall degradation

A summary of the cell wall degrading enzymes which have been identified in apple and

may cause textural changes during ripening is shown in Tab. 1. However, the role each

enzyme has in apple softening is not yet known. In addition, it is likely that there are

as-yet-undiscovered enzymes that may play critically important roles in cleaving cova¬

lent cross-linkages that tether pectins to other structural networks within the cell

wall [51]. Identification of the enzymes responsible for rapid softening could provide a

means to control this process through genetic modification or plant breeding [53].

Tab. 1. Summary of cell wall modifying enzymes identified in ripening apple fruit

thus far [53].

A activity
Cell wall enzyme Function during

ripening

exo-polygalacturonase hydrolytic removal of terminal galacturonic not measured

EC 3.2.1.67 acid residues from pectin

endo-polygalacturonase hydrolytic cleavage of a-i,4-galacturonic acid increased

EC 3.2.1.15 linkages in unesterified pectin

pectin methyl esterase removal of methyl groups from esterified increased

EC 3.1.1.11 pectin by hydrolysis

glycosidases hydrolytic removal of terminal galactose res- increased b

(i.e., ß-galactosidase EC idues from pectin and xyloglucan a

3.2.1.23)

a-L-arabinofuranosidase removal of arabinose and some other resi- increased

EC 3.2.1.55 dues from pectin

rhamnogalacturonase A hydrolysis of a-1,2 linkages between galac- not measured

turonic acid and rhamnose residues in pectin

xyloglucan endotrans- hydrolysis and/or transglycosylation of decreased

glycosylase xyloglucan
EC 2.4.1.207

endo-glucanases hydrolysis of ß-1,4 glucan linkages in cellu- decreased

EC 3.2.1.4 lose and xyloglucan c

3 In vivo substrates and sites of action are yet to be confirmed, as there is some sugges¬
tion that ß-galactosidase may also have associated a-L-arabinopyranosidase and

ß-D-fucosidase activities.

b This is isozyme dependent, as one isozyme increased, while three isozymes decreased,

during ripening in apples.
c In vivo substrates of enc/o-i,4-ß-D-glucanases are yet to be confirmed.
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It may be important to distinguish between primary and secondary wall-loosening

agents. Cosgrove [54] defined primary loosening agents as those substances and

processes competent and sufficient to induce extension of walls in vitro. Expansinsfit

this definition, whereas various wall enzymes with putative wall-loosening functions,

such as endo-i,4-ß-D-glucanases and XET, have not been shown to possess such activity.

Secondary wall-loosening agents can be defined asthose substances and processes that

modify wall structure to enhance the action of primary agents.

2.4.3.1 Polygalacturonases

Polygalacturonases (PG) have been suggested to be involved in the disassembly of pectin

that accompanies many stages of plant development, particularly those that require cell

separation [55]. PG was also proposed to be involved in cell expansion as activity has also

been detected in rapidly growing tissues [51].

Activity of both endo-PG and exo-PG was detected in ripening apples [46,56-58]. They are

the enzymes originally considered to be responsible for pectin solubilisation and

softening in most fruit. Ben-Arie et al. [59] revealed by electron microscopy that treat¬

ment of unripe apple discs with polygalacturonase caused similar disruption in the

middle lamella to that observed in ripe apple tissue. However, transgenic tomato

experiments with wild-type and ripening mutants generated evidence that PG is neither

required nor sufficient for initiating fruit softening [60]. Therefore, the importance of PG

in the apple softening process has still to be determined [53].

2.4.3. 2 Pectin methyl esterase

Pectin methyl esterase (PME) is an ubiquitous enzyme found in mosttissues of all plants

and has been implicated in various growth and developmental processes. PME releases

methanol which was originally esterified to the carboxyl group of galacturonic acid. It is

believed to be involved in degradation of cell wall components by lowering the degree of

methylation. Experiments with transgenic tomato fruit exhibiting a lowered PME

activity contained higher soluble and total solids, and had a higher pH than the control

fruit. However, shelf life emerged to be slightly shorter in transgenic fruit. In contrast to

earlier speculations PME is therefore thought notto playan important role inthe soften¬

ing process and is rather involved in maintaining integrity of the fruit tissue during

ripening and senescence [61].
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2.4.3.3 ß-Galactosidases

Glycosidasesfrom several fruit, which were surveyed in order to correlate their activities

with the ripening process, have been described by Ahmed and Labavitch [62] and

Wallner [63]. In apples ten different glycosidase activities were detected by Dick et

al. [64]. They showed that ß-galactosidase possessed the highest activity. Latter was

implicated in the regulation of cell wall galactose during the initial stage of apple fruit

ripening because it is able to liberate galactose residues from pectic polymers [65].

Nevertheless, a correlation between ß-galactosidase activity and fruit ripening could not

be demonstrated, possibly because its measurement in apple extracts was complicated

by the presence of polyphenols inhibitors. One ß-galactosidase isolated by Dick etc?/. [64]

was shown to possess additional a-L-arabinopyranosidase and ß-D-fucosidase activities,

which were thought to be functions of the main activity. In contrast to other fruit no

ß-D-mannosidase and ß-D-xylosidase activities could be detected in apples. The exact

biochemical role of the glycosidases, particularly the ß-galactosidase, during fruit

ripening is still unclear.

2.4.3.4 Xyloglucan endotransglycosylase

Xyloglucan endotransglycosylase (XET) catalyses a reaction in which the backbone of

polymeric xyloglucan is cleaved and one of the two resulting degradation products is

added to the non-reducing end of a second polymeric or oligomeric xyloglucan chain. XET

was proposed by Fry etc?/. [66] to possess wall loosening activity. In order to expand, the

cell wall must be 'loosened' because the growing cell wall behaves like a network of

inextensible cellulose microfibrils laterally linked together via a complex matrix of xylo¬

glucan that bind to cellulose [54]. However, in vitro experiments have not confirmed this

possible function of XET, but even so, it could be a secondary wall loosening agent [67].

Several other possiblefunctionsforthisenzyme have been suggested, including incorpo¬

ration of newly secreted xyloglucan into the wall and rearrangement of the xyloglucan-

cellulose network during wall assembly and growth. XET may be responsible for the

shifts in xyloglucan size recorded in several studies. These shifts in size may have an

effect on wall extension properties, but this has not yet been directly proven [54].
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XET activity in apples was measured by Vincken et al. [52]. They demonstrated that it is

the major enc/o-acting enzyme activity in apple. XET was shown to be absent from the

end of June until mid August and to increase linearly afterwards until a constant value

was reached in mid October. During their liquefaction experiments they observed the

formation of a cloud under certain circumstances with apples of a certain degree of ripe¬

ness. They concluded that XET may be capable for breaking xyloglucan cross-links

between cellulose microfibrils, but not to remove the xyloglucan coating from cellulose.

2.4.3.5 fndo-i,4-ß-D-glucanases

According to Cosgrove [39] numerous studies lend circumstantial support to the idea

that endoglucanases may be involved in cell expansion. fnc/o-i,4-ß-D-glucanases (EGs)

from dicots have been studied and were reviewed by Brummel etc?/. [68]. EGs differ in the

size of their subsites and the presence or absence of a binding domain. The target for

some of these enzymes is xyloglucan. Additionally EGs could hydrolyse some surface

1,4-ß-D-glucan chains present in non-crystalline regions of the cellulose microfibrils [9].

Studies of these enzymes were focused on their possible role during abscission, fruit

softening, and auxin-induced growth. EGs arethoughttofunction in wall loosening [39].

However, the growth of a cell stimulated with auxin was shown to start after 15 min, but

the level of EG mRNA did not increase until many hours later. This observation negates

the possible role of EGs in wall loosening [39]. Furthermore EGs may function to provide

additional acceptor molecules for XET catalysed reactions or to generate oligosaccha¬

rides that may act as signal-molecules to modulate further growth [69].
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3 Material and methods

3.1 Material

Apple (Malus domestica Borkh., Rosaceae)samplesfrom two varieties ('Glockenapfel' and

'Golden Delicious') were investigated at different stages of ripeness (unripe, ripe and

stored). Sampling was performed by Fischer [70] in herthesis.

Unripe apples were harvested three weeks after the end of the cell division phase (June

drop). The 'Golden Delicious' apples were harvested and put into storage at week 13 and

the 'Glockenapfel'varietyat week 14. The cell wall material of ripe apples was isolated at

week 15, whereas that of stored apples was extracted at week 33 (Fig. 1). All apples were

stored at 4°C and 95% relative humidity.

Harvesting ofGolden Delicious'

Harvesting ofGlockenapfel'

Weeks 03 13 14 15 33

Unripe Ripe Stored

Fig. 1. Sampling of the two apple varieties according to Fischer [70].

All chemicals were purchased from Fluka AG (Buchs, CH), Merck KGaA (Darmstadt, D),

Sigma Chemicals Ltd. (St. Louis, USA), Acros Organics Ltd. (Geel, B), Megazyme Interna¬

tional Ireland Ltd. (Wicklow, IRL) or Eastman Chemical Company (Kingsport, USA). They

were of analytical quality unless otherwise specified. Water used was of Nanopure

quality, treated with a deionisation system D 4700 (Barnstead, Dubuque, USA).
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3. 2 Extraction of the hemicellulose fractions

The iM hemicellulose fraction (1M) and the 4M hemicellulose fraction (4M) were ob¬

tained after alkaline extraction of the depectinated residue as shown in Fig. 2. Depecti¬

nated residues (DR) had been isolated by Fischer [70] in her doctoral thesis and were used

as starting material for the present investigation. Extractions were carried out following

the method described by Fischer [70]. The method was scaled up and about 6 g DR were

extracted with 1 L of 1M NaOH containing NaBH4 (26 mmol) yielding the 1M hemi¬

cellulose fraction. Further extraction with 1 L of 4M NaOH containing NaBH4 (26 mmol)

yielded the 4M hemicellulose fraction and the cellulosic residue (CR).

Depectinated residue (DR)

Stir with 1 M NaOH and 26 mM NaBH4
for 8 h at 20-22T, filter, adjust filtrate to pH 46,

dialyse, concentrate, freeze-dry

iM Hemicellulose fraction (iM)

Residue

Stirwith4/\ANaOH and 26 mM NaBH4
for 16 h at 20-22T, filter, adjust filtrate to pH 46,

dialyse, concentrate, freeze-dry

4M Hemicellulose fraction (4M)

Cellulosic residue (CR)

Fig. 2. Alkaline extraction of the depectinated residue according to Fischer [70].

3.3 Enzymatic degradation of the hemicellulose frac¬

tions

3. 3.1 Degradation with endo-i,4-ß-D-glucanase

Degradation of xyloglucans was achieved with an experimental xyloglucan specific

enc/o-i,4-ß-D-glucanase preparation (gift from Novozymes A/S, Bagsvaerd, DK) from As¬

pergillus aculeatus. A suspension of 300 mg of the sample material in 50 mL 0.05M

NaOAc buffer (pH 3.5,0.01% (w/v) NaNU) was incubated with 3 mLglucanase-solution (1%
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(w/v)) for 24 h at 37°C. The enzyme was inactivated for 10 min at ioo°C and the reaction

mixture cooled down to room temperature (RT). An aliquot (0.5 mL) of the suspension

was filtered (Titan Syringe Filters, nylon-membrane, pore size 5 u.m, Scientific Resources,

Inc., Eatonwon, USA) and analysed by high performance size exclusion chromatography

(HPSEC).The remaining part of the reaction mixture was subjected to ultrafiltration (UF).

3.3.2 Degradation with a mixture of endo-i,5-a-L-arabinanase and

a-L-arabinofuranosidase

Simultaneous incubation with an experimental enc/o-i,5-a-i_-arabinanase preparation

from Aspergillus niger (gift from Novozymes A/S) and an experimental a-L-arabino¬

furanosidase preparation from Aspergillus niger (gift from Novozymes A/S) was used for

an extensive degradation of arabinans. A suspension of 30 mg of the sample material in

12 IT1L0.05M NaOAc buffer (pH 5.0) was incubated with 300 ui enzyme mixture (approx¬

imately 24 IU arabinofuranosidase and 20 IU arabinanase, respectively) for 48 h at40°C.

The enzymes were inactivated for 10 min at ioo°C and after cooling down to RT, the

reaction mixture was subjected to UF.

3. 3. 3 Degradation with endo-i,4-ß-D-galactanase

For the degradation of galactans an enc/o-i,4-ß-D-galactanase from Aspergillus niger

(Megazyme International Ireland Ltd., Wicklow, IRE) was used. A suspension of 20 mg of

the sample material in 6 mL 0.05M NaOAc buffer (pH 4.5) was incubated with 200 u.L

enzyme solution (approximately 12 IU) for 5 h at 45°C. The enzyme was inactivated for

10 min atioo°C and after cooling down to RT, the reaction mixture was subjected to UF.

3. 3.4 Degradation with a mixture of endo-i,4-ß-D-galactanase, endo-1,5-

a-L-arabinanase and a-L-arabinofuranosidase

Removal of the pectic side chains was achieved by a simultaneous incubation with a

mixture of enc/o-i,4-ß-D-galactanase, enc/o-i,5-a-L-arabinanase and a-L-arabinofuranosi¬

dase. A suspension of 50 mg of the sample material in 10 mL 0.05M NaOAc buffer

(pH 4.8) was incubated with 500 ui galactanase-solution (approximately 30 IU) and

500 u-L arabinanase-mixture (approximately 40 IU arabinofuranosidase and 33 IU

arabinanase, respectively) for 24 h at 45°C. To inactivate the enzymes the reaction
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mixture was heated for 10 min at ioo°C. After cooling down to RT, the reaction mixture

was subjected to UF.

3. 3. 5 Degradation with a rhamnogalacturonase A

Degradation of the backbone of RG I was performed with an experimental rhamno¬

galacturonase A preparation from Aspergillus aculeatus (gift from Novozymes A/S). A

suspension of 10 mg of the sample material in 3 mL 0.05M NaOAc buffer (pH 3.5) was

incubated with 10 ui rhamnogalacturonase A-solution for 7 h at 30°C. The enzyme was

inactivated for 10 min at ioo°C and after cooling down to RT, the reaction mixture was

subjected to UF.

3. 4 Separation methods

3.4.1 Anion exchange chromatography

Anion exchange chromatography was performed on a XK26/50 separation column filled

with DEAE Sepharose CL-6B using a peristaltic pump P3 (Amersham Pharmacia Biotech

AB, Uppsala, S). The column was equilibrated with 0.05M NaOAc buffer (pH 5.0).

A suspension of 50 mg sample material in 25 mL 0.05M NaOAc buffer (pH 5.0) was

filtered (Titan Syringe Filters, nylon-membrane, pore size 5 u.m, Scientific Resources, Inc.,

Eatonwon, USA) and loaded on the column. The column was eluted successively with

300 IT1L0.05M NaOAc buffer (pH 5.0) and 200 mLiM NaOAc buffer (pH 5.0) at a flow rate

of 1.25 mL/min. Fractions of 8 min (approx. 10 mL) were collected and analysed for neutral

sugar and uronic acid content using an automated segmented flow analyser (see 3. 5. 2).

The appropriate fractions were pooled, concentrated at reduced pressure using a rotary

evaporator (Büchi AG, Flawil, CH), dialysed and freeze-dried (Edwards Modulyo lyophili-

sator, Zivy & Co AG, Oberwil, CH).
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3.4.2 Dialysis

Dialysis was carried out using dialysis tubing with nominal molecular weight cut-offs

(MWCO) of 12 kDa (Servapor 44146, Serva Electrophoresis GmbH, Heidelberg, D), 3.5 kDa

or 0.50 kDa (Spectra/Por, Spectrum Medical Industries, Inc., Los Angeles, USA). Unless

otherwise specified tubing with a MWCO of 12 kDa were used. Dialysis was carried out

againstdeionised water either overnight at RT in a continuous system, orforfourdays at

4°C in a 40 L-container, the water being changed three times a day. Dialysis was stopped

when the water in the container reached the conductivity of deionised water. The reten-

tates were concentrated at reduced pressure in a rotary evaporator and freeze-dried.

3.4. 3 Ultrafiltration in a stirred cell

Separation of different polymers and removal of oligo- and monomeric degradation

products was achieved by ultrafiltration (UF). Reaction mixtures were ultrafiltrated

directly after enzymatic degradation in a stirred 250 mL-cell (Amicon Inc., Beverly, USA)

under nitrogen pressure (1.5-3.5 bar) using polyethersulfone membranes with nominal

MWCOs of 100 kDa, 50 kDa, 10 kDa and 5 kDa (Millipore Corporation, Bedford, USA). UF

was stopped when the filtrate reached the conductivity of deionised water. The UF-

retentate was freeze-dried and stored at4°C until analysed.

3.4.4 Ultrafiltration by centrifugal separation

UF by centrifugal separation was carried out in a Sorvall RC-5B centrifuge (Kendro

Laboratory Products, Newtown, USA) at 5'ooo g using Macrosep centrifugal concentra¬

tors (Pall Filtron, Northborough, USA) with nominal MWCOs of 100 kDa, 30 kDa, 10 kDa,

3 kDa and 1 kDa. Retentates and filtrates were freeze-dried and stored at 4°C until

analysed.
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3. 5 Analytical methods

3. 5.1 Photometric determination of total uronic acid content

The total uronic acid content was determined accordingtothe method of Blumenkrantz

and Asboe-Hansen [71] with pre-hydrolysis of the samples as proposed by Ahmed and

Labavitch [72]. The procedure described by Fischer [70] was followed precisely.

3.5.2 Determination of total uronic acid and total neutral sugar con¬

tents using an automated segmented flow analyser

Fractions from anion exchange chromatography were assayed for total neutral sugar

and uronic acid contents using an automated segmented flow ana lyser (Ska la r Analytical

B.V., Breda, NL). Total neutral sugar content was determined photometrically by the

anthrone assay [73] and uronic acid content by an automated m-hydroxydiphenyl

assay [74]. Glucose and galacturonic acid were used as standards for quantification.

Corrections forthe uronic acid contents were madeforthe interference of neutral sugars

and of buffer.

3. 5. 3 Determination of the neutral sugar content as alditol acetates

Neutral sugar monomers were quantitatively determined as alditol acetates by gas-

liquid-chromatography (GLC) after Saeman-hydrolysis and derivatisation according to

the method described by Blakeney etal. [75] and performed as proposed by Strasser [76].

Due to small amounts of material available, the method was scaled down for some

fractions using 1-2 mg of starting material.

3.5.4 Determination of the neutral sugar and uronic acid content by

methanolysis

Methanolysis was performed using a modified method described by Preuss and

Thier [77], Docoetal. [78] and Bertaud etal. [79].

Methanolic HCl (2.5-3 M) was prepared by adding acetyl chloride to anhydrous methanol.

This operation was performed carefully below -15°C in an acetone/dry ice bath. The final

HCl-concentration was determined by titration and adjusted to 2M. The reagent was
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stored at -28°C until use.

About 0.5-2 mg of mono- or polysaccharide was weighed in a 8 mL-screw-cap tube

(Merck KGaA) which contained a magnet rod (5-10 mm, Semadeni AG, Ostermundigen,

CH). After addition of 1 mL methanolic HCl (2M HCl) the tubes were tightly closed and

stirred at 8o°Cfori6 h. Tothe samples 500 ui internal standard solution (20 mg sorbitol

in 100 mLanhydrous methanol) and 400 uite/t-butanol were added.The solutions were

concentrated to dryness under a stream of air while stirring at 30°C. To the tubes 0.65 mL

of trimethylsilylating agent, consisting of pyridine, trimethylchlorosilane and hexa-

methyldisalazane (io:2:1, v/v/v) were added. The tubes were closed and kept for 20 min

at 8o°C. After cooling to RTthe mixtures were concentrated to dryness under a stream of

air at 30°C. Dichloromethane (0.75 mL) and water (5 mL) were added and mixed on a

vortex (Bender & Hobein AG, Zürich, CH). The water phase was transferred into a second

tube and extracted with 0.75 mL dichloromethane. The combined organic phases were

washed three times with 5 mL water and filtered through a pasteur pipette filled with

glass wool and 0.4 g anhydrous magnesium sulfate directly into a GC-vial.The vials were

sealed and stored at -28°C until analysed.

The samples were analysed by GC-FID under the conditions shown in Tab. 2.

Tab. 2. GC-FID conditions for methanolysis.

Instruments GC-FID: Hewlett Packard HP 5890 gas Chromatograph
equipped with an autosampler HP 7673 (Agilent Laboratories,
Palo Alto, USA)

Column Econo Cap EC-1 (SE-30, Alltech Associates, Inc., Deerfield, USA),
capillary column: 25 m-o.25 mm, film-thickness: 0.25 u.m

Carrier gas Helium 5.5 (Pangas AG, Dagmersellen, CH)

Column head pressure 100 kPa

Splitflow 30 mL/imin

Septum purge 8 mL/min

Splitless time 15 s

Injector 250°C

Programme T:150°C, t:70 min
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The sugars were identified by their characteristic pattern of multiple peaks and their

retention times. Quantification was achieved using calibration factors determined by

analysis of 0.5 mg of the corresponding sugar.
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Fig. 3. Overlay of the GC-FID profiles of the TMS methyl glycoside derivatives of the

standard monosaccharides arabmose, fucose, rhamnose and xylose.

Overlays of the GC-FID profiles of the TMS methyl glycosides of the standard mono¬

saccharides are shown in Fig. 3 and Fig. 4. Peaks with small areas (Ara5, FUC4, Rha3, Rha4,

Xyh, Xyb) and overlapping peaks (Ara3 and Rha2, Ara4 and FUC3) have not been

considered for quantification.
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Fig. 4. Overlay of the GC-FID profiles of the TMS methyl glycoside derivatives of the

standard monosaccharides galactose, glucose and mannose and the TMS

methyl glycoside methyl ester of galacturonic acid.

3.5.5 Determination of the substitution pattern of neutral sugar and

uronic acid residues

3. 5. 5.1 CMC-activated reduction of uronic acids

CMC-activated reduction of uronic acids was performed according to the method of Kim

and Carpita [80] as modified by Wechsler [81]. The detailed method described by

Oechslm [82] was followed precisely.

Due to small amounts of material available, the method was scaled down for some

fractions using 1-2 mg of starting material.
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3. 5. 5. 2 Methylation analysis

Methylation analysis was performed according to the procedure of Harris etal. [83] and

Kvernheim [84] as described by Wechsler [81], Strasser [76] and Oechslin [82].

The samples were analysed by GC-FID and by GC-MS using the conditions shown in

Tab. 3.

Tab. 3. Conditions of GC-FID and GC-MS for methylation analysis.

Instruments GC-FID: Hewlett Packard HP 5890 gas Chromatograph equipped
with an autosampler HP 7673 (Agilent Laboratories)
GC-MS: Fisons GC-8065 (Carlo Erba, Milano, Italy) equipped with

a Combi-PAL Autosampler (CTC Analytics AG, Zwingen, CH)

Column DB 225 (J&W Scientific, Folsom, USA)

capillary column: 30 rïvo.25 mm, film-thickness: 0.25 u.m

Carrier gas Helium 5.5 (Pangas AG)

Column head pressure 100 kPa

Splitflow 30 mL/min

Septum purge 8 mL/min

Splitless time 15 s

Injector 220°C

Programme T.,: i6o°C, t,: 1 min, rate: 2°C/min

T2: 220°C, t2:19 min, ttota,: 50 min

Detector GC-FID: FID, 26o°C

GC-MS: Masspectrometer SSQ710 (Finnigan MAT, San Jose,

USA).
Collection of spectra between 40-400 e/z in El-mode (Ionisation

energy: 70 eV)

Identification of the peaks by GC-MS was done using the database recorded by

Wechsler [81] and relative retention times. Quantification was achieved by GC (FID) with

consideration of calculated effective carbon response-factors. For compounds only

distinguishable by isotope distribution (Gal and GalA; 1,4-Manp, 1,3-Galp and 1,2,5-Ara/;

1,4-Galp, 1,4-GalAp, and 1,6-Manp; 1,2-Xylp and 1,4-Xylp) the intensity ratios of

characteristic masses were considered for quantification.
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3.5.6 Molecular weight determination with high performance size-

exclusion chromatography

A suspension of 1 mg sample material in 0.5 mL NaOAc buffer (0.05M, pH 3.6 or 4.5) was

prepared. The mixture was put in an ultrasonic bath (Telsonic Ultrasonics, TPC-120, Poole,

GB) for 15 min at RT. Insoluble material was removed by filtration (Titan Syringe Filters,

PVDF-membrane, pore size 0.45 u.m, Scientific Resources Inc.). High performance size-

exclusion chromatography (HPSEC) was performed on a Lachrom HPLC (Merck KGaA)

equipped with an Ultrahydrogel Linear column (Waters Corporation). Elution was carried

out at 35°C with 0.05M NaOAc buffer (pH 4.5) at 1.0 mL/min. The eluate was monitored

using a refractive index (Rl) detector.
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Fig.5. HPSECof pullulan standards.

Pullulans(Shodex Standard P-82, Showa Denko K.K., Kawasaki, J) dissolved (0.2% (w/v)) in

0.05M acetate buffer (pH 4.5) were used as standards for molecular weight calibration

(Fig. 5 and Fig. 6).
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Some samples were analysed on a Viscotek Triple Detection System TDA 302 (Viscotek,

Houston, USA) equipped with Rl-detector, viscosity detector, Right Angle Laser Light-

Scattering detector (RALS) and Low Angle Laser Light-Scattering detector (LALS). Elution

was carried out on two Ultrahydrogel Linear columns (Waters Corp.) at 35°C with 0.05M

NaOAc buffer (pH 4.5) ati mL/min.

3. 5.7 Determination of the starch content

A suspension of 200 mg sample material in 10 mL ethanol was stirred for 30 mm and

centnfuged (5 mm, 1000 g). The supernatant was discarded and the procedure repeated

twice using 5 mL ethanol for each step. The residue was suspended in 10 mL water and

0.5 mL thermostable a-amylase (Termamyl 120L; Novo Nordisk Ferment AG, Dittmgen,

CH) was added. The mixture was incubated for 15 mm in a boiling waterbath and cooled

down to RT. Acetate buffer (5 mL; 0.5M, pH 4.6) was added and the pH adjusted to 4.6

with acetic acid. After addition of 0.2 mL amyloglucosidase solution (A9913, Sigma

Chemicals Ltd., St. Louis, USA) the reaction mixture was incubated for 30 mm at6o°Cand

cooled down to RT. The mixture was diluted to a total volume of 50 mL and filtered

(Faltenfilter; Schleicher & Schuell, Dassel, D). Glucose present in the filtrate was
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quantified enzymatically by usingthe hexokinase/glucose-6-phosphate-dehydrogenase

method according to the Swiss Food Manual method 61B/1.1 [85].

3. 5. 8 Determination of enzyme activities

The activity of the enc/o-i,4-ß-D-glucanase was determined by measuring the increase of

reducing sugars after enzymatic treatment of different substrates photometrically

according to Nelson [86], Somogyj [87] and Spiro [88]. The method described by

Elgorriaga [89] was followed using as substrates the polysaccharides shown in Tab. 4.

Tab. 4. Polysaccharide substrates used for determination of enzyme activities.

Substrate Linkage types Supplier

Arabinogalactan ß-D-i,3-Galp, ß-D-i,6-Galp, Serva Electrophoresis
ß-D-i,3,6-Galp GmbH, Heidelberg, D

Branched arabinan a-L-i,2-Ara_/;a-L-i,3-Ara/a-L-i,5-Ara_/; Megazyme International

a-L-i,2,5-Ara_/; a-L-i,3,5-Ara/
a-L-i,2,3,5-Ara/

Linear galactan ß-D-i,4-Galp Megazyme International

Polygalacturonic acid a-D-i,4-GalAp FlukaAG

Pectin DE 35% Various Obipektin AG, Bischofs-

zell, CH

Rhamnogalacturo- Various Megazyme International

nan I

Starch a-D-i,4-Glcp, a-D-i,6-Glcp, FlukaAG

a-D-i,4,6-Glcp

Xyloglucan a-D-i,4-Glcp, a-D-i,4,6-Glcp Megazyme International

a-D-i,2-Xylp, ß-D-i,2-Galp,
a-L-i,3-Ara/
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3. 6 Identification of the fractions

iM iM hemicellulose fraction

4M 4M hemicellulose fraction

4MH Fraction eluted by anion exchange chromatography with 0.05M NaOAc

buffer from 4M

4MP Fraction eluted by anion exchange chromatography with 1M NaOAc buffer

from 4M

XG5ok Retentate of U F at 50 kDa after degradation of fraction 4M with enc/o-gluca-

nase

XG3k Retentate of UF at 3 kDa of the filtrate of UF at 50 kDa after degradation of

fraction 4M with enc/o-glucanase

Ara5k Retentate of UF at 5 kDa after simultaneous degradation of fraction XG5ok

with enc/o-arabinanase and arabinofuranosidase

Gahok Retentate of U F at 10 kDa after degradation offractionXG5okwith endo-ga-

lactanase

AGiok Retentate of U F at 10 kDa after simultaneous degradation of fraction XG5ok

with enc/o-arabinanase, arabinofuranosidase and enc/o-galactanase

RG3k Retentate of UF at 3 kDa after degradation of fraction XG5ok with rham¬

nogalacturonase A

RG3kik Retentate of UF at 1 kDa of the filtrate of UF at 3 kDa after degradation of

fraction XG5ok with rhamnogalacturonase A
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The chapter 'Results and discussion' has been divided into three parts. In the first part

results obtained with the hemicellulose fractions from ripe apples (var. 'Glockenapfel')

are discussed. Based on the results of degradation experiments with specific enzymes a

model of the pectic substances present in the hemicellulose fractions is developed. In the

second part the structure of these pectic polymers at different degrees of ripeness is

described and discussed. Finally a comparison of the corresponding fractions of the two

apple varieties 'Glockenapfel' and 'Golden Delicious' is shown and possible influences on

the texture are discussed.

Oechslin [82,104] nas investigated the structure of pectic polymers present in the

cellulosic residue of the sa me apple ce 11 wall preparations. In order to a I low a comparison

between the present work and the doctoral thesis of Oechslin a similar chapter classifi¬

cation was chosen.

4.1 Characterisation of the pectic polymers present in

the hemicellulose fractions

4.1.1 Extraction of the depectinated residue

Extraction of pectic substances from cell wall material was carried out according to the

method developed byJarvis [90] and recommended by Selvendran and O'Neill [91]. The

alcohol-insoluble residue (AIR) was extracted by CDTA followed by two extraction steps

with Na2C03 at different tempe ratures as described by Fischer [70]. Further extraction of

the resulting depectinated residue (DR) was carried out according to Renard [92]. The

fractions iM and 4M rich in hemicelluloses were obtained by extraction with NaOH solu¬

tions at different concentrations as described in 3. 2. To minimise alkaline degradation

(peeling) of the polysaccharides NaBH4 was added to the extracting agents to reduce al-

dehydic end groups. The overall extraction scheme is shown in Fig. 7.
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Alcohol insoluble residue (AIR)
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Extraction with iM NaOH
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Residue

Extraction with 4M NaOH

I» 4 M Hemicellulose fraction(4M)

Cellulosic residue (CR)

Fig. 7. Extraction scheme for cell wall material from parenchymatous tissues accord¬

ing to Selvendran and O'Neill [91] and Renard [92].

Compared to enzymatic extraction procedures extractions with chemical reagents are

less specific. Both options have their advantages and disadvantages which were

discussed by Chambat and Barnoud [93]. Chemical extraction reagents can lead to

cleavage of glycosidic linkages. A number of different base-catalysed reaction pathways

are possible and chain cleavage usually results from several concurrent reactions. Due to

these different modes of action a formation of artefacts during alkaline extraction

cannot be excluded. The mam advantage of an enzymatic extraction lies in its selectivity.
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Only one type of glycosidic bond among the numerous possibilities within the different

polysaccharides is cleaved. However, the disadvantage is that a whole set of purified

enzymes with the various required specificities is needed. To avoid the time-consuming

purification of enzymes commercially available mixtures with known specificities are

often used in the structural elucidation of cell wall polysaccharides. Due to their action a

great number offragments not necessarily associated in the cell wall, and which are only

partially representative of the original polysaccharide are formed [93]. To overcome the

difficulties of enzymatic extractions, NaOH was chosen as extractant for the depec¬

tinated residue.

The DR was used as starting material forthe present work. The results of the extraction

with alkali are summarised in Tab. 5.Yields based on the AIR were 10% for the 1M fraction

and 15% for the 4M fraction, the remaining cellulosic residue accounted for 25%. The total

amount of recovered material was 85%. Breakdown of some polymers during extraction

by the alkali possibly led to losses of polysaccharides with a molecular weight (MW)

below 12 kDa during dialysis. In addition, losses during the filtration step occurred,

leading to lower extraction yields since a portion of the material was retained by the

glass frit.

Tab. 5. Percent distribution of the fractions obtained by the extraction of the

depectinated residue (DR) of ripe 'Glockenapfel'.

Fraction %ofDR % of AIR

iM Hemicellulose (iM) 18 10

4M Hemicellulose (4M) 24 14

Cellulosic residue (CR) 43 25

Total amount 85

Comparison with other studies is difficult because of different conditions used for

extraction of the hemicellulose fractions. In addition, different apple varieties at

different degrees of ripeness were used. Stevens and Selvendran [34] examined ripe

'Cox's Orange Pippin' apples and reported the 1M and the 4Mfractionsto accountfor4%

and 15% of the AIR, respectively. The yield forthe 1M fraction was less than half the one

obtained in this investigation. This could have occurred due to a different apple variety
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and/or to different extraction conditions used by Stevens and Selvendran to obtain the

DR. Recoveries for the 4M fractions were similar in both investigations.

Substantial amounts of uronic acids were found in the hemicellulose fractions. This is an

indication for the presence of pectic substances which were solubilised during

extraction.Co-extractionof pectinstogetherwith hemicelluloses is common and has not

been explained conclusively. One possibility is the presence of a covalent linkage

between pectins and hemicelluloses. Cleavage of this cross-link by alkali would liberate

the pectic polysaccharides. Another possibility is that the cell wall polymers are

intermeshed. Cleavage of hydrogen bonds and solubilisation of the hemicelluloses

would loosen the network and pectic polymers could be released.

4.1. 2 Characterisation of the 4M hemicellulose fraction

The constituents of the 4M fraction were characterised after Saeman-hydrolysis as

alditol acetates and after methanolysis as trimethylsilyl ethers as described in 3. 5. 3 and

3. 5.4., respectively. In addition, determination of the uronic acid content was performed

as described in 3. 5.1. The results are shown in Tab. 6.

Tab. 6. Comparison of the neutral sugar and uronic acid content of the 4M fraction of

ripe 'Glockenapfel'obtained by different methods (% dm of 4M).

Monosaccharide Saeman hydrolysis Methanolysis Uronic acid

determination

1.8

5.0 11.2

11.5

11.5

15-5

31.0

3.0

TO

Total 79.8 86.3

The alditol acetates are the most popular derivatives for GC analysis of mono¬

saccharides [94]. Methanolysis seems to be a good alternative to acid hydrolysis since it

Rhamnose 1.2

Galacturonic acid

Arabinose 13.0

Galactose 18.6

Xylose 12.2

Glucose 27.9

Fucose 2.0

Mannose 4-9
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has been shown to be less destructive for monosaccharides and particularly deoxy-

sugars and uronic acids during their liberation from polysaccharides [95]. In contrast to

the alditol acetate derivative method, methanolysis allows the determination of the

uronic acid composition and content of a sample. It therefore gives an additional

information to the photometrically determined total uronic acid content. However,

methanolysis exhibits also disadvantages. If the concentration step after derivatisation

under a stream of air is carried outfor a too longtime or attoo high temperatures, losses

of the more volatile compounds (derivatives of pentoses and deoxy hexoses) occur.

Furthermore, uronic acids are liberated slowly from polysaccharides and the equilibrium

is reached after 8h at ioo°C [96]. The conditions used here (2h, ioo°C) were therefore not

optimal for uronic acid release, and too small amounts of these constituents were

measured.

The results obtained by the two methods are in satisfactory agreement. All sugars except

arabinose and galactose were found in lower amounts after Saeman hydrolysis. In

contrast to aldohexoses, aldopentoses and deoxy hexoses are particularly susceptible to

acid decomposition [95]. This could explain the lower amount of fucose, rhamnose and

xylose when analysed asalditol acetates butdoes notexplainthe highervaluesfoundfor

arabinose and galactose. The difference observed for arabinose cou Id be explained by the

fact that it is the only sugar present in the furanose form, whereas the other sugars are

present as pyranoses. Incomplete cleavage during methanolysis could be the reason for

the marked difference in galactose observed.

The 4M fraction contains the bulk of xyloglucan (hemicellulose) and hence glucose and

xylose are present as the most abundant sugars. Additionally, high amounts of

arabinose, galactose and mannose and minor amounts of rhamnose and fucose were

found. These results suggestthe presence of a fucogalactoxyloglucan and of pectic hairy

regions in the 4M fraction as stated earlier by Voragen etal. [97].

The neutral sugar composition agrees well with other studies. Ruperez et al. [37] found

less arabinose (10.8% dm) and galactose (10.3% dm) and more xylose (19.9% dm) and

glucose (25.5% dm). Voragen etal. [97] found less galactose (11.9 mol%) and more fucose

(4.3 mol%), xylose (22.0 mol%) and mannose (8.9 mol %). Any discrepancies might be

explained by the use of different varieties, different extraction methods and/or

differences in the degree of ripeness of the investigated plant material.
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Galacturonic acid was determined to correspond to 5.0% by methanolysis and to 11.2% by

the photometric method. This difference can be explained by the different charac¬

teristics of these two methods. In the last paragraph it was discussed thatthe conditions

used for methanolysis were not optimal for uronic acid release and probably led to deter¬

mination of too small amounts of this monomer. On the other hand, interference of the

neutral sugars with uronic acids when analysed photometrically is usually observed,

which leads to determination of a too high uronic acid content [98]. It seems therefore

correctto assume thatthe real amount of uronic acid is situated between thetwo results

obtained by methanolysis and the photometric method. Voragen et al. [97] determined

the uronic acid content as 6.7%, Aspmall and Fanous [99] reported 6% and Knee [65]

found 13% in apple hemicellulose fractions. These values were obtained by the photo¬

metric method as well. The value determined here for the 4M fraction of'ripe' Glocken¬

apfel lies in the range of the reported uronic acid contents.

The protein content could not be determined because of insufficient sample material.

Values for protein found in other studies varied between 0.5% for 'Cox's orange pippin'

and 7.7% [97] for 'Golden Delicious' apples [34].
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Fig. 8. HPSECof the soluble part of the 4M fraction of ripe 'Glockenapfel'.
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The MW distribution was analysed by H PS EC as described in 3. 5. 6. A small insoluble part

(05%) of the fraction was removed by filtration (0.45 u.m) prior to chromatography. The

MW distribution of the 4M fraction of ripe 'Glockenapfel' is shown in Fig. 8. Calibration

of the HPSEC column was performed with pullulan standards.

The 4M fraction contains at least two polymer populations with different MWs (peak

maxima ati4.5 mLand 16.5 mL). Average MWsforthe polysaccharides were calculated as

170 kDa and 25 kDa, respectively. Voragen et al. [97] observed also two polymeric

populations for a 4M fraction from ripe 'Golden Delicious' apples on Sephacryl S-500.

Since the hyd rodyna m ic volume of xyloglucans is considerably different from the one of

the pullulan standards, the molecular weights have to be considered as an estimation

only.

To get more information aboutthe structure of the polysaccharides comprised in the 4M

fraction methylation analysis has been carried out according to 3. 5. 5. The results for the

4M fraction of ripe 'Glockenapfel' are displayed in Tab. 7.

Fucogalactoxyloglucan and pectic hairy regions in the 4M fractions of apples were found

in other studies [51,97,102]. The presence of these polysaccharides in the 4M fractions an¬

alysed here was confirmed by the results of the methylation analysis. The backbone of

xyloglucan is described in literature as follows: It consists of a (1-^-linked ß-D-glucan

chain to which short neutral sugar side chains are attached. Side chains in apples were

shown to consist of a-D-Xylp-(i->-6)-, ß-D-Galp-(i-»2)-a-D-Xylp-(i-^6)- and a-L-Fucp-

(i->-2)-ß-D-Galp-(i->-2)-a-D-Xylp-(i->-6)- [9,10]. All the sugar residues present in xylo¬

glucan (1,4-Glcp, 1,4,6-Glcp, T-Xylp, 1,2-Xylp, T-Galp, i,2-Galp,T-Fucp) were found infraction

4M. T-Fucp could also be part of rhamnogalacturonan II (RG II), a widely occurring

structurally complex pectic polysaccharide of low MW [22,23]. Besides galacturonic acid

and rhamnose, RG II contains rare characteristic sugar residues, such as apiose,

2-O-methyl-xylose, 2-O-methyl-fucose, 3,4-linked fucose, 2,3,4-linked rhamnose, 2-linked

glucuronic acid, aceric acid, 3-deoxy-D-manno-2-octulosonic acid (Kdo), and 3-deoxy-

D-lyxo-2-heptulosonic acid (Dha), which are absent in the 4M fraction. Assuming that no

other polysaccharides in apple cell walls contain fucose, all T-Fucp is presumed to emerge

from xyloglucan. A portion of T-Galp found in the 4M fraction derives from xyloglucan

and the rest was probably part of a galactan or an arabinogalactan which seems to be

present as indicated by the high amounts of differently linked galactose and arabinose
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Tab. 7. Glycosyl-Iinkage composition of the 4M fraction of ripe 'Glockenapfel'.

Residues 4M [mol%]
Rhamnose T-Rhap 0.2

1,2-Rhap 0.4

1,2,4-Rhap 1.0

1.6

Galacturonic acid T-GalAp 0.1

1,4-GalAp 2.9

3-1

Arabinose T-Ara/ 3.9

T-Arap 0.4

1,3-Ara/ 0.8

1,5-Ara/ 2.9

1,2,5-Ara/ 0.5

1,3,5-Ara/ 2.7

1,2,3,5-Ara/ 1.1

12-4

Galactose T-Galp 2.5

1,2-Galp 3.6

1,3-Galp 3.1

1,4-Galp 5.2

1,6-Galp 0.7

1,3,4-Galp 0.2

1,3,6-Galp 0.3

1,4,6-Galp 0.4

16.0

Xylose T-Xylp 7.0

1,2-Xylp 5.2

1,4-Xylp 0.7

12.9

Glucose T-Glcp 0.5

1,4-Glcp 19.2

1,2,4-Glcp 0.2

1,3,4-Glcp 0.5

1,4,6-Glcp 23.6

44-Q

Fucose T-Fucp 3.1

3-1

Mannose T-Manp 0.2

1,4-Manp 6.4

1,4,6-Manp 0.7

7-3
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residues. The total amount of galactose belonging to xyloglucan corresponds to the

amount of 1,2-Xylp, which is part of xyloglucan and carries either T-Galp or 1,2-Galp resi¬

dues at C-2 accordingtothe sidechainsfound in applexyloglucan [9].The partof 1,2-Galp

residues coming from xyloglucan can be determined from the amount of T-Fucp found.

T-Fucp is the only residue known to be linked to the C-2 of 1,2-Galp in apple xyloglucan.

Therefore 3.1% of 1,2-Galp and 2.1% T-Galp are assumed to be partof xyloglucan provided

that no undermethylation occurred. Unfortunately a discrepancy between the propor¬

tions of terminal residues and branching points is usually observed in fractions contain¬

ing xyloglucans as main components [34]. This discrepancy is thought to be due to poor

recovery of the corresponding partially methylated alditol acetates of T-Xylp and 1,2-Xylp

as stated by Stevens and Selvendran [100]. A degree of branching for the xyloglucan

present could be calculated from the amounts of 1,4-Glcp and 1,4,6-Glcp. As no starch

degradation has been carried out after extraction of the AIR, some starch is present in the

4M fraction appearing as 1,4-Glcp [70]. Astarch content of 7.1% was determined usingthe

specific enzymatic method described in 3. 5.7. Provided thatthe only sources for the glu¬

cose residues are xyloglucan and starch, the total amount of glucose deriving from xy¬

loglucan can be calculated as 36.9% (total amount of glucose - starch content). Since

both xyloglucan and starch contain 1,4-Glcp and 1,4,6-Glcp residues, the degree of

branching of xyloglucan cannot be calculated. In other studies it was found to be

65% [11,12]. Assuming that the degree of branching for the xyloglucan present in the 4M

fraction is the sa me, the a mounts of 1,4-Glcp and 1,4,6-Glcp deriving from xyloglucan can

be calculated as 12.9% and 23.9%, respectively. All 1,4,6-Glcp residues found therefore

seem to come from xyloglucan and no 1,4,6-Glcp residues can be assigned to belong to

starch. Taking these considerations into account a calculated content of 56% xyloglucan

in the 4M fraction can be postulated (Tab. 8).

Pectic polysaccharides account for 28% in this fraction. They probably possess a back¬

bone of oc-(i-»-4)-linked D-galacturonic acid units interrupted at intervals by the insertion

of oc-(i-»-2)-linked L-rhamnose residues in adjacent or alternate positions as found for

pectic hairy regions of various plants [20,24]. Side chains consisting of differently linked

arabinans, galactans and/or arabinogalactans are most probably attached to the C-4 of

a large part of the rhamnose residues.
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Tab. 8. Types of polysaccharides and their content in the 4M fraction of ripe

'Glockenapfel'.

Polysaccharide Content [%]

Xyloglucan 56

Pectin 28

Starch 7

(Gluco-)mannan 7

Unassigned 2

The minor amounts of mannose found, suggest the presence of a (1 — 4) -1 i n ke d

(gluco-)mannan with branching points at C-6 which was presumed by other

authors [37,97]. Its content in the 4M fraction accounts for 7%.

4.1. 3 Anion exchange chromatography of the 4M hemicellulose frac¬

tion

Fractionation of hemicellulose fractions by anion exchange chromatography was

performed by several authors [34,37,97,101,102]. If a short anion exchange column was

used two major fractions, a neutral and an acidic fraction, were obtained [34]. The use of

a long column yielded up to seven neutral sub-fractions [37]. Since the focus of the

present work lies on the study of the pectic polysaccharides which elute in the acidic

fraction, a short column was chosen. The fractions were analysed for neutral sugar and

uronic acid contents using an automated segmented flow analyser as described in 3. 5. 2.

Theelution pattern of the 4M fraction on DEAE Sepharose CL-6Bof ripe 'Glockenapfel' is

shown in Fig. 9.

Appropriate fractions were pooled to yield two main fractions, a neutral fraction 4MH

(yield: 45.2%) and an acidic fraction 4MP (yield: 37.2%).

The total yield was 82.4%. Losses occurred probably due to incomplete solubilisation of

the 4M fraction in the buffer. Insoluble material was removed by filtration prior to

chromatography. Other possible losses may have occurred during chromatography,

since a part of the polysaccharides can be irreversibly bound to the column. The total

yield is in good agreement with other studies; Voragen et al. [97] found 73% for 'Golden

Delicious', Ruperez et al. [37] 88.4% and Stevens and Selvendran [34] 65.0%, both for
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'Cox's Orange Pippin' apples.
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Fig. 9. Fractionation of the 4M hemicellulose fraction of ripe 'Glockenapfel' on DEAE

Sepharose CL-6B: neutral sugar content, uronic acid content,

buffer concentration.

To obtain more information about the structure of the polysaccharides comprised in the

4MH and 4MP fractions methylation analysis has been carried out (Tab. 9).

Fraction 4MH: The results clearly indicate that the fraction is rich in xyloglucan, which

accounts for more than 63% accordingtothe sum of its residues. Other polysaccharides

present in 4MH are probably starch (-24%), (gluco-)mannans (-11%) and arabinans (2%).

Arabinans found in the4MH fraction were likely to be bound to the backbone of pectins

and were cleaved off du ring extraction due to the harsh conditions. Although rhamnose

and galacturonic acid are absent, it is imaginable that some of the xyloglucans were

covalently bound to the pectins through these arabinans. The arabinans could also

originate from extensin, which is a glycoprotein present in the cell wall. It consists

approximately of 50% carbohydrate (96% arabinose, 4% galactose) [24]. Stevens and

Selvendran [34] found a high portion of hydroxyprolyl residues in the amino acid analysis
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Tab. 9. Glycosyl-Iinkage composition of the 4MP and the 4MH fractions of ripe

'Glockenapfel'.

Residues 4MH [mol%] 4MP [mol%]
Rhamnose T-Rhap n.d. 0.2

1,2-Rhap n.d. 1.6

1,2,4-Rhap n.d. 3-3

n.d. 5.0

Galacturonic acid T-GalAp n.d. 0.1

1,4-GalAp n.d. 6.3

1,3,4-GalAp n.d. 0.6

n.d. 7-1

Arabinose T-Ara/ 0.7 14.7

T-Arap 0.3 1.1

1,3-Ara/ n.d. 3-3

1,5-Ara/ 0.8 10.6

1,2,5-Ara/ n.d. 1-3

1,3,5-Ara/ 0.3 10.5

1,2,3,5-Ara/ 0.2 4.0

2.3 45-5

Galactose T-Galp 3-5 2.4

1,2-Galp 5.6 1-5

1,3-Galp n.d. 1.0

1,4-Galp 0.9 19.1

1,6-Galp 0.9 0.3

1,3,4-Galp n.d. 0.4

1,4,6-Galp n.d. 1.4

10.9 26.0

Xylose T-Xylp 13.2 3-4

1,2-Xylp 8.6 1.6

1,4-Xylp 0.01 1.8

21.8 6.8

Glucose T-Glcp 0.3 1.2

1,4-Glcp 17.9 2.8

1,3,4-Glcp 0.4 n.d.

1,4,6-Glcp 29.4 3-3

47-9 7-3

Fucose T-Fucp 5.6 0.8

5.6 0.8

Mannose T-Manp 0.3 n.d.

1,4-Manp 10.0 0.1

1,6-Manp n.d. 1-5

1,4,6-Manp 1.1 n.d.

11.4 1.6

n.d.: not detectable
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of the 4M fraction of apples. This indicates the presence of extensin, in which hydroxy-

proline is the most abundant amino acid [103]. Hydroxyprolyl residues are also a main

constituent of arabinogalactan-rich proteins (AGP) which could be present in the 4MH

fraction as well.

Fraction 4MP: As expected the amounts of pectic sugar residues exceed those found for

the 4M fractions by 2.5- to 4-fold. The typical residues of the pectic backbone, 1,2-Rhap,

1,2,4-Rhap and 1,4-GalAp were a I ready found in fraction 4M. Additionally 1,3,4-GalAp was

detected, indicating the presence of xylogalacturonan (XGal) parts as proposed bySchols

et al. [26]. Enough T-Xylp for a complete substitution of all branched galacturonic acid

residues would be available in the fraction 4MP. A similar finding was reported by

Oechslin et al. [104] for the pectic polysaccharides present in the cellulosic residue. The

location of thisXGal-subunit (backbone or side chain) remains open at this stage and will

be discussed later.

Two out of three rhamnose residues are branched and carry side chains of arabinans,

galactans, arabinogalactans and single arabinose or galactose residues at the C-4 [105].

Arabinans seem to be arranged in (1 ^5)-linked chains substituted with other a-L-ara-

binofuranosides at C-2 and/or C-3. They are highly ramified and account for almost half

of the fraction. Two different arabinogalactan side chains are known to occur in apple

pectic polysaccharides. Arabinogalactans type I have a linear chain of (i-»4)-linked

ß-D-galactopyranosyl residues substituted at C-3 with (i-»-5)-linkeda-L-arabinofuranosyl

oligomers [20,99]. The differently linked residues found in arabinogalactan type I are

T-Galp, 1,4-Galp, 1,3,4-Galp, 1,5-Ara/and T-Ara/. The only conclusive proof for the presence

of arabinogalactan type I is 1,3,4-Galp since the other residues are constituents of other

apple pectic polymers as well. Only minute amounts (0.4%) of this residue were found in

the 4MP fraction. Since undermethylation could also lead to the formation of the partial

methylated alditol acetate derivative of 1,3,4-Galpthe presence of arabinogalactan type I

is uncertain. Arabinogalactan type II is a highly branched polysaccharide. Interior chains

consist mainly of (1 ^3) -linked ß-D-galactopyranosyl residues, whereasthe main units of

the exterior chains are (i->-6)-linked ß-D-galactopyranosyl residues. Most of the side

chains are terminated with L-arabinofuranosyl residues and to some extent with

L-arabinopyranosyl residues [20]. As only small amounts of 1,6-Galp and no 1,3,6-Galp

were found, no arabinogalactans type II seem to be present in the 4MP fraction.
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Galactose is mainly present as T-Galp and 1,4-Galp indicating the presence of a linear

galactan. Although xyloglucan itself contains no acidic glycosyl residues and therefore

would be expected to elute in the neutral fraction, residues typical for xyloglucans are

still found in fraction 4MP. They account for approximately 15%. The finding indicates

that a portion of xyloglucan and pectin is covalently linked as both co-elute from the

anion exchange column. Several studies have reported evidence for cross-linking

between pectin and hemicellulosic polysaccharides for extracts of different

plants [33,34,36,37,101]. However, the nature of this linkage has not been established yet.

A pectin-xyloglucan cross-link is possible through polyphenols which are expected to be

detectable by UV/VIS-spectrophotometry. No UV-absorbance could be detected during

HPSEC of the 4MP fractions. However, this result does not exclude the presence of

associated phenolic compounds. Small amounts could be sufficient to act as cross-

linking agents and may have a drastic effect on the physical properties of the poly¬

saccharides.

4.1.4 Enzymatic degradation of the 4M hemicellulose fraction

Chromatographic separation of the pectins from xyloglucans was only partly successful.

Enzymatic degradation of the xyloglucan seemed appropriate to enrich the pectic

polymers without degradation of possible existing cross-links. The 4M fraction was

chosen for the enzymatic degradation experiments. In this fraction the entity of alkali

soluble polysaccharides is present. This would not have been the case in the 4MP

fraction, in which the buffer-insoluble polysaccharides were not comprised since they

were removed prior to chromatography.

Degradation of xyloglucan can be achieved by the use of a specific enc/o-i,4-ß-glucanase.

The enzyme acts on the backbone of xyloglucan to yield structurally well defined

oligosaccharides consisting of 7-9 sugar residues [106]. An enc/o-i,4-ß-glucanase from

Aspergillus aculeatus was cloned, purified and characterised by Pauly et al. [107]. The

enzyme was shown to hydrolyse xyloglucans from various sources, but not to hydrolyse

any other cell wall component and was therefore considered to bexyloglucan-specific. A

crude preparation of this enzyme was obtained from Novozymes and tested on its side

activities using the reducing sugar assay described in 3.5.8. The results of the

determination of the side activities are summarised in Tab. 10.
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Tab. 10. Activity of the crude enc/o-i,4-ß-glucanase on different polysaccharides.

- no activity, + very low activity, +++++ very high activity.

Substrate Linkage types Activity

4M fraction

4MH fraction

Arabinogalactan

Branched arabinan

Depectinated residue

Linear galactan

Pectin, DE 35%

Polygalacturonic acid

Rhamnogalacturo¬
nan I

Starch

Xyloglucan

1,3-ß-D-Galp, 1,6-ß-D-Galp,
1,3,6-ß-D-Galp a-L-Ara/

1,2-a-L-Ara/ 1,3-a-L-Ara/ 1,5-a-L-Ara/
1,2,5-a-L-Ara/ 1,3,5-a-L-Ara/
1,2,3,5-a-L-Ara/

1,4-ß-D-Galp

1,4-a-D-GalAp

1,4-a-D-Glcp, 1,6-a-D-Glcp,
1,4,6-a-D-Glcp

1,4-a-D-Glcp, 1,4,6-a-D-Glcp
a-D-Xylp, 1,2-a-D-Xylp,
ß-D-Galp, 1,2-ß-D-Galp,
a-L-Fucp, a-i_-Ara_/; 1,3-a-L-Ara/

++++

++++

+++

+

++

++++

+++++

As expected the enzyme effectively degraded tamarind xyloglucan as well as apple

xyloglucan (fractions 4M, 4MH and the DR). Xyloglucan from endosperm cell walls, like

tamarind xyloglucan, generally lacks fucose [18]. Fucose residues were shown to slow

down enzymatic degradation of xyloglucan [102,108]. The observed higher activity of the

enc/o-i,4-ß-glucanase on tamarind xyloglucan can be explained by this finding. A strong

side activity on starch and low activities on pectin and linear galactan were observed. The

considerable activity on starch indicatesthe presence of a-glucosidic activities (amylases

and/or glucoamylase) in the enzyme preparation. The activity of the enzyme on pectin is

unclear. No activity was observed forthe pectic constituents arabinan, arabinogalactan,

polygalacturonic acid and rhamnogalacturonan (RG). The pectin used for the deter¬

mination of the enzyme activity could therefore have contained minor amounts of starch

or xyloglucan which possibly were responsible for the observed enzyme activity.
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To optimise the degradation of xyloglucan in the 4M fraction of ripe 'Glockenapfel',

experiments with different enzyme concentrations and incubation times were

performed. Degradation products were analysed by HPSEC. The best degradation

conditions could be established with incubation at 37°C, pH 3.5 during 24h.

A comparison of the MW distributions of the undegraded and the degraded 4M fraction

is shown in Fig. 10. In the chromatogram of the degraded fraction the formation of

oligomers was observed. Since the enzyme has been shown to specifically cleave

ß-i,4-lmkagesfrom xyloglucan, the formation of xyloglucan oligomers is assumed.
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Fig. 10. HPSEC of the soluble part of the 4M fraction and of the degraded 4M fraction

of ripe'Glockenapfel': 4M fraction, degraded 4M fraction.

They possess a calculated average MW of 1400 Da, which corresponds to oligomers

consisting of 8-9 residues, and is in very good agreement to the results found by

others [102,106]. According to HPSEC no monomenc or small ohgomeric residues were

liberated du ring degradation. This a I lows to conclude that no or only minute amounts of

linear galactans have been degraded despite the presence of a small activity towards

linear galactans in the enzyme preparation. Therefore the crude enzyme was assumed to
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be pure enough to be used in the analysis of the 4M fraction conserving the structure of

the pectic polymers present. The 4M fraction contained two distinct polymer populations

which were still present after degradation. The average MWs of the degraded polymers

were calculated as 19 kDa and 270 kDa with a shoulder at 520 kDa, respectively. The peak

at lower MW was already present before the enzymatic degradation and had

approximately the same elution volume (MW=21 kDa). Thus, results suggest that this

polymer population does not contain any xyloglucan. The average MW ofthe higher MW

polymers changed considerably. Surprisingly, the average MW of this peak was higher

afterthe enzyme degradation (Mw=270 kDa) and the polydispersity was higher as well. A

similar observation was made by Oechslin [82] for the CR fraction after degradation of

the cellulose. The increase in the average MW could be explained by a change in the

structure of the polysaccharide leading to changes in its solubilisation properties.

Separation by SEC is based on the size and shape of the molecules in solution. Thus,

highly branched polymer chains elute at the same elution volume as linear lower MW

polymers of similar hydrodynamic volume. For the 4M fraction this could mean that a

linearisation of the pectic polymers could have occurred during enzyme degradation.

Alternatively, the degradation of the xyloglucan moiety could have led to an aggregation

of the pectic polymers in solution. Watt et al. [106] showed that xyloglucans do not

aggregate in solution. Removal of xyloglucan during enzyme treatment could have

facilitated the aggregation between the pectic polymers possibly explaining the

approximately 50%-increase of the average MW. Davis et al. [109] showed that pectins

dissolved in 0.1M acetate buffer at pH 4.6 aggregate at both, high and low degree of

esterification. The strong alkaline extraction conditions completely saponified uronic

acid esters in the 4M fraction, and aggregation is very likely to occur.

Ultrafiltration (UF) was carried out in centrifugal concentrators to enrich the pectic

polymers and to remove the oligomers. A membrane with a molecular weight cut-off

(MWCO) of 50 kDa was used. The retentate (XG5ok) was freeze-dried and the filtrate was

again subjected to UF using a membrane with a MWCO of 3 kDa. The retentate (XG3k)

and filtrate were freeze-dried and analysed by HPSEC. As shown in Fig. 11 a good

separation was achieved by UF. No low molecular weight material could be detected in

the XG5ok fraction. The XG3k fraction seems to be almost devoid of xyloglucan

oligomers. It is interesting to note, that the glucanase treated fraction had its main
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polymeric peak prior to UF at an elution volume of 14.2 mL with a shoulder at 13.3 mL

(Fig. 10), whereas after UF the mam peak eluted at 13.3 mL with a shoulder at 14.2 mL

(Fig. 11). This observation could be explained by the previously proposed formation of

aggregates in solution. Its extent might depend on the concentration of the poly¬

saccharides explaining the observed difference for the peak intensities.
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Fig. 11. HPSEC of the fractions after UF of the enzymatically degraded 4M fraction of

ripe'Glockenapfel': XG5ok fraction, XG3k fraction, filtrate

of the second UF-step.

Yields of the UF were 37% for XG5ok and 3% for XG3k, respectively. From these values a

content of 60% degraded xyloglucan can be calculated. This is in good agreement with

the xyloglucan content in fraction 4M (56%), calculated from the results of the linkage

analysis (Tab. 8). It can therefore be concluded that the enzymatic xyloglucan degra¬

dation was very effective.
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4.1.5 Characterisation of the ultrafiltration-retentate XG3k after xy¬

loglucan degradation

The fraction XG3k was characterised by HPSEC and methylation analysis (Fig. 11 and

Tab. 11). An average MW of 19 kDa was calculated for its peak maximum indicating the

presence of polysaccharides with a dp of 120-150. The backbone of pectic hairy regions

consists of an alternating sequence of oc-(i-»-4)-linked D-galacturonic acid units and

a-(i-^2)-linked L-rhamnose residues as mentioned in 4.1. 2. According to the monomer

determination by methanolysis (results not shown), the fraction XG3k does not contain

any galacturonic acid residues. Methylation analysis indicates the presence of minor

amounts of T-Rhap, 1,2-Rhap and 1,2,4-Rhap. These residues probably were part of the

pectic backbone, which may have been fragmented during extraction. Galactose is the

major neutral sugar found in this fraction. Large amounts of 1,4-Galp indicate the

presence of a linear galactan. Arabinogalactan does not seem to be present since no

1,3,6-Galp could be detected, although considerable amounts of 1,3-Galp and 1,6-Galp

were found which are known to occur in arabinogalactan type II. The minute amounts of

1,4,6-Galp could result from linear (i->-4)-linked galactan side chains with (i->-3)- and/or

(i->-6)-linked galactose residues attached to some residues at the C-6 as proposed by

Oechslin [82,104] for pectic substances found in the cellulosic residue of apple cell walls.

The arabinose residues detected in this fraction probably derive from highly branched

arabinans. They would possess a backbone of (1 ^5)-linked arabinose residues substi¬

tuted at C-2 and/or C-3 with terminal, (1-^2)- or (1 —»-3)-linked arabinose. Arabinans are

present in the cell wall either as independent molecules or as side chains attached to

rhamnogalacturonan I (RG I) [20]. The latter seems to be the case here, since unbound

arabinans would have been extracted at an earlier step.

Glucose residues found were probably part of a (1-»^-linked polysaccharide with few

branching points at C-6. Since no 1,2-Xylp and T-Fucp could be detected in fraction XG3k,

it is not likely that larger xyloglucan fragments are present. The glucose residues could

derive from starch which had been shown to be present in the 4M fraction. The enzyme

used to degrade the xyloglucan contains strong amylolytic activity. Starch degradation

products are therefore to be expected in the fraction XG3k and/or in the filtrate.
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Tab. 11. Glycosyl-Iinkage composition of theXG3k and XG5ok fractions of ripe

'Glockenapfel'.

Residues XG3k [mol%] XGsok [mol%]
Rhamnose T-Rhap 0.2 0.2

1,2-Rhap 0.1 1.6

1,2,4-Rhap 0.3 3-4

0.6 5-1

Galacturonic acid T-GalAp n.d. 0.2

1,4-GalAp n.d. 12.6

1,3,4-GalAp n.d. 0.8

n.d. 13-7

Arabinose T-Ara/ 7-1 15-7

T-Arap 0.8 1.2

1,2-Ara/ 0.2 0.2

1,3-Ara/ 1.4 3.8

1,5-Ara/ 5-4 11.1

1,2,5-Ara/ 1.0 1.6

1,3,5-Ara/ 4.2 8.7

1,2,3,5-Ara/ 1.9 3-5

22.0 45-9

Galactose T-Galp 1.0 2.8

1,2-Galp 0.5 n.d.

1,3-Galp 10.8 1-5

1,4-Galp 19.9 19.8

1,6-Galp 1-7 0.4

1,4,6-Galp 0.7 2.0

34-4 26.5

Xylose T-Xylp 0.4 2.4

1,4-Xylp 1.6 2.8

2.1 5-2

Glucose T-Glcp 0.7 0.6

1,4-Glcp 15.0 2.0

1,4,6-Glcp 0.4 0.03

16.1 2.6

Fucose T-Fucp n.d. 0.1

n.d. 0.1

Mannose T-Manp 1.8 n.d.

1,2-Manp 0.6 n.d.

1,4-Manp 19.3 0.7

1,6-Manp 0.8 n.d.

1,4,6-Manp 2.2 0.1

24.8 0.8
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The origin of the mannose residues is unclear. As stated forthe 4M fraction they were

probably partof a (i-*- 4) -I inked (gluco-)mannan with branching points at C-6. The origin

of the small amounts of xylose is likewise unclear. The presence of a xylan homopolymer

is not very probable, since one out of five xylose residues was found to be terminally

linked. Stevens and Selvendran [34] inferred the presence of an arabinoxylan in the

iM fraction because they found variously linked xylose residues. However, they only

found 1,2-Xylp, 1,4-Xylp and T-Xylp to be present in the 4M fraction. Branched xylose

residues which could have derived from an arabinoxylan were absent.

A further structural characterisation would be interesting as it is quite surprising to

observe several apparentlydifferent polysaccharides comprised in onefraction eluting in

a narrow symmetrical peak in HPSEC. However, the focus of the present investigation

was laid on pectic polymers. Since the fraction XG3k was devoid of galacturonic acid, no

further characterisation was carried out.

4.1. 6 Characterisation of the ultrafiltration-retentate XGsok after xy¬

loglucan degradation

Fraction XG5ok was characterised by HPSEC, uronic acid, neutral sugar and methylation

analyses (Fig. 12, Tab. 11, Tab. 12).

Tab. 12. Neutral sugar and uronic acid content of the XG5ok and 4M fractions of ripe

'Glockenapfel' as determined by methanolysis.

XGsok 4M

Monosaccharide Content (% d m) Content (mol%) Content (%din) Content (mol%)

Rhamnose 5.6 5.6 1.8 2.2

Galacturonic acid 19.4 16.2 5.0 5-1

Arabinose 39.0 43-5 11.5 15.0

Galactose 24.4 22.2 11.5 12.5

Xylose 7-3 8.1 15-5 20.3

Glucose 1.0 0.9 31.0 33.8

Fucose tr tr 3.0 3.6

Mannose 3.8 3-5 7.0 7.6

Total 100.6 100.0 86.3 100.0
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As determined by neutral sugar and uronic acid analysis (Tab. 12) the glucose-containing

polysaccharides xyloglucan and starch were almost completely removed from the high

molecular weight fraction 4M by enzymatic degradation followed by UF. Comparing the

galacturonic acid, rhamnose and arabinose contents of the XG5ok fraction with the 4M

fraction a three- to four-fold increase of these pectic residues was observed. Galactose,

which is also a pectic residue, is additionally found in xyloglucan. It is therefore under¬

standable that the increase of this monomer was only moderate compared to the

increase of the other pectic residues. Since xylose is a major residue of xyloglucan, the

content of this pentose decreased by the enzymatic degradation as expected. However,

remarkable amounts were still detected in the high MW fraction, indicating that xylo¬

glucan is not its only origin. A decrease was also found for mannose which was likewise

partly recovered in the XG3k fraction. In addition to the postulated mannan in the

4M fraction, mannose containing polymers could have been introduced at the

degradation step with the enzyme preparation which was found to contain this neutral

sugar.
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Fig. 12. Mark-Houwmk-Plot of fraction XG5ok of ripe 'Glockenapfel'.
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HPSEC of the fraction XG5ok was performed using a Viscotek system equipped with a

triple detection system (3. 5. 6). Low angle light scattering (LALS) allowed a calculation of

the average MW of the polymers. Calculation using a dn/dc value of 0.146 (pectin in

0.05M NaN03 buffer) yielded an average MWof 699 kDa for the main peak. This value is

higherthan the 520 kDa determined by calibration with pullulan standards. The average

MW determined by the triple detection system depends on the dn/dc value, which was

taken from literature [147]. Since the structure of pectin (degree of methylation and

acetylation, galacturonic acid content, number and type of side chains) has an influence

on the dn/dc value, the true average MW could differfrom the calculated value. In Fig. 12

the Mark-Houwink-Plot of fraction XG5ok of ripe 'Glockenapfel' is displayed. The

Mark-Houwink slope displays the molecular density as a direct function of the MW and

therefore allows to estimate the degree of branching of a polymer population. A change

in the slope reflects a change in the degree of branching. Thus, the polymers comprised

in the main peak of fraction XG5ok are highly ramified, whereas those from the smaller

peak at a lower elution volume are less branched.

The results from the methylation analysis of the XG5ok fraction from ripe 'Glockenapfel'

are displayed in Tab. 11. The values are in good agreement with the results determined by

methanolysis (Tab. 12). Most of the components proposed for the 4M (4.1. 2) and 4MP

(4.1. 3) fractions are similar to those in fraction XG5ok.

The degree of branching of the rhamnose residues in the pectic backbone can be

calculated as 68% from the va lues of 1,2-Rhap and 1,2,4-Rhap. Values between 20-80% are

described for the degree of branching of RG depending on the source of the

polysaccharide [3,18]. Wechsler [81] determined values of 30% for the C-fraction, 34% for

the Ni-fraction and 52% for the N2-fraction of ripe 'Glockenapfel'. With increasing

strength of the extraction reagents the degree of branching increases. This statement is

supported by the results obtained by Oechslin [82,104] wno found 85% for pectic

polymers comprised in the cellulosic residue, resistant to alkali extraction. Huisman et

al. [110] observed the same trend for pectins present in differently extracted fractions

from olive fruit. The increase of the degree of branching for the differently extracted

apple fractions indicate that RG exists in different forms. Differences in the structure of

the side chains existtoo, butthe degree of branching seemsto have a stronger influence

on the extraction properties. In all fractions (C, Ni, N2,4M and CR) no large differences in
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the composition of the pectic side chains of RG I were detected. These fractions generally

contain structurally similar arabinans, arabinogalactans and galactans in various

amounts. Extraction of different pectic fractions is thought to occur partly due to the al¬

kali cleavage of some covalent bonds. These bonds could be situated between the pectic

side chains and other cell wall compounds and the type of side chain would determine

the nature of this linkage. Since different extraction reagents cleave different linkages,

various fractions containing pectic polymers with different side chains are expected to

be found. A pectic polymer with a new type of side chain is expected to be sol ubilised dur¬

ing every successive extraction step. This is not the case in the present work where the

degree of branching has a much stronger influenceon the extractability than the type of

sidechainsfound. It is therefore much more likely that the number of neutral sugar side

chains and therefore the degree of branching determines the solubilisation properties of

pectins. Thus the extraction was at least partly based on the solubility of the pectic poly¬

mers in different reagents and not only on the cleavage of a certain type of bond and sol¬

ubilisation of the liberated polymers.

The backbone of RG I was described to consist of a strictly alternating sequence of

galacturonic acid and rhamnose. Fractions devoid of homogalacturonan (HG) and RG II,

which in fact is a branched HG, are therefore assumed to contain the same amounts of

both monomers. The ratio of (i->2)-linked rhamnose to 1,4-GalAp in the fraction XG5ok

is 0.40 indicating that either a RG without a strict rhamnose-galacturonicacid sequence

is present or, additionally to the RG I, substantial amounts of a HG are part of this

fraction. De Vries et al. [111] described pectic fragments isolated from apple after degra¬

dation of HGs possessing a ratio of (i->2) -linked rhamnose to 1,4-GalAp of 0.22. Based on

these findings they proposed a hypothetical model with HG regions and branched

regions linked alternating, and carrying branched regions on both ends. Based on this

model an amount of 7.6% 1,4-GalAp can be calculated notto be partof RG LA partof the

remaining galacturonic acid residues belongs to XGal which presence can be deduced

from the existence of 1,3,4-GalAp. Schols etal. [26] found in apple XGal two-thirds of the

galacturonic acid residues to be substituted with xylose. Assuming the same degree of

substitution, 0.4% of the 1,4-GalAp residues can be accounted for to belong to XGal. The

results of the methylation analysis do not allowto assign the surplus of galacturonic acid

(7.2%). It could be explained either by the absence of a strictly alternating sequence of
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rhamnose and galacturonic acid or by the presence of a HG. Further degradation

experiments should reveal its origin which will be discussed later.

The arabinose and galactose residues found, support the interpretation of the results of

the linkage analysis of fraction 4MP. A highly branched arabinan and a linear galactan

are present which are probably bound to the RG backbone. Glucose and mannose were

only found in minute amounts. Either some residual (gluco-)mannan is still present in

fraction XG5ok orthese residues were introduced by the enzyme preparation which was

shown to contain small amounts of these two sugars.

4.1.7 Degradation with specific enzymes acting on pectic polymers

As shown with the results for the methylation analysis, the fraction XG5ok mainly

consists of pectic polymers. Development of a structural model for a particular poly¬

saccharide based on only these results is problematic as the types of linkages found are

the only indication for the presence of a particular polysaccharide. If small amounts of

impurities are present in the fraction an allocation of the residues to the major poly¬

saccharides becomes almost impossible. Additional information can be obtained by

degradation experiments with specific enzymes followed by purification and analysis of

the enzyme-resistant polysaccharides. Degradation experiments using different

enzymes were performed as shown in Fig. 13.

After every degradation step the reaction mixture was analysed by HPSEC to choose a

membrane with an appropriate MWCO for UF. The retentates and filtrates were again

subjected to HPSEC to check if separation was successful and how the enzymatic

degradation changed the hydrodynamic volume of the polymers and their MW

distribution, respectively. Methylation analysis and methanolysis were performed on the

retentates to determine the neutral sugar and uronic acid contents. Based on the results

of these degradation experiments with the sample ripe 'Glockenapfel' a model for the

structure of the pectic polymers in the 4M fraction is developed and discussed.
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4M fraction (4M)

Incubation with a xyloglucan specific

e/ido-ß-(i,4)-D-glucanase
Separation by ultrafiltration

(MWCO 50 kDa)

Glucanase resistant residue (XGsok)

Incubation with endo-i,5-a-L-arabinanase
and a-L-arabinofuranosidase

Separation by ultrafiltration

(MWCO 5 kDa)

Incubation with e/ido-i,4-ß-D-galactanase
Separation by ultrafiltration

(MWCO 10 kDa)

Incubation with endo-i,4-ß-D-galactanase,
endo-a-(i,5)-L-arabmanase and

a-L-arabinofuranosidase

Separation by ultrafiltration

(MWCO 10 kDa)

Incubation with rhamnogalacturonase A

Sequential separation by ultrafiltration

(MWCO 3 kDa and 1 kDa)

Fig. 13. Scheme for the enzymatic degra

fraction.

Arabinofuranosidase and arabinanase

resistant residue (Arask)

Galactanase resistant residue (Gahok)

Galactanase, arabinofuranosidase and

arabinanase resistant residue (AGiok)

> Rhamnogalacturonase A resistant residues

(RG3k, RG3kik)

ion experiments carried out on the 4M
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4.1.7.1 Degradation with a mixture of enc/o-i,5-a-L-arabinanase and a-L-arabino¬

furanosidase

A mixture of an enc/o-i,5-a-L-arabmanaseand a na-L-arabmofuranosidase active towards

polymers was used for the degradation of the arabinans present in fraction XG5ok. For

enc/o-i,5-a-L-arabmanase linear arabinans were shown to be a much better substrate

than branched arabinans [20]. When used in combination with an a-L-arabmo-

furanosidase, a synergistic interaction of both enzymes was observed. This can be

explained by the action of the arabinofuranosidase liberating linear unbranched

(i->-5)-a-i_-arabinosyl sequences which are better substrates for the endo-enzyme. In

turn, the oligomeric products are new substrates for the furanosidase and a complete

degradation of arabinan can be achieved [20].
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Fig. 14. HPSEC of the fraction XG5ok and the retentate of the UF after enzymatic ara¬

binan degradation of fraction XG5ok of ripe 'Glockenapfel'.

fraction XG5ok, fraction Ara5k.
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HPSEC of the arabinan-degraded fraction XG5ok showed that a MWCO of 5 kDa is

appropriate for UF. A comparison of the chromatograms of the fraction prior to

degradation (XG5ok) and the retentate of UF (Ara5k) is shown in Fig. 14. The XG5ok

fraction contained two overlapping populations which were still present after enzymatic

degradation but had shifted to lower average MWs at 350 kDa and 100 kDa, respectively.

Compared to the HPSEC data obtained by Oechslin [82] for arabinan degradation of the

pectic polymers in the CR, a less dramatic shift was observed indicating the linear

galactans in the fraction 4M to contribute more to the hyd rodyna mic volume than those

from the CR.

The results from the methylation analysis are shown in Tab. 13. The arabinose content

dropped to 8.0% indicating that arabinan degradation was efficient. Although the

combined action of both enzymes should have allowed a complete degradation of the

arabinan, substantial amounts were still present. This could be due to the presence of

galactan side chains which could sterically hinderthe action of the arabinofuranosidase

on arabinose residues located close to the RG backbone. Surprisingly more 1,3-Ara/than

1,5-Ara/was detected in Ara5k, although pectic arabinan side chains are known to

possess a (1 —s)-linked backbone and therefore residual arabinan stubs with mainly

1,5-Ara/were expected to be found. Oechslin [82,104] made a similar observation and

postulated the occurrence of a (1 —»-3) -linked arabinan backbone in the pectic side chains

of the CR. All arabinans isolated from various sources and reviewed by Beldman etal. [20]

show essentially the same structural features, possessing a (1-»5)-linked backbone with

sites of substitution at C-2 and/or C-3. Thus, a different arabinan structure with a

(1 —»-3)-linked backbone is less likely. A hypothetical structure of an arabinan side chain

present in 4M is shown in Fig. 15A. Its composition is based on the ratio of the differently

linked arabinose residues found by methylation analysis of fraction XG5ok. The number

of arabinose residues in one chain was chosen in the range from 30 to 50, which

corresponds to the size of the arabinans present in the modified hairy regions of apple

pectins as described by Schols [112]. MWs for different arabinans were reported to be in

the range of 5 to 22 kDa [20]. The size of the structure shown in Fig. 15A was chosen based

on the higher values.
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Tab. 13. Comparison of the g lycosyl-linkage composition of fraction XG5ok and fraction

Ara5k of ripe 'Glockenapfel'.

Residues XGsok [mol%] Arask [mol%]
Rhamnose T-Rhap 0.2 0.5

1,2-Rhap 1.6 5.6

1,2,4-Rhap 34 12.6

5-1 18.7

Galacturonic acid T-GalAp 0.2 0.5

1,4-GalAp 12.6 23.6

1,3,4-GalAp 0.8 17

137 257

Arabinose T-Ara/ 15-7 1.2

T-Arap 1.2 0.9

1,2-Ara/ 0.2 n.d.

1,3-Ara/ 3.8 3-2

1,5-Ara/ 11.1 1.9

1,2,5-Ara/ 1.6 n.d.

1,3,5-Ara/ 8.7 0.7

1,2,3,5-Ara/ 3-5 n.d.

45-9 8.0

Galactose T-Galp 2.8 6.1

1,3-Galp 1-5 3.0

1,4-Galp 19.8 16.0

1,6-Galp 0.4 1.0

1,2,4-Galp n.d. 0.3

1,4,6-Galp 2.0 0.6

26.5 27.1

Xylose T-Xylp 2.4 4-3

1,4-Xylp 2.8 3-1

5-2 7-4

Glucose T-Glcp 0.6 1.4

1,4-Glcp 2.0 2.1

1,2,4-Glcp n.d. 1.6

1,4,6-Glcp 0.03 n.d.

2.6 5-1

Fucose T-Fucp 0.1 0.6

0.1 0.6

Mannose T-Manp n.d. 37

1,2-Manp n.d. 0.6

1,4-Manp 0.7 17

1,2,6-Manp n.d. 1.0

1,4,6-Manp 0.1 0.1

0.8 7-1
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# T-Ara/

W 1,5-Ara/

1,3-Ara/

B

-À 1,2,5-Ara/

m- 1,3,5-Ara/

-S- 1,2,3,5-Araf

1,3-Gai/:

_^_ 1,2,4-Rhap

Fig. 15. Hypothetical structure of an arabinan side chain in fraction 4M.

A: arabinan as isolated by extraction, B: arabinan after degradation by com¬

bined action of an endo-i,5-a-L-arabinanase and an a-L-arabinofuranosidase.

A degradation of the arabinan in Fig. 15A by the combined action of an enc/o-i,5-a-L-ara-

binanase and an a-L-arabinofuranosidase could result in an arabino-oligosaccharide

depicted in Fig. 15B. Its structure is based on the ratio of the differently linked arabinose

residues found by methylation analysis of fraction Ara5k. This arabino-oligosaccharide
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possesses a short (1 —»-5)-linked backbone. One of the residues from the backbone is

substituted at C-3 with a short sequence of (1-»-3)-linked arabinose residues. The

formation of such an oligosaccharide side chain is supported by the observation that

(i-»-3)-a-linkages in longer side chains appear to be more resistant towards enzymatic

degradation as proved by Beldman etal. [20] who studied the linearisation of sugar beet

arabinan by an arabinofuranosidase. In summary it can be concluded that if the

arabinans present in the 4M fraction possess a (1-*5)-linked backbone, short side chains

of (1 —^3)-linked arabinose residues must be located close tothe RG backbone.

The nature of the linkage of the arabinans to the pectic backbone remains unclear. At

least three possibilities can be postulated: a direct I ink to a rhamnose residue in the back¬

bone, a link wo one galactose residue linked to a rhamnose residue or a galacto-oligomer

situated between the arabinan and the RG backbone [113]. A candidate for such an indi¬

rect linkage is 1,3-Galp. This residue was found in arabinogalactan type II but since the

typical residue 1,3,6-Galp is not present in neither fraction, its origin is thought to be dif¬

ferent. Thus, a linkage of the arabinans to the pectic backbone through 1,3-Galp residues

is imaginable. Various oligomers containing residues from side chains and rhamnose

from the pectic backbone have been isolated from different sources and were

identified [113,114]. One of them, isolated from suspension-cultured sycamore cells, was

L-Ara/-L-Ara/-L-Ara/(i-^3)-D-Galp-(i->-4)-L-Rhamnitol, indicating that 1,3-Galp indeed

could be the residue connecting the arabinans to the pectic backbone. In addition,

McNeil et al. [115] found half of the 1,3-Galp residues present in RG I of suspension-

cultured sycamore cells connected to the C-4 of rhamnose residues. The results of the

methylation analysis of fraction Ara5k strongly suggest some of the arabinans to be

connected to the RG backbone through one 1,3-Galp residue as depicted in Fig. 15.

Most of the galactose in fraction XG5ok is (1-»^-linked indicating the galactan to be

present as a linear chain. Surprisingly the amount of 1,4-Galp slightly decreased during

the enzymatic degradation by the two arabinan degrading enzymes. Furthermore, the

ratio of 1,4-Galp to T-Galp decreased from 7.1 to 2.6, indicating that the average galactan

chain length decreased. It is assumed that both, long and short linear (i-*4)-linked

galactan side chains are present.
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Fig. 16. Schematic structure of a pectic polysaccharide present in the 4M fraction and

its product after enzymatic degradation.

A: RG with randomlydistributed shortand longgalactan side chains, B: Aafter

enzymatic arabinan degradation.

• arabinose, : galactose, — : RG backbone.
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The observed decrease of the average chain length of the galactans could be explained

by a shortening of some or all the galactan chains during arabinanase and arabino¬

furanosidase treatment as depicted in Fig. 16. The reasons for this observation remains

to be clarified. A slight galactanase and/or ß-galactosidase side-activity of the arabinan

degrading enzyme preparation cannot be excluded.

In addition, minor amounts of 1,2,4-Galp and 1,4,6-Galp were found in fraction Ara5k.

These could either be products derived from undermethylation or branching points in

the side chains of the linear galactans. From the data of the methylation analysis of

fraction Ara5k it is unclear if the short and/or long galactan side chains would be

branched.

Additionally the mannose residues T-Manp, 1,2-Manp, 1,4-Manp, 1,2,6-Manp and

1,4,6-Manp were detected, which originate only to a small extent from the cell wall

polysaccharides. Methylation analysis of the arabinan degrading enzyme mixture

revealed mannose to account for 96% ofthe sugars present, indicatingthatthe enzymes

might be manno-glycoproteins.

No structural changes took place in the RG backbone during enzymatic treatment with

arabinanase and arabinofuranosidase since the degree of branching remained almost

unaffected at 69%. In contrast, polygalacturonic acid regions of the backbone were

strongly degraded as indicated by the ratio of 1,4-GalAto (i-»2)-linked rhamnose which

dropped from 2.6 to 1.3. This could be due to the presence of an endo-polygalacturonase

side activity in the arabinan degrading mixture.

In 4.1. 6 an explanation forthe unequal ratio of rhamnose to galacturonic acid was given.

Two possibilities were discussed: either polygalacturonic acid is present in fraction 4M or

the RG backbone does not contain a strictly alternating sequence of rhamnose and

galacturonic acid. The loss of galacturonic acid during the arabinan degradation clearly

suggests the first possibility to be more likely. The presence of a HG in fraction 4M is

therefore assumed.

4.1.7. 2 Degradation with an enc/o-i,4-ß-D-galactanase

An endo-i,4-ß-D-galactanase was used to degrade the galactans in fraction XG5ok.

HPSEC of the degraded fraction XG5ok showed that a MWCO of 10 kDa was appropriate

for UF to obtain fraction Gahok (Fig. 17). The main peak in the oligomeric region was
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found at an elution volume of 20.04 mL, which corresponds to a calculated MW of

600 Da (results not shown). Therefore the mam degradation products were probably

(i-»-4)-linked galactose tetrasacchandes. This is in agreement with the products

obtained by degradation of citrus pectin with a 1,4-ß-D-galactanase as reported by

Labavitch etal. [116].
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Fig. 17. HPSEC of the fraction XG5ok and Gahok, the retentate of the UF after

enzymatic galactan degradation of fraction XG5okfrom ripe 'Glockenapfel'.

fraction XG5ok, fraction Gahok.

The HPSEC of fraction XG5ok revealed the presence of two overlapping polymer

populations. After degradation of the galactans and UF, only one peak was observed in

the chromatogram of fraction Gahok. Thus, the galactan side chains were either

responsible for differences in the hydrodynamic volume of the polysaccharides

comprised in fraction XG5ok or they allowed the formation of aggregates as speculated

in 4.1.4. In addition, enzymatic degradation of the galactan side chains could have

rendered some of the resistant polysaccharides insoluble in buffer. These would have
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been removed priorto HPSEC by filtration. Fraction Gahok led to an almost transparent

solution when dissolved in buffer, indicating that no insolubilisation had taken place.

The average molecular weight for the Gahok peak was calculated to 135 kDa.

The results from the methylation analysis of fraction Gahok are shown in Tab. 14. The

content of 1,4-Galp dropped from 19.8% to 1.0% indicating that galactan degradation was

very efficient. The ratio of 1,4-Galp to T-Galp decreased to 0.22, which means that at least

three out of four original galactan side chains consisted of single T-Galp residues directly

attached to the RG backbone. The 1,4,6-Galp residues were also found to decrease

indicating that they were part of the galactan side chains. The exact position of this

residue within the chain is unclear but it seems likely that it is situated near to the RG

backbone as minor amounts were still left after galactan degradation. More information

on this matter is expected to be obtained from the results of the linkage analysis after

degradation of fraction XG5ok with a mixture of endo-i,4-ß-D-galactanase, endo-1,5-

a-L-arabinanase and a-L-arabinofuranosidase. Therefore the structure of the galactan

side chains will be discussed in 4.1.7. 3. The amounts of 1,3-Galp and 1,6-Galp increased

after degradation which indicates that both residues are located near the RG backbone.

It remains to be clarified if 1,3-Galp represents the linking residue to the RG backbone for

the arabinans (4.1.7.1) or if it is partof the galactan side chains as proposed by Oechslin

forthe pectic substances associated to the cellulosicfraction [82,104]. The slight increase

in 1,6-Galp may have been caused by the removal of substituents atthe C-4 of 1,4,6-Galp

residues.

The amount of (1 —»-2)-linked rhamnose, which is part of the RG backbone strongly

increased. The degree of branching slightly increased from 69% to 73% which is an

indication that the enzyme was not able to cleave the -D-Galp-(i->-4)-L-Rhap-linkage.

Otherwise the degree of branching would have decreased. These findings lead to the

conclusion that the galactanase used did not contain any galactosidase side activity. As

a consequence the ratio of the number of galactan to arabinan side chains can be

calculated. For each 1,2,4-Rhap and 1,4,6-Galp residue one T-Galp unit has to be present

presuming that no arabinose residue is linked to 1,4,6-Galp. This means that 4.1 mol% of

the 6.8 mol% 1,2,4-Rhap found in fraction AGiok (60% of the residues) carry a galactan

chain.
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Tab. 14. Comparison of the glycosyl-linkage composition of fractions XG5ok and Gahok

of ripe 'Glockenapfel'.

Residues XGsok [mol%] Gahok [mol%]
Rhamnose T-Rhap 0.2 0.1

1,2-Rhap 1.6 2.5

1,2,4-Rhap 3-4 6.8

5-1 9-3

Galacturonic acid T-GalAp 0.2 0.3

1,4-GalAp 12.6 8.7

1,3,4-GalAp 0.8 1.1

137 10.1

Arabinose T-Ara/ 157 21.5

T-Arap 1.2 1-5

1,2-Ara/ 0.2 0.4

1,3-Ara/ 3.8 6.0

1,5-Ara/ 11.1 15.4

1,2,5-Ara/ 1.6 1.4

1,3,5-Ara/ 8.7 12.8

1,2,3,5-Ara/ 3-5 5.0

45-9 64.0

Galactose T-Galp 2.8 4.4

1,2-Galp n.d. 0.3

1,3-Galp 1-5 1.8

1,4-Galp 19.8 1.0

1,6-Galp 0.4 0.5

1,4,6-Galp 2.0 0.3

26.5 8.4

Xylose T-Xylp 2.4 2.6

1,4-Xylp 2.8 2.2

5-2 4.8

Glucose T-Glcp 0.6 0.5

1,4-Glcp 2.0 1.0

1,4,6-Glcp 0.03 n.d.

2.6 1-5

Fucose T-Fucp 0.1 n.d.

0.1 n.d.

Mannose T-Manp n.d. 1.1

1,4-Manp 0.7 0.2

1,6-Manp n.d. 0.7

1,4,6-Manp 0.1 n.d.

0.8 1.9
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The amount of 1,4-GalAp decreased during degradation. Considering the yield of 47%

after enzyme treatment and UF, a loss of two thirds of the galacturonic acid residues can

be calculated. The loss of these residues occurred most probably due to degradation of

HG. According to the data sheet the endo-i,4-ß-D-galactanase preparation contains a

polygalacturonase side activity. Therefore the ratio i,4-GalAp/(i,2-Rhap+i,2,4-Rhap) of

0.94 is not surprising. This leads to the conclusion that the RG backbone is composed of

strictly alternating rhamnose and galacturonic acid residues. However, the amount of

1,3,4-GalAp and T-Xylp increased during galactanase treatment indicating that the XGal

structures are not linked to the RG backbone through a HG segment. The exact

positioning of the XGal remains unclear. It could be located between the HG and the RG

as part of the backbone or be present as side chains attached to a rhamnose residue.

As expected all arabinose residues increased considerably except for the 1,2,5-Ara/

residues which remained more or less unaffected by the enzyme treatment.

Fucose residues could not be found in fraction Gahok by methylation analysis although

traces of this neutral sugar were identified in fraction XG5ok. The result obtained with

fraction Gahok leads to the assumption that T-Fucp is linked to the linear galactans. Lau

et al. [113] analysed oligoglycosylalditols derived from the side chains of RG I from Acer

pseudoplatanus and identified the fragment a-L-Fucp-(i->-2)-ß-D-Galp-(i-»-4)-ß-D-Galp-

(i-»4)-L-Rhamnitol. As the minute amounts of fucose disappear after galactan

degradation it seems that a similar side chain is present in the pectic polymers of the

fraction XG5ok. However, no information about the length of this galactan chain is

available.

Xylose was found in approximately the same amounts as in fraction XG5ok. While the

amount of 1,4-Xylp decreased during the galactanase treatment, the amount of T-Xylp

increased slightly in about the same order of magnitude as other residues. Assuming

that XGal is présentas side chains linked to rhamnose residues of the RG backbone, two

different sources are possible for T-Xylp and 1,4-Xylp:

• In addition to XGal, small amounts of a linear (i-^4)-linked xylan could be present,

which is not linked to the pectic polymers. T-Xylp residues would be found in both,

XGal and xylan structures. No information about the proportion of T-Xylp belonging

to XGal is available. Since the presumed xylan did not passthe UF membrane (MWCO

10 kDA), its degree of polymerisation (dp) could be assumed to be higher than 75.
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Considering all the 1,4-Xylp residues detected in fraction Gahok (2.2%) to be solely

present in xylan, the amount of T-Xylp in xylan can be calculated to be 0.03% at most.

Therefore the ratio of 1,3,4-GalAp to T-Xylp in XGal would be approximately 2,

favouring the presence of mainly the upper of the two possible XGal structures

depicted in Fig. 18A. However, small amounts of XGal with longer galacturonic acid

chains consisting of 1,3,4-GalAp and possibly 1,4-GalAp residues could be present as

well.

Possibly 1,4-Xylp residues could also be part of the XGal. In this case one or more

1,3,4-GalAp residues carrying single T-Xylp residues and (1-»^-linked xylo-oligomers

would be linked to a rhamnose residue in the RG backbone as depicted in Fig. 18B.

Considering the ratio of T-Xylp to 1,3,4-GalAp in fraction Gahok, the presence of

ma inly the upper of the two possible XGal structures in Fig.i8Bcan be assumed to be

correct. In addition, 1,4-GalAp residues could be part of this side chain as well. Since

the ratio of 1,3,4-GalAp to 1,4-Xylp is approximately 2, the average dp of the xylo-

oligomer part of the xyloglucan could be postulated to be 3.
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Fig. 18. Hypothetical structure of the XGal side chains in fraction 4M.

A: XGal side chain without 1,4-Xylp residues. B: XGal side chains carrying

(i-»-4)-linked xylo-oligomers.

No evidence for the presence or absence of a xylan is available. Therefore none of the two

proposed XGal structures can be favoured and possibly both structural elements are

present in fraction 4M. Additional experiments are necessary to reveal the exact

structure of the XGal.
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Minor amounts of glucose and mannose residues are still present in fraction Gahok.

Some were already found in fraction XG5ok and some were introduced with the enzyme

preparations which were shown to contain these two sugars.

4.1.7.3 Degradation with a mixture of enc/o-i,4-ß-D-galactanase, enc/o-i,5-a-L-ara-

binanase and a-L-arabinofuranosidase

A mixture of endo-i,4-ß-D-galactanase, enc/o-i,5-a-L-arabmanase and a-L-arabmo-

furanosidase was used forthe degradation of the arabinans and the galactans present in

fraction XG5ok. HPSEC ofthe enzyme treated fraction XG5ok revealed a membrane with

a MWCO of 10 kDa to be appropriate for UF (Fig. 19). Two polymer populations were still

observed after degradation with the enzyme combination. The peak with the higher

hydrodynamic volume could represent an aggregate as discussed in 4.1.4.
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Fig. 19. HPSEC of the fraction XG5ok and the retentate ofthe UF after enzymatic ara¬

binan and galactan degradation of fraction XG5ok from ripe 'Glockenapfel',

fraction XG5ok, degraded XG5ok fraction.
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The results ofthe methylation analysis of fraction AGiok are shown in Tab. 15. Degrada¬

tion was efficient as only small amounts of terminal arabinose residues were found, in

contrast to the arabinan degradation experiments where still minor amounts of linear

residues were detected (Tab. 13). This result clearly indicates a steric hindrance ofthe

arabinan degrading enzymes by the presence of galactan side chains as postulated in

4.1.7.1. The origin of T-Arap remains unclear. Several authors [5,117,118] have proposed

this residue to be an artefact originating from T-Ara/due to acidic or alkaline recycli-

sation. T-Arap residues are present in both fractions AGiok and XG5ok. Possibly single

arabinopyranose residues are linked either directly orthrough short oligomeric arabino-

oligomers to the RG backbone. If they are part of a larger arabinan side chain, they

probably would have been removed during the enzyme treatment and would not be

present in fraction AGiok.

Galactose residues found infraction AGiok are T-Galp, 1,3-Galp, 1,4-Galp and 1,6-Galp. No

1,4,6-Galp residues could be detected in thisfraction although they were present priorto

the combined enzyme treatment. Removal ofthe substituent at the C-4 of a 1,4,6-Galp

residue by the galactanase resulted in a 1,6-Galp residue. This assumption is supported

by the observed increase of 1,6-Galp in fraction AGiok. Since most ofthe (1-^-linkages

of galactan were cleaved during enzyme treatment it is concluded that the 1,4,6-Galp

residues are located close to the RG backbone in fraction 4M. However, it is not possible

to conclude to which type of galactan (long chain, oligomer) these residues belong to.

Based on these considerations a structure for the long galactan side chains as shown in

Fig. 20A can be postulated. Degradation of these chains with galactanase yields the

structure depicted in Fig. 20C. The short galactan side chains are thought to possess

linear and branched structures as shown in Fig. 20B. Treatment with a galactanase yields

the structures depicted in Fig. 20D. The ratio ofthe residues T-Galp, 1,4-Galp and 1,6-Galp

in fraction AGiok is approximately 14:6:9. Therefore a ratio of 8:2:6 for the three

different galactanase-resistant structures, D-Galp-(i-^4)-L-Rha, D-Galp-(i-»-6)-D-Galp-

(i-»-4)-L-Rha and D-Galp-(i-»6)-D-Galp-(i-»-4)-D-Galp-(i-»-4)-L-Rha can be calculated. A

similar structure of the galactans of the CR pectin was postulated by Oechslin [82,104]. 'n

contrast to the galactans described here, those occurring in CR pectin contain 1,3,4-Galp

as branching points carrying side chains consisting of 1,3-Galp. As discussed in 4.1.7.1,

1,3-Galp in the hemicellulose pectin is presumed into be the residue linking the arabinan

side chainstothe RG backbone. This assumption is in good agreement with the amounts

of T-Ara and 1,3-Galp which were found in AGiok almost in a 1:1 ratio.
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Tab. 15. Comparison ofthe glycosyl-linkage composition of fractions XG5ok and AGiok

of ripe 'Glockenapfel'.

Residues XGsok [mol%] AGiok [mol%]
Rhamnose T-Rhap 0.2 n.d.

1,2-Rhap 1.6 5.8

1,2,4-Rhap 3-4 17.1

5-1 22.9

Galacturonic acid T-GalAp 0.2 0.9

1,4-GalAp 12.6 22.6

1,3,4-GalAp 0.8 2-3

137 257

Arabinose T-Ara/ 157 1.9

T-Arap 1.2 0.9

1,2-Ara/ 0.2 n.d.

1,3-Ara/ 3.8 n.d.

1,5-Ara/ 11.1 n.d.

1,2,5-Ara/ 1.6 n.d.

1,3,5-Ara/ 8.7 n.d.

1,2,3,5-Ara/ 3-5 n.d.

45-9 2.8

Galactose T-Galp 2.8 7-1

1,3-Galp 1-5 27

1,4-Galp 19.8 3-1

1,6-Galp 0.4 4.6

1,4,6-Galp 2.0 n.d.

26.5 17-5

Xylose T-Xylp 2.4 4-3

1,4-Xylp 2.8 5.8

5-2 10.1

Glucose T-Glcp 0.6 2.4

1,4-Glcp 2.0 6.5

1,4,6-Glcp 0.03 n.d.

2.6 8.9

Fucose T-Fucp 0.1 n.d.

0.1 n.d.

Mannose T-Manp n.d. 4.6

1,2-Manp n.d. 1.2

1,4-Manp 0.7 47

1,6-Manp n.d. n.d.

1,2,6-Manp n.d. 1.6

1,4,6-Manp 0.1 n.d.

0.8 12.1
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degradation, D: B after degradation.
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The degree of branching ofthe RG backbone which can be calculated from the amounts

of 1,2-Rhap and 1,2,4-Rhap almost remained constant at 74%. The enzymes were

obviously not able to cleave the -D-Galp-(i->-4)-L-Rhap-linkages, otherwise the degree of

branching would have decreased. For every 1,2,4-Rhap residue either a T-Galp, a T-Ara or

a 1,3,4-GalAp residue has to be present, as no branched arabinose or galactose residues

were detected. However, the sum ofthese residues is only 12.2 mol% indicating that their

amount is underestimated. The ratio ofthe number of galactan to arabinan side chains

was calculated as 23 in 4.1.7.2. Based on this ratio it can be estimated that 2 mol%

T-Galp and 3 mol% T-Ara are missing, provided no additional terminal sugar residues

were present in the RG side chains. As both corresponding PMAA derivatives are highly

volatile it is imaginable that they partly got lost during methylation analysis. This could

indeed be the case, although the ratio of branched to terminal residues for the

methylation analysis amounts to 0.95 (Appendix Table IV) since the ratio of the residues

assumed to belong to pectic polymers (Ara, Fuc, Gal, GalA, Rha, Xyl) is higherthan 1.

The polygalacturonase activity present in both enzyme preparations used (4.1.7.1 and

4.1.7.2), led to a less intense increase in the 1,4-GalAp contents compared to the

rhamnose residues. As a matter of fact, the ratio of (1 ^2) -linked rhamnose to 1,4-GalA

dramatically increased to 1.01 indicating that all HG regions have been degraded.

Additionally it is a proof for a strictly alternating sequence of rhamnose and galacturonic

acid in the RG backbone. The triple substituted 1,3,4-GalAp residue which is part ofthe

postulated XGal structure is still present in fraction AGiok. For apple pectin the

galacturonan backbone of XGal was found to be substituted at C-3 in various extents of

40-90% by Schols [112]. No degree of substitution can be calculated for the XGal of

fraction AGiok as the amount of 1,3,4-GalAp residues is low and the portion of 1,4-GalAp

belongingtothis subunit cannot be estimated.

Similar to the degradation experiments in 4.1.7.1 and 4.1.7.2 glucose and mannose

residues were still present in fraction AGiok. The relatively large amounts can be

explained by the low yield of 19.7% forthis fraction afterthe enzyme treatment and the

UF step. Besides the minute amounts present in fraction XG5ok, glucose and mannose

were introduced by the enzyme preparations which were shown to contain these two

sugars in considerable amounts.



72 4 Results and discussion

4.1.7.4 Degradation with a rhamnogalacturonase A

A rhamnogalacturonase A was used forthe degradation ofthe pectic backbone present

in fraction XG5ok. HPSEC ofthe degraded fraction XG5ok revealed that the use of a

membrane with a MWCO of 3 kDa is appropriate forthe first UF step. A second UF of the

filtrate using a membrane with a MWCO of 1 kDa allowed the removal of low molecular

weight material (Fig. 21). As the pectic backbone was degraded, only the side chains

including the linkage regions ofthe small RG fragments were left. Two different polymer

populations were still observed after degradation, indicating the presence of two

galactan side chains of different sizes as proposed in Fig. 20A and B, respectively. The

larger fraction (retentate of first UF step, fraction RG3k) comprises polymers with a

calculated MW between 5 and 100 kDa. Although the peak is symmetric, the fraction

consists probably of a mixture of larger galactan and arabinan side chains. The smaller

fraction (retentate of the second UF step, RG3kik) contains oligomers with a MW

between 1 and 5 kDa.
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Fig. 21. HPSEC ofthe fraction XG5ok and the retentate ofthe UF after enzymatic

rhamnogalacturonase A degradation of fraction XG5okof ripe 'Glockenapfel'.
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Due to the small amounts of material used forthe degradation experiment, the yield of

fraction RG3kik was very low making its exact quantitative determination impossible.

Anyhow, the material was sufficient for a determination of neutral sugars and uronic

acids by methanolysis. The results shown in Tab. 16 were normalised to a total content of

100%.

Tab. 16. Neutral sugar and uronic acid content of the fraction RG3kikof ripe

'Glockenapfel'.

Monosacchariide Content [g/100 g] Content [mol%]

Rhamnose 16.7 18.1

Galacturonic acid 37.6 34.8

Arabinose 6.9 8.3

Galactose 30.7 30.6

Xylose 0.7 0.8

Glucose 6.9 6.9

Fucose 0.3 0.3

Mannose 0.2 0.2

Rhamnose and galacturonic acid from the pectic backbone are still present in fraction

RG3kik and accounted for approximately 50% ofthe total monomeric constituents. The

Rha/GalA ratio corresponds to 0.52 indicating that during degradation with rhamno¬

galacturonase, HGs with a dp between 5 and 17 were liberated. Intact HGs with a dp of

70-100 had been isolated from carrot [119], apple, sugar beet and citrus [120,121].

Cleavage of native HG regions could have taken place in fraction 4M during the alkali

extraction step which possibly resulted in shorter HG fragments. Large amounts of

galactose and minor amounts of arabinose were detected in fraction RG3kik. They were

already present as short side chains in fraction XG5ok. Several authors described the

presence of short galactan side chains in tobacco pectin [122], red beet RG I [123] and in

apple CR-pectin [104]. This finding is supported by the observations of Round etal. [124]

who analysed pectins from the pericarp tissue of mature green tomatoes by AFM. These

authors found a discrepancy between the degree of branching determined chemically

and by AFM and attributed it to the presence of short galactan side chains which could

not be seen by the microscopic technique.
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Assuming the same degree of branching for the rhamnose residues infraction RG3kikas

in fraction XG5ok, 12.7 mol% of them can be calculated to carry side chains. Thus an

average chain length of three neutral sugar residues can be determined which is in good

agreement with the calculated molecular size ofthe oligomers. In addition, the presence

of small amounts of oligomeric arabinan side chains in fraction XG5ok can be assumed

by the presence of minor amounts of arabinose residues.

The results ofthe methylation analysis of fraction RG3k are shown in Tab. 17. Compared

to the starting material (fraction XG5ok) a decrease of more than 50% ofthe rhamnose

residues was observed after rhamnogalacturonase degradation. This result can be

explained with the sole presence of RG backbone fragments carrying large side chains in

fraction RG3k. Fragments with short side chains are not expected to be present in this

fraction since they passed the UF membrane and were recovered in fraction RG3kik.

Likewise, this explains the loss of galacturonic acid which was also observed due to

liberation of HG fragments. Latter partly passed the UF membrane and partly were

retained in the retentate RG3k, as indicated by the ratio of 1,4-GalAp to rhamnose which

increased to 3.4. As a consequence of the enzyme action the formation of 1,4-Rhap

emerging from 1,2,4-Rhap was observed. Thus the amount of rhamnose carrying side

chains is the sum of 1,4-Rhap and 1,2,4-Rhap (1.5 mol%). As a total of 77.6 mol% arabinose

and galactose was found, an average dp of 52 for the pectic side chains can be calculated.

An average chain length of 28 for the long linear galactans can be estimated from the

amounts of T-Galp and 1,4-Galp found. Thus the average dp of the large arabinans

isolated in thisfraction is higherthan 52.

No 1,6-Galp was detected in fraction RG3k although it was found in fraction XG5ok. This

residue was probably recovered in fraction RG3kik and is therefore assumed to be only

part ofthe short galactan side chains. It could emerge from 1,4,6-Galp due to the action

of an endogenous ß-galactosidase, which is known to be active during ripening [8]. Lau

et al. [113] analysed oligoglycosylalditols derived from the side chains of RG I from Acer

pseudoplatanus and identified the fragment ß-D-Galp-(i->-6)-ß-D-Galp-(i->-4)-ß-D-Galp-

(i-^4)-L-Rhamnitol. Therefore it seems likely that similar side chains exist in fraction

XG5ok. The amount of 1,4,6-Galp decreased during degradation indicating that some of

the short galactans are branched. Probably some short galactan side chains are still

present in fraction RG3k. They could have been connected through parts of undegraded
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Tab. 17. Comparison ofthe glycosyl-linkage composition of fractions XG5ok and RG3k of

ripe 'Glockenapfel'.

Residues XGsok

mol%

RG3k

mol%

Rhamnose T-Rhap

1,2-Rhap

1,4-Rhap

1,2,4-Rhap

0.2

1.6

n.d.

3-4

5-1

0.1

0.6

0.4

1.1

2.3

Galacturonic acid T-GalAp

1,4-GalAp

1,3,4-GalAp

0.2

12.6

0.8

137

0.2

7-9

1.2

9-3

Arabinose T-Ara/

T-Arap

1,2-Ara/

1,3-Ara/

1,5-Ara/

1,2,5-Ara/

1,3,5-Ara/

1,2,3,5-Ara/

157

1.2

0.2

3.8

11.1

1.6

8.7

3-5

45-9

18.4

1.1

n.d.

4.8

13.4

1-5

10.9

4.4

54-4

Galactose

Glucose

T-Galp

1,3-Galp

1,4-Galp

1,6-Galp

1,4,6-Galp

T-Glcp

1,4-Glcp

1,4,6-Glcp

2.8

1-5

19.8

0.4

2.0

26.5

0.6

2.0

0.03

2.6

1.0

1.8

19.5

n.d.

0.9

23.2

Xylose T-Xylp 2.4 2.2

1,4-Xylp 2.8 2-3

5-2 4-5

1.0

4.4

n.d.

5-5

Fucose T-Fucp 0.1

0.1

0.3

0.3

Mannose 1,4-Manp

1,4,6-Manp

0.7

0.1

0.8

0.6

n.d.

0.6
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RG backbone fragments explaining the finding of 1,6-Galp residues. A slight increase was

found for 1,3-Galp which was postulated in 4.1.7.1 to act as a link between the RG

backbone and arabinan. The increase is proportional to the increase of the total

arabinose content and therefore supports the previously mentioned statement.

Xylose was proposed in 4.1.7. 2 to occur in two different structures, XGal and xylan. An

increase of 50% was observed for 1,3,4-GalAp. Since 1,4-Xylp was found to decrease no

proportional dependency between these two residues exists confirming that they occur

in different structures.

The origin ofthe glucose and mannose residues is unclear, they were already found in

fractions 4M and XG5okand were assumed not to be part of the pectic polymers.

4.1.8 Structural model for the pectic substances present in the 4M

hemicellulose fraction

Different structural features ofthe pectic polymers comprised in the 4M alkali extracted

fraction were identified by the help of the results obtained by the degradation

experiments with specific enzymes. Based on these structural features a model ofthe

pectins present in the 4M hemicellulose fraction has been developed and is shown in

Fig. 22. The depicted hypothetical pectic polymer consists of 900 residues and has a MW

of 145 kDa. Its composition corresponds exactly to the values found by methylation

analysis of fraction XG5okof ripe 'Glockenapfel'. An alternating sequence of smooth and

hairy regions as proposed by de Vries et al. [111] was chosen.

The structural features discussed in the previous chapters are summarised in the

following pages. Some are illustrated with magnified clippings from Fig. 22.
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The pectic polymers found inthe4M fraction of ripe 'Glockenapfel'consist of 89% RG,

8% HG and 3% XGal.

The RG backbone consists of a strictly alternating sequence of (i-»-4)-linked

galacturononicacid and (1-^2)-linked rhamnose units as shown in Fig. 23. The length

of both RG sequences in Fig. 22 was chosen to be around 50 residues. About 70% of

the rhamnose residues are substituted at C-4 with side chains consisting of

arabinans and galactans at a ratio of 23.

O 1,4-GalAp
-A- 1,2-Rhap
"À" 1,2,4-Rhap
DandH Gal

# Ara

Fig. 23. Clipping A of Fig. 22 depicting a part ofthe RG backbone.

Galactan side chains are linear and (i-*4)-linked. Two different types can be distin¬

guished: long chains with an average dp of 28 and short side chains with an average

dp of 3. Some chains of both types are branched at C-6 neartothe connection to the

RG backbone. Minor amounts of short side chains with the sequence ß-D-Galp-

(i-*-6)-ß-D-Galp-(i-»-4)-ß-D-Galp-(i->-4)-L-Rhap- and minute amounts of a-L-Fucp-

(i-»2)-ß-D-Galp-(i-^4)-ß-D-Galp-(i-^4)-L-Rhap- are present. The presence of single

T-Galp residues is notexcluded. Aclippingof a selected section of Fig. 22 showingthe

different types of galactans present is displayed magnified in Fig. 24.

+-•-•-«1

-f 4- O

m. T-Galp

-m- 1,4-Galp

HD- 1,3-Galp

-É- 1,4,6-Galp

m 1,6-Galp

-L- 1,2,4-Rhap

-±r 1,2-Rhap

-%- 1,3,4-GalAp

O 1,4-GalAp

^l— T-Fucp

4- T-Xylp

• Ara

Fig. 24. Clipping B of Fig. 22 showingthe different types of galactan side chains.
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Arabinan side chains are ramified and possess a (1 —^5)-linked backbone. They are

substituted with T-Ara/residues or (1 —^3)-linked arabino-oligomers at C-2 and C-3.

Some ofthe latter are found near the RG backbone. The average dp ofthe large

arabinans is higher than 52 but minor amounts of arabinan side chains with a much

lower dp are also found. Most ofthe arabinans are connected through a 1,3-Galp

residue to the backbone. A clipping of Fig. 22 showing a typical arabinan present is

displayed magnified in Fig. 25.
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Fig. 25. Clipping C of Fig. 22 showing an arabinan side chain.

• Most HGs possess a dp between 5 and 17, some of them are larger. They are

connected to the RGs possibly on both ends.

• XGals are thought to be present as short side chains connected to the C-4 of

rhamnose residues of RG. They consist of single galacturonic acid residues or small

oligomers carrying T-Xylp or short (1—4)-linked xylo-oligomers as shown in Fig. 26.

-f- T-Xylp

-+- 1,4-Xylp

-At 1,2-Rhap

-±- 1,2,4-Rhap

-O- 1,4-GalAp

-# 1,3,4-GalAp

D Gal

Ara

Fig. 26. Clipping D of Fig. 22 showing XGal side chains.
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• A cross-link of the pectic polymers to xyloglucan seems unlikely as minute amounts

of 1,4,6-Glcp we re detected in fraction XG5ok but were not recovered after enzymatic

degradation experiments. Additionally no 1,2-Xylp was detected after glucanase

treatment indicating that no residual xyloglucan oligomers were present in fraction

XG5ok. Nevertheless, it could not be explained why pectic polymers and xyloglucans

co-elutefrom an anion exchange chromatography column.

4. 2 Ripening related changes in the 4M hemicellulose

fractions

Development of apple fruit can be divided into different phases. Pome fruit such as the

apple have constant growth during the season, with both cell division and cell enlarge¬

ment determining the various final fruit sizes and storage characteristics. The period

following anthesis (full bloom) is characterised by rapid cell division. After 25-30 days it is

followed bythe so called 'June drop'which usually occurs in early J une [125]. Competition

among the fruit for water and nutrients is thought to be its cause and some of the

developing fruit fall from the tree [126]. This drop coincides with the end of the cell

division phase. The growth ofthe fruit after this period occurs due to cell expansion [127].

Depending on the variety, the apples are ripe 100-210 days after anthesis or 70-185 days

after the "June drop", respectively. Several methods are used to estimate the optimal

harvest time [125,128]:

• In stable climates the number of days between the anthesis and optimal harvest

time for a certain variety stay rather constant.

• The flesh firmness is an indicator because apples soften during maturation.

• The sugar content increases during ripening but is not a reliable indicator since it is

influenced by other factors. It is used as an indicator in conjunction with days from

full bloom.

• Starch is converted into glucose monomers during ripening. Iodine staining tests on

half-cut apples are used to indicate howfarthis process has emerged. Thistest is also

used on stored apples to estimate the remaining shelf life.
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Senescence is the process that starts sometime during ripening and continues until the

end ofthe life cycle ofthe fruit. It is characterised by a general and increasing failure of

many synthetic processes and enhanced susceptibility of the fruit to fungal attack [129].

The ripening of apple is associated with increased ethylene production, increased

respiration, chlorophyll degradation, anthocyanin formation, starch to sugar conversion,

production of volatiles, abscission and softening [130]. The softening of fruit is a

biochemical process which determines the textural characteristics ofthe fruit tissues.

Loss in firmness was shown to be associated with the activity of cell wall degrading

enzymes [59]. It is one of the critical factors which limits the length of storage and

influences shelf life, wastage, infection by post-harvest pathogens and frequency of

harvest [42,131]. All these factors directly affect costs. Consequently, it is very important

to understand the mechanism of fruit softening [131]. Attempts to understand the

molecular basis of softening of apple fruit during ripening have led to investigations of

cell wall polymers, compositional changes during ripening and wall degrading

enzymes [132]. New methods to study the changes during ripening and the cell wall

metabolism in fruit softening have recently been introduced, such as the use of specific

antibodies and transgenic plants [42,133]. Nevertheless, the exact roles of particular cell

wall alterations and ofthe cell wall-modifying enzymes bringingthese about are yet not

known [42].

In the present work, information a bout the changes which occur in the 4M alkali soluble

hemicellulose fraction during fruit ripening and storage was looked for. Three stages of

ripeness were investigated. The structural features ofthe 4M fraction of ripe apples were

discussed and a model for the pectic substances present in this fraction was developed

in 4.1. Exactly the same analytical procedure was adopted for the unripe and stored

apples. Differences between the pectic polymers found in the fractions of unripe, ripe

and stored apples will be discussed and changes during ripening should be revealed in

this chapter.
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4. 2.1 Extraction ofthe depectinated residue

The yields ofthe extraction ofthe hemicelluloses from the depectinated residues are

shown in Tab. 18.

Tab. 18. Percent distribution of the fractions obtained by extraction ofthe depectinated

residue (DR) of'Glockenapfel' apples at different stages of ripeness.

Fraction unripe ripe stored

iM Hemicellulose (1M)

% ofthe DR 27.2 18.1 12.8

% ofthe AIR 17.6 10.4 8.2

4M Hemicellulose (4M)

% ofthe DR 25.0 24.0 22.9

% ofthe AIR 16.2 13.8 14.7

Cellulosic residue (CR)

% ofthe DR 29.4 43.2 53.6

% ofthe AIR 19.0 24.8 34-4

Total amount

% ofthe DR 81.6 85.3 89.3

The yields for the 4M fraction seem to be constant whereas a decrease was observed for

the iM fraction. Accordingly an increase for the CR was found. The decrease ofthe yield

ofthe iM fraction was mainly due to starch degradation during ripening as no starch

removal was performed on the AIR. The reduction of starch is in agreement with the

results of Berüter [126] who found high amounts of starch three weeks after the "June

drop", still significant a mounts 12 weeks later and a complete absence of starch after two

additional weeks of storage. Yields per 100 g fruit flesh were calculated bythe help ofthe

recoveries ofthe AIR which were published by Fischer [70]. Recoveries were 5.47 g/ioog

fruit flesh for unripe, 2.34 g/ioog for ripe and 2.08 g/ioog for stored apples, respectively.

Thus an overall decrease of the yields per 100g fruit flesh was found for the fractions 1M

and 4M whereas a minimum was reached for the amounts of CR at the ripe stage.

Siddiqui etal. [134] observed a decrease for the contents of extractable hemicelluloses of

applesaswell. In contrasttothe presentwork,theseauthorsdid not extract a 1M fraction

but removed starch prior to extraction.
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4. 2. 2 Characterisation of the 4M hemicellulose fractions

The neutral sugar content as analysed asalditol acetates after Saeman-hydrolysis (3. 5. 3)

and the uronic acid content determined photometrically (3.5.1) are shown in Tab. 19.

Additionally methanolysis was performed (results not shown). As no glucuronic acid was

detected the values found for uronic acid were assumed to reflect the galacturonic acid

content.

The most abundant sugar in the 4M fractions at the three stages of ripeness was glucose

which was not surprising since high amounts of starch and xyloglucan were found in

fraction 4M. The contents of xylose and fucose increased indicating an increase in

xyloglucan during ripening. No general trend was detected for the pectic monomers.

Rhamnose contents increased during ripening and stayed constant during storage,

whereas arabinose reached a maximum at the ripe stage. The level of galactose stayed

constant during ripening but dropped to half the amount during storage. For galact¬

uronic acid a minimum was reached at the ripe stage and its amount increased during

storage. Finally, an increase was observed for the mannose residues indicating a slight

increase of (gluco-)mannan during ripening and storage.

Tab. 19. Neutral sugar and uronic acid content ofthe 4M fractions of'Glockenapfel' at

different stages of ripeness (% ofthe dm of 4M).

Monosaccharide unripe ripe stored

Rhamnose 0.9 1.2 1.2

Arabinose 8.7 13.0 11.6

Galactose 19.0 18.6 9.7

Xylose 6.4 12.2 15.5

Glucose 52.6 27.9 30.0

Fucose 1.3 2.0 2.3

Mannose 3.9 4.9 5.5

Total NS 92.7 79.8 75.7

Galacturonic acid 14.9 11.2 16.2

Most research about the changes during ripening and storage of fruits was focused on

middle lamella pectin. Some results about differences in the pectins ofthe primary cell

wall have been published. However, to our knowledge no publications about the
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ripening-related changes in the pectic polymers ofthe hemicellulose fractions exist.

Differences for CDTA and Na2C03-extracted fractions and the cellulosic residue ofthe

same apple variety caused by ripening have been described by Fischer [70], Wechsler [81],

Oechslin et al. [135], Robbiani [136] and Oechslin [82]. A ripening related loss of galactose

residues was observed for all fractions whereas the arabinose content remained

unchanged. These observations also apply for the 4M fractions.

The MW distribution ofthe 4M fractions at different stages of ripeness was analysed by

HPSEC (Fig. 27). The solutions were filtered prior to chromatography to remove insoluble

material. The filtration procedure was harder to perform on the fraction from unripe

apples and easier for that of stored apples compared to that of ripe apple. Thus the 4M

fraction of unripe apple contained the highest amount of insoluble material. No trend

was observed for the hydrodynamic volume of the mam peak of these fractions. It

decreased during ripening and increased again during storage to reach its initial value.

Remarkably the chromatograms of the unripe and stored apple fractions look almost

identical. Since it is not known how much material and which polymers were removed

during filtration no conclusions can be drawn from these results.
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Fig. 27. HPSEC ofthe soluble part ofthe 4M fractions of 'Glockenapfel' at different

stages of ripeness: unripe, ripe, stored.
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As explained in 4.1. 2 the contents of different polysaccharides in the 4M fraction can be

determined from the results ofthe methylation analyses (Appendix, Tab. V). The results

at all stages of ripeness are shown in Tab. 20.

Accordingly an increase of xyloglucan and a dramatic decrease of starch occurred

confirming the interpretation ofthe results from the neutral sugar analysis. Starch was

determined enzymatica I ly to account for 27.7% ofthe 4M fraction of unripe apples which

is in very good agreement with the results obtained by methylation analysis (Tab. 20).

Although the amount of galactose was shown to decrease considerably, the proportion

of the pectic polysaccharides was almost the same at all stages of ripeness. A similar

trend was observed forthe content of the supposed (gluco-)mannan.

Tab. 20. Types of polysaccharides and their contents in the 4M fractions of

'Glockenapfel'.

Polysaccharide unripe ripe stored

Xyloglucan 35

Pectin 31

Starch 27

(Gluco-)mannan 5

Unassigned 2

56

28

7

7

2

64

28

1

6

1

4. 2.3 Anion exchange chromatography of the 4M hemicellulose frac¬

tions

Anion exchange chromatography of the 4M fractions was performed on a short column

as described in 3.4.1 and yielded two fractions 4MH and 4MP. The fraction 4MH was

shown to contain mainly xyloglucan, while fraction 4MP consisted of a mixture of pectic

polymers and xyloglucan. The yields are shown in Tab. 21.

A slight decrease was observed for the amount of fraction 4MH during ripening whereas

that of fraction 4MP increased during ripening and storage. The overall increase ofthe

recovery supported the observation that with ongoing maturity and senescence less

insoluble material removed by the filtration step is present.
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Tab. 21. Yield:s of fractiions4MH and 4MPafte r chromatogrsjphy ofthe 4M fractions of

'Gloc kenapfeT
'

at different stages of ri peness.

Fractio n unripe ripe stored

4MH 50.2 45.2 45.0

4MP 26.3 37-2 40.0

Total 76.5 82.4 85.0

Both fractions 4MH and 4MP were characterised by HPSEC (Fig. 28) and methylation

analyses (Appendix, Tab. VI). In addition, their uronic acid and neutral sugar compo¬

sitions were determined by methanolysis (results not shown). Results for the 4MH

fractions indicated the presence of starch, (gluco-)mannan and predominantly xylo¬

glucan. The proportions ofthe specific residues within xyloglucan did not change during

ripening and storage.

According to HPSEC (Fig. 28A) no change of the hydrodynamic volume and consequently

ofthe MW distribution ofthe 4MH fraction occurred during ripening. A decrease ofthe

average MW of xyloglucan during growth was observed for some plants [41,137-139].

These changes were attributed to the activities of non-specific endo-i,4-ß-glucanases

and/or a xyloglucan endo-transglycosylase (XET). Although these enzymes may have a

cell wall loosening effect, it is unclear if these changes are correlated to tissue

softening [140]. Accordingtothe results in this work, apple XET does not seem to have a

degrading effect on xyloglucan and might only be responsible for the incorporation of

newly synthesised xyloglucan polymers into the cell wall. Nevertheless, it is possible that

the pectin-associated xyloglucans underwent changes since the hydrodynamic volume

of the fraction 4MP altered during ripening and storage according to HPSEC (Fig. 28B).

All 4MP fractions exhibited two adjacent peaks at calculated MWs of 470 kDa and

240 kDa. The proportion ofthe two peaks changed during ripening as an increase ofthe

average MW was observed. This is quite surprising because the average MWs of apple

pectic polymers were described to stay constant [141] or to decrease during ripening and

storage [142]. For various other fruit a decrease of the average MW was also

observed [143-145]. Apparently this decline ofthe MW does not apply for pectic polysac¬

charides ofthe 4M fractions. However, the peak at a higher MW may have originated due

to the formation of aggregates as discussed in 4.1.4. The calculated average MWof the
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higher molecular peak, which is a I most the dou ble va lue of the average MW of the lower

molecular peak and possibly indicating the presence of a dimer, is supporting this possi¬

bility.
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Fig. 28. HPSEC of the fractions obtained by anion exchange chromatography of the

4M hemicellulose fractions of'Glockenapfel' at different stages of ripeness.

A: 4MH fraction, B: 4MP fraction, unripe, ripe, stored.
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According to methylation analyses of fractions 4MP (Appendix, Tab. VI) an increase ofthe

proportion of xyloglucan was observed which accounts for 5.1% for unripe, 12.3% for ripe

and 41.0% for stored apples. Accordingly a decrease for the proportion of the pectic

polymers was observed. Since xyloglucan polymers do not possess any ionic groups they

were expected to be found solely in the neutral fractions 4MH. The xyloglucans found in

4MP fractions are therefore somehow linked to molecules carrying anionic groups,

possibly to pectic polymers. The observed increase of the proportion of xyloglucan in the

acidic fraction 4MP during ripening and storage might therefore be explained by an

increase of cross-linkages between xyloglucan and pectic polysaccharides, provided

these cross-links really exist as discussed in 4.1. 3.

4. 2.4 Characterisation of the ultrafiltration-retentate XGsok after xy¬

loglucan degradation

The xyloglucan present in the 4M fractions was enzymaticaIly degraded and degradation

products were removed by UF using a membrane with a MWCO of 50 kDa. All fractions

were characterised by HPSEC (Fig. 29), neutral sugar, uronic acid (results not shown) and

methylation analyses (Tab. 22).

The chromatograms of fraction XG5ok (Fig. 29) showed the same trend as observed for

the 4MP fractions (Fig. 28B). Either an increase ofthe average MW ofthe pectic polymers

took place during ripening and storage or the trend for the formation of aggregates

increased.

The results of the methylation analysis of the XG5ok fractions of'Glockenapfel' (Tab. 22)

were in agreement with the results obtained by methanolysis and neutral sugar analysis

as alditol acetates. As expected the XG5ok fractions from unripe and stored apples

exhibited the sa me structura I features as the corresponding fractions of ripe'Glockenap¬

fel'. The degree of branching of the RG backbone remained nearly constant during

ripening; values for fractions of unripe and stored apples were slightly lower than the

one for ripe apples. The amount of rhamnose and galacturonic acid residues increased

during ripening indicating an increase of the proportion of the RG backbone. This

probably occurred due to degradation of some of the side chains during ripening.

Consequently, a decrease ofthe MW during ripening should have been observed by

HPSEC. However, the opposite was the case (Fig. 29).
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Fig. 29. HPSEC ofthe soluble part of the XG5ok fractions of'Glockenapfel' at different

stages of ripeness: unripe, ripe, stored.

The ratio of total arabinose to 1,2,4-Rhap is an indication for changes in the size ofthe

arabinan side chains since it shows how many arabinose residues are present per back¬

bone branching. In the XG5okfractionsthis ratio decreased during ripening and storage

from 18.3 to 13.6 and to 13.2. Assuming the ratio ofthe number of arabinan to galactan

side chains remains constant during ripening and storage, the average dp of the

arabinans can be determined. This ratio was calculated as 23 in 4.1.7. 2. Accordingly, the

average dp of a single arabinan side chain was determined to be 45 for the fraction of

unripe, 34 for that of ripe and 33 for that of stored apples. Thus, a decrease ofthe dp of

the arabinan side chains during ripening and almost no changes during storage can be

postulated.

The amount of galactose residues decreased, mainly due to a decrease of 1,4-Galp. An

opposite trend was observed for 1,3-Galp which was postulated in 4.1.7.1 to be the

residue linking the arabinan chains to the RG backbone. Since the proportion of the

arabinans increased during ripening and storage, an increase for this residue was

expected. The galactan side chains underwent large changes during ripening asthe ratio
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Tab. 22. Glycosyl-linkage composition ofthe XG5ok fractions of unripe, ripe and stored

'Glockenapfel'.

Residues unripe ripe stored

Rhamnose T-Rhap 0.1 0.2 0.2

1,2-Rhap 1-3 1.6 2.2

1,2,4-Rhap 2.2 3-4 3.8

3.6 5-1 5-7

Galacturonic acid T-GalAp 0.2 0.2 0.4

1,4-GalAp 9-9 12.6 20.3

1,3,4-GalAp 0.6 0.8 1-3

10.7 13-7 21.9

Arabinose T-Ara/ 14.7 15-7 16.5

T-Arap 1.0 1.2 0.9

1,2-Ara/ 0.2 0.2 0.5

1,3-Ara/ 2.8 3.8 3.8

1,5-Ara/ 9-5 11.1 12.7

1,2,5-Ara/ 0.9 1.6 1.4

1,3,5-Ara/ 6.6 8.7 9.8

1,2,3,5-Ara/ 3.8 3-5 4.0

39-5 45-9 49-7

Galactose T-Galp 1-3 2.8 2-5

1,3-Galp 0.9 1-5 1.8

1,4-Galp 31.4 19.8 5-4

1,6-Galp 0.2 0.4 0.3

1,4,6-Galp 1.1 2.0 0.6

34-9 26.5 10.6

Xylose T-Xylp 1.1 2.4 2.8

1,4-Xylp 1.9 2.8 3.8

3.0 5-2 6.6

Glucose T-Glcp 0.8 0.6 0.8

1,4-Glcp 5.8 2.0 2.9

1,4,6-Glcp 0.3 0.03 0.1

7.0 2.6 3-7

Fucose T-Fucp 0.1 0.1 0.1

0.1 0.1 0.1

Mannose 1,4-Manp 1.1 0.7 1.4

1,4,6-Manp 0.2 0.1 0.1

1.2 0.8 1-5
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of 1,4-Galp to T-Galp strongly decreased from 24.1 to 7.1 and further to 2.2. Different

structures for the galactan side chains in ripe 'Glockenapfel' were postulated in 4.1: long

linear chains with an average dp of 28 and short side chains with an average dp of 3, most

of both types branched at C-6 near to the connection to the RG backbone. Minor

amounts of short side chains with the sequence ß-D-Galp-(i->-6)-ß-D-Galp-(i->-4)-

ß-D-Galp-(i-»4)-L-Rhap- and minute amounts of a-L-Fucp-(i-»2)-ß-D-Galp-(i->-4)-

ß-D-Galp-(i-*-4)-L-Rhap-were also identified .All these structures are likely to be present

in the fractions of unripe apples as well. However, the long side chains possess a higher

dp compared to those in the fractions of ripe apples. For this reason less 1,4,6-Galp was

detected in the unripe apple fraction. Additionally, only minute amounts of short side

chains are present in unripe compared to ripe apples. During storage most ofthe long

galactan chains were degraded and as a result mainly short galactans were found. A

decrease of 1,6-Galp and 1,4,6-Galp was observed, indicating thatthe galacto-oligomers

with the sequence ß-D-Galp-(i-»-6)-ß-D-Galp-(i->-4)-ß-D-Galp-(i->-4)-L-Rhap- were

further degraded, whereas those with the sequence a-L-Fucp-(i->-2)-ß-D-Galp-(i->-4)-

ß-D-Galp-(i-»4)-L-Rhap-did not change. This was deduced from the presence of T-Fucp

in fraction XG5ok of stored apples.

HG and XGal were shown to be structural components ofthe pectic polymers ofthe 4M

hemicellulose fraction. The HG content increased from 7.1 to 8.6 and to 15.7 mol%. The

precise amounts of XGal could not be calculated as its exact structure is not known.

However, as for HG an increase in the XGal content during ripening and storage can be

postulated.

4. 2.5 Degradation with specific enzymes acting on pectin

Degradation experiments using specific enzymes acting on pectin were performed on

XG5ok fractions obtained from unripe, ripe and stored apples (Fig. 13). The discussion of

the results will focus on the observed changes ofthe pectic constituents. A general

discussion on the presence of glucose and mannose in the different fractions has been

included in 4.1.
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4.2.5.1 Degradation with a mixture of enc/o-i,5-a-L-arabinanase and a-L-arabino¬

furanosidase

Most ofthe arabinans present in fraction XG5ok could be degraded bythe combined

action of an endo-i,5-a-L-arabinanase and an a-L-arabinofuranosidase. Methylation

analyses (Appendix: Tab. IX) were performed on the retentates ofthe UF (fractions

Ara5k). At neither stage of ripeness arabinan degradation was completed. The lowest

decrease ofthe differently linked arabinose residues was measured for 1,3-Ara/ For this

reason this residue was postulated in 4.1.7.1 to be located near the RG backbone.

Arabinan degradation was more efficient when the two enzymes were used in

conjunction with an endo-i,4-ß-D-galactanase (4. 2. 5. 3). Therefore a steric hindrance by

the galactan chains was presumed. As the linear galactans present in the fraction from

stored apples already were degraded, a larger decrease of 1,3-Ara/during arabinan

degradation was expected and actually found. The enzyme preparation was presumed to

possess a galactanase or galactosidase side activity (4.1.7.1). This is supported bythe

observation that the fractions of unripe and ripe apples exhibited a loss of 1,4-Galp,

whereas in stored apples higher amounts were detected in fraction Ara5k compared to

fraction XG5ok. All other residues known to be present in pectic polymers, fucose,

galacturonic acid, rhamnose and xylose were found in higher amounts after

degradation, as expected.

4. 2. 5. 2 Degradation with an enc/o-i,4-ß-D-galactanase

Degradation ofthe XG5ok fractions with an endo-i,4-ß-D-galactanase followed by UF

was carried out. Methylation analyses (Appendix: Tab.X) were performed on the

retentates ofthe UF (fractions Gahok).

The degradation was efficient and most ofthe (1-»^-linked galactans were removed.

Accordingly an increase for arabinose, rhamnose and xylose was observed. The pro¬

portional increase of these sugar residues depended on the 1,4-Galp contents ofthe 4M

fractions. It was highest in thefraction isolated from unripe apples and lowest in the one

obtained from stored apples.

The decrease of galacturonic acid residues was most probably caused by a poly¬

galacturonase side activity ofthe galactanase preparation as discussed in 4.1.7. 2. Fucose

was not detectable after galactan degradation in fractions obtained from unripe, ripe
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and stored apples. This result supports the presence of side chains consisting of a-L-Fucp-

(i-»-2)-ß-D-Galp-(i->-4)-ß-D-Galp-(i-»-4)-L-Rhap- postulated forfraction 4M.

4.2.5.3 Degradation with a mixture of enc/o-i,4-ß-D-galactanase, enc/o-a-i,5-D-ara-

binanase and a-L-arabinofuranosidase

Degradation of arabinans and galactans was performed with a mixture of endo-1,4-

ß-D-galactanase, endo-i,5-a-L-arabinanase and a-L-arabinofuranosidase. Methylation

analyses (Appendix: Tab. XI) were performed on the retentates ofthe UF (fractions

AGiok). Degradation was efficient. Most ofthe (1 —4)-linked galactans were removed

and no linear or branched arabinose residues were detectable. The degree of branching

ofthe RG backbone remained nearly unchanged between 69 and 73% after degradation.

Compared to the degradation experiments with endo-i,4-ß-D-galactanase less 1,3-Galp

was detected at the different stages of ripeness. This indicates that some of the

arabinose residues originally connected toi,3-Galp were split off, transforming the latter

residue into T-Galp. Due to the presumed polygalacturonase side activity of the enzyme

mixture, most ofthe excessive 1,4-GalAp was removed and the ratios of (1 ^2) -linked

rhamnose to 1,4-GalAp increased to almost one. The amounts of 1,3,4-GalAp and xylose

increased at all three stages of ripeness after degradation. This result indicates that the

enzyme preparation did not exhibit a side activity against XGal, which could have been

imaginable as some polygalacturonases were reported to be active on this polymer as

well [146].

4. 2. 5.4 Degradation with a rhamnogalacturonase A

Cleavage ofthe RG backbone was performed using a rhamnogalacturonase A. Two UF

steps were carried out using membranes with MWCOs of 3 kDa and 1 kDa. Methylation

analyses (Appendix: Tab. XII) were performed on the retentates RG3kof the UF (fractions

RG3k). Yields of fraction RG3k were 92.0,76.2 and 41.9% for unripe, ripe and stored apples,

respectively. Since mainly larger side chains are present in this fraction, the decreasing

yields indicate the degradation of neutral sugar side chains by endogenous enzymes

during ripening and storage. Yields of RG3kik fractions were very low and only neutral

sugar analyses by methanolysis were performed (Tab. 23).
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Tab. 23. Neutral sugar and uronic acid contents ofthe RG3kik fractions of'Glockenapfel'

at different stages of ripeness (sum of all residues normalised to 100%).

Monosaccha ride unripe ripe stored

Rhamnose 18.2 16.7 11.9

Galacturonic acid 32.8 37.6 12.2

Arabinose 11.1 6.9 47.8

Galactose 30.9 30.7 10.4

Xylose 1.0 0.7 12.2

Glucose 5-1 6.9 3-9

Fucose 0.3 0.3 0.7

Mannose 0.6 0.2 1.0

Fraction RG3kik was obtained after two UF steps. According to the MWCO of the

membranes used in this step, the MW ofthe polymers present in this fraction range

between 1 and 3 kDa. The ratio of rhamnose to galacturonic acid is below one infractions

of unripe and ripe apples. This is an indication that some HGs were able to pass the first

membrane (MWCO 3 kDa) revealing their MW to be between 1 and 3 kDa which

corresponds to a dp between 5 and 17. For stored apples the ratio of rhamnose to

galacturonic acid is 0.98 indicating that no HG fragments were recovered from the

fraction RG3kik. Small amounts of arabinose are present infraction RG3kik of unripe and

ripe apples and increase to almost 50% during storage. It may be concluded thatthe size

ofthe arabinans decreased during storage. However, as the decrease during storage is

very low, such a large difference for the arabinose contents is amazing. An other possible

explanation is the presence of heterogeneous fragments consisting of an oligomeric

arabinan side chain attached to a fragment ofthe RG backbone which carries one or

more galactan side chains. Since the size ofthe galactan side chains strongly decreased

during ripening and storage, the size of these fragments would accordingly have

decreased. The smallest fragments would therefore be found in the rhamnogalactu¬

ronase degraded fraction of stored apples. The size ofthe fragments might have been

below 3 kDa allowing them to pass the first UF membrane. They would have been

retained in the second UF step and recovered in fraction RG3kik. This could explain the

large increase of arabinose residues in this fraction of stored apples. Although galactans
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were shown to be degraded extensively during ripening and storage (4. 2.4), thefucose-

containing galactans were not affected by the endogenous galactanases since fucose

was found in the fraction RG3kik at all stages of ripeness.

Methylation analyses of RG3k fractions (Appendix: Tab. XII) showed no changes in the

amounts of rhamnose at all stages of ripeness. In contrast, the contents of galacturonic

acid strongly increased during storage. This is in good agreement with the absence of HG

in the RG3kik fraction of stored apples. Conclusions from these observations were

already drawn in the previous paragraph. A degradation ofthe linear galactans present

in the RG3k fractions was observed, which was also found for those of the XG5ok

fractions. Overall, a large decrease ofthe galactose contents during ripening and storage

was found.

4. 2.6 Ripening related changes in the structure ofthe pectic substances

present in the 4M hemicellulose fraction

Changes related to pectic polymers and xyloglucan present in the 4M fractions during

ripening and storage were evaluated. The structure of the pectins was found to be

altered during ripening and storage. The results of methylation analysis have indicated

increasing amounts of xyloglucan to be present in the 4M fractions during ripening and

storage. No changes were observed for the free xyloglucans isolated by anion exchange

chromatography (4. 2. 3), neither in the size nor in the composition of their side chains.

The fraction eluted at a high ionic strength consisted of xyloglucans and pectic poly¬

saccharides and showed an increase in the hydrodynamic volume during ripening which

probably was caused bythe pectins.

Based on the model ofthe fine structure ofthe pectic polymers found in fraction 4M of

ripe 'Glockenapfel', changes during ripening and storage have been looked for. The

following conclusions can be drawn from the experiments carried out with differently

treated fractions:

• The degree of branching ofthe RG backbone did not change during ripening and

storage. This was deduced from the ratio of 1,2,4-Rhap to (1 -»-2) -linked rhamnose.
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• From the amounts of 1,4-Galp and T-Galp as well as from their ratio an extensive

degradation ofthe long (i-^-linked galactan chains during ripening and storage

was deduced. This was the most striking change observed.

• The galacto-oligomer side chains were not degraded during ripening but a degra¬

dation has occurred during storage, as concluded from the results ofthe rhamno¬

galacturonase degradation experiments. Galacto-oligomer side chains containing

fucose were not or only slightly degraded.

• A slight decrease ofthe size ofthe highly ramified arabinan side chains was observed.

• An increase of XGal during ripening and storage was found.

• HGs present in the 4M fraction underwent changes in their size. Changes for their

degree of methylation and acetylation were not looked for since during alkaline

extraction all ester bonds were cleaved. HGs isolated from stored apple fractions

have a dp >17, whereas the dp of HGs isolated from unripe and ripe apple fractions

were in the range between 5 and 17.

• An increase ofthe hydrodynamic volume ofthe pectic polymers during the ripening

process was observed. However, it is not possible to make a statement on an increase

ofthe average MW of these polysaccharides.

4.3 Variety related differences in the hemicellulose

fractions

Softening of apple fruit is known to occur at different rates according to cultivar and

storage conditions, often developing different textures, such as mealiness in the

flesh [45]. As discussed in 4. 2 texture is important in the evaluation of fruit quality and

storage ability and it is necessary to understand the softening mechanisms. Differences

in texture among cultivars are related tothe composition ofthe cell wall polysaccharides,

and their interconnections [45]. Only few investigations related to cell wall changes and

textural properties of different apple varieties at different stages of ripeness have been

carried out [45,65].
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The model of the polysaccharides present in the 4M alkali extracted hemicellulose

fraction and their changes during ripening and storage presented in the previous

chapters was based on the results obtained with the apple variety 'Glockenapfel'. In this

chapter the focus will be on differences between the two apple varieties 'Glockenapfel'

and 'Golden Delicious'. These two varieties were found to develop different textural

characteristics during ripening and storage. The 'Glockenapfel' remains crisp during

storage, whereas the 'Golden Delicious' apple tends to go mealy.

To establish differences between 'Glockenapfel' and 'Golden Delicious', exactly the same

analytical procedure was applied for both varieties at all stages of ripeness. In this

chapter the results obtained for both varieties will be described. Conclusions related to

the structural differences will be drawn and their influence on the texture will be

evaluated.

4.3.1 Extraction ofthe depectinated residues

Extraction yields for 'Golden Delicious' apples are shown in Tab. 24. The results are

similar to those obtained for'Glockenapfel' (Tab. 18). Recoveries ofthe DR fractions were

between 8oand 90%.Yieldsforthe4Mfractionsof'Golden Delicious'werealsoconstant

during ripening and storage but were slightly lower compared to 'Glockenapfel'. The

amount of fraction 1M decreased at an earlier stage and accordingly the amount ofthe

cellulosic residue (CR) wasfound to be higherfor ripe apple fractions.

Tab. 24. Percent distribution ofthe fractions obtained by alkaline extraction ofthe

depectinated residue (DR) of'Golden Delicious' apples at different stages of

ripeness.

Fraction unripe ripe stored

iM Hemicellulose (1M)
% ofthe DR 27-3 12.9 11.6

% ofthe AIR 17.4 7-3 6.7

4M Hemicellulose (4M)
% ofthe DR 21.3 22.5 21.4

% ofthe AIR 13.6 12.7 12.3

Cellulosic residue (CR)
% ofthe DR 34.2 50.7 53.0

% oftheAIR 21.8 28.6 30.6

Total amount

% ofthe DR 82.8 86.1 86.0
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4.3. 2 Characterisation of the 4M hemicellulose fractions

The neutral sugar content as analysed asalditol acetates after Saeman-hydrolysis (3. 5. 3)

and the photometrically determined uronic acid content (3.5.1) are shown in Tab. 25.

Additionally methanolysis (3. 5.4) was performed (results not shown). As no glucuronic

acid was detected, all uronic acids were assumed to be present as galacturonic acid.

Tab. 25. Neutral sugar and uronic acid content ofthe 4M fractions of'Golden Delicious'

at different stages of ripeness (% ofthe dm of 4M).

Monosaccharide unripe ripe stored

Rhamnose

Arabinose

Galactose

Xylose

Glucose

Fucose

Mannose

0.6

6.6

12.7

6.1

38.7

1-5

4.8

0.9

8.4

11.3

12.1

26.6

2-7

5.0

0.7

6.3

8.5

12.2

23-5

2.9

4.4

Total IMS 82.5 81.2 67.6

Galacturonic acid 11.5 14.4 9.1

Due to the high amounts of starch and xyloglucan present in the 4M fraction the most

abundant sugar for both varieties was glucose. The glucose contents of the fractions of

unripe and stored 'Golden Delicious' apples were lower compared to those of 'Glocken¬

apfel'. The contents of xylose and fucose increased during ripening and storage for both

varieties, but a less pronounced increase was detected during storage in fractions ob¬

tained from 'Golden Delicious' apples. This observation was attributed to an increase of

the xyloglucan content during ripening. The distribution ofthe pectic monomers of both

varieties exhibit little variation, however, no consistent trend was observed. Rhamnose

contents increased during ripening and stayed constant during storage, whereas

arabinose reached a maximum at the ripe stage. The levels of galactose were almost

constant during ripening but dropped to half the amount during storage. Compared to

unripe and stored apples, ripe 'Glockenapfel' contained the lowest amounts of

galacturonic acid, whereas in ripe'Golden Delicious'the highest amounts were detected.
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The contents of different polysaccharides present in the 4M fractions at all stages of

ripeness were calculated using the results obtained by methylation analysis (Appendix,

Tab. V) and are shown in Tab. 26.

Tab. 26. Types of polysaccharides and their content in the 4M fractions of'Glockenapfel'

and 'Golden Delicious'.

'Glockenapfel' 'Golden Delicious'

Polysaccharide unripe ripe stored unripe ripe stored

Xyloglucan 35 56 64 31 61 74

Pectin 31 28 28 28 29 22

Starch 27 7 1 37 7 2

(Gluco-)mannan 5 7 6 2 2 2

Unassigned 2 2 1 2 1 0

Accordingly an increase of xyloglucan and a decrease of starch occurred for both

varieties. Although the amount of galactose was shown to decrease, the proportion of

the pectic polysaccharides was almost the same at all stages of ripeness for fractions of

'Glockenapfel'. In contrast, a lower amount of pectic polysaccharides was found for the

4M fraction of stored 'Golden Delicious' apples. It might be speculated that the loss of

pectic substances could be somehow related to the textural differences between

'Glockenapfel' and 'Golden Delicious' apples.

4.3.3 Anion exchange chromatography of the 4M hemicellulose

fractions

Anion exchange chromatography of the 4M fractions of 'Glockenapfel' and 'Golden

Delicious' apples was performed on a short column as described in 3.4.1 and yielded two

fractions 4MH and 4MP. The fraction 4MH was shown to contain mainly xyloglucan

while fraction 4MP consisted of a mixture of pectic polymers and xyloglucan. The yields

ofthe two fractions after the chromatographic step are shown in Tab. 27. Only half the

amount of fraction 4MH of unripe 'Golden Delicious' apples was isolated, compared to

fraction 4MH of unripe 'Glockenapfel'. At the ripe and stored stages, yields were in a

comparable range. A striking difference between the two varieties was observed forthe
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4MP fractions. Values for 'Glockenapfel' increased during ripening, whereas those for

'Golden Delicious' apples decreased. The total recovery was between 60 and 90%, low

values can be explained with removal of insoluble material du ring the filtration step.

Tab. 27. Yields of 4MH and 4MP after chromatography of the 4M fractions of

'Glockenapfel' and 'Golden Delicious' at different stages of ripeness.

'Gl.Dckena pfel'
1'Gold.en Delicious

y

Fraction unripe ripe stored unripe ripe stored

4MH 50.2 45.2 45.0 27.4 54.0 45.2

4MP 26.3 37-2 40.0 34.2 22.6 20.5

Total 76.5 82.4 85.0 61.6 85.9 65.7

The individual fractions were characterised by neutral sugar, uronic acid and

methylation analyses. Based on the results for the methylation analyses ofthe 4MP

fractions (Appendix, Tab.VI) the contents of the different polysaccharides were

calculated as shown in Tab. 28.

Tab. 28. Types of polysaccharides and their content in the 4MP fractions of

'Glockenapfel' and 'Golden Delicious' as determined from the results ofthe

methylation analysis.

'Glockenapfel' 'Golden Delicious'

Polysaccharide unripe ripe stored unripe ripe stored

Xyloglucan 5 12 41 6 17 13

Pectin 73 82 54 63 69 73

Glucan(s) 18 1 1 27 8 8

Unassigned 4 5 4 4 6 6

An increase ofthe proportion of xyloglucan was found during ripening and storage for

the 4MP fractions of 'Glockenapfel'. A possible explanation for this observation was an

increase of cross-linking between xyloglucan and pectic polysaccharides as discussed in

4. 2. 3. The proportion of xyloglucan residues in the 4MP fractions of'Golden Delicious'

apples was found to decrease during storage. This observation might be a possible

indication for a decrease of cross-linking during storage and could explain the textural
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changes of 'Golden Delicious' apples. However, it has to be pointed out that it is still

unclear if such a cross-link between pectic polymers and xyloglucan exists and if so, its

structure has to be identified.

No starch determination was carried out for fractions from 'Golden Delicious' apples.

However, the ratio of 1,4-Glcp to 1,4,6-Glcp indicates a surplus of 1,4-Glcp residues which

could derive from starch. Since starch does not carry any ionic groups it was expected to

co-elute with the neutral polysaccharides in 4MH. Further experiments have to be

performed to reveal the origin ofthe 1,4-Glcp residues, and particularly if they are partof

starch.

4.3.4 Characterisation of the ultrafiltration retentates XGsok after

xyloglucan degradation

The xyloglucan present in the 4M fractions was enzymaticaIly degraded and degradation

products removed by UF using a membrane with a MWCO of 50 kDa. All fractions were

characterised by HPSEC, neutral sugar, uronic acid and methylation analyses (Fig. 30,

Appendix, Tab. VIII).

HPSEC results for the soluble part of fraction XG5okof both varieties at different stages

of ripeness are shown in Fig. 30. The chromatograms revealed high similarities between

the properties ofthe XG5okfractions of'Glockenapfel' and 'Golden Delicious'apples. The

average MW ofthe peaks of both varieties increased during ripening and storage. The

proportion ofthe polymer population eluted between 15 and 17 mL is considerably higher

for fraction XG5ok of unripe 'Glockenapfel' compared to 'Golden Delicious' apples.

Furthermore a difference forthe peaks eluted between 12 and 15 mL was observed, best

visible in the chromatograms of XG5ok fractions at the stored stage. For 'Glockenapfel'

the peak maximum has an average MWof 667 kDa whereas405 kDa were calculated for

'Golden Delicious' apple fractions.
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Fig 30 HPSEC ofthe soluble part ofthe XG5ok fractions at different stages of ripe¬

ness

A 'Glockenapfel', B 'Golden Delicious', unripe, ripe, stored
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Methylation analyses ofthe XG5ok fractions (Appendix, Tab. VIII) reveal the presence of

similar pectic structural elements in 'Golden Delicious' apples and 'Glockenapfel'. The

degree of branching ofthe RG backbone did almost not change during ripening and

storage for both varieties. The average degree of branching was found to be slightly

higher in fractions of'Golden Delicious' apples at 75% compared to 69% determined for

'Glockenapfel'. Amounts of rhamnose increased during ripening for both varieties, they

were generally higher for fractions from 'Golden Delicious' apples. As a strictly

alternating sequence of rhamnose and galacturonic acid was postulated to be present,

the surplus of galacturonic acid was presumed to be derived from HG. The amounts of

HG segments were found to increase for'Glockenapfel'fractions, whereas for those from

'Golden Delicious' apples no trend was detected. HG accounts for 4.5-6.5% for this varie¬

ty. The presence of XGal structures was deduced from the presence of 1,3,4-GalAp. This

structural element was found to increase during ripening and storage for both varieties

and amounts were generally higherfor 'Golden Delicious' apple fractions. In fractions of

both varieties amounts of arabinose between 40 and 55% were detected. In 'Glockenap¬

fel' fractions they were found to increase during ripening, whereas a decrease was ob¬

served in fractions XG5ok of'Golden Delicious' apples. The ratio of total arabinose to

1,2,4-Rhap is an indication forthe average size of the arabinan side chains as it shows how

many arabinose residues are present per backbone branching. This ratio was shown in

4. 2.4 to decrease during ripening and storage for 'Glockenapfel' fractions from 18.3% to

13.6% and to 13.2%, respectively. A larger decrease was observed for 'Golden Delicious' ap¬

ple fractions. Values were 13.3%, 7.4% and 6.2% forthe unripe, ripe and stored apple frac¬

tion, respectively. Thus, a higher degradation ofthe arabinan side chains occurred in

'Golden Delicious' apples during ripening and storage leading to considerably lower av¬

erage sizes ofthe arabinan side chains. A degradation was also observed forthe linear ga¬

lactan side chains during ripening and storage. The ratio of 1,4-Galp to T-Galp decreased

for both varieties. Again the decrease was larger and values were lower for fractions from

'Golden Delicious' apples. The ratio of 1,4-Galp to T-Galp was determined as 5.5,1.6 and

0.9 at the ripe, unripe and stored stage, respectively. For'Glockenapfel'values were 24.7,

7.0 and 2.1. Short galactan side chains containing fucose were found in low amounts in

both varieties at all stages of ripeness.
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4.3. 5 Degradation with specific enzymes acting on pectin

Degradation with specific enzymes acting on pectic polysaccharides was performed on

all fractions of both varieties using the experimental setup as depicted in Fig. 13. These

experiments were performed to confirm the interpretation ofthe results for the XG5ok

fractions. The results ofthe methylation analyses are displayed in the Appendix (Tab. IX-

XII), and can be summarised asfollows.

Compared to the results for the XG5ok fractions no additional structural changes were

revealed bythe results from the degradation with arabinan- and galactan degrading

enzymes.

Partial degradation ofthe pectic backbone with a Rhamnogalacturonase A indicated the

presence of long galactan chains in fractions from 'Golden Delicious' apples even at the

ripe stage, and no complete degradation ofthe galactans took place during the period

studied. The average chain lengths ofthe long galactans of 'Glockenapfel' fractions were

70.3, 19.5 and 3.0 for the unripe, ripe and stored apple fractions, respectively. In RG3k

fractions of 'Golden Delicious' apples the galactan chain lengths decreased as well

during ripening and storage from 45.2 to 24.8 and to 14.7. Interestingly, the chain length

of long galactans in the unripe 'Glockenapfel' fractions was higher, however, their

degradation was more extensive during ripening and storage leading to shorter

galactans compared to'Golden Delicious' apple fractions. In 4. 3.4 it was shown thatthe

average chain length ofthe galactans decreased stronger in XG5ok fractions of'Golden

Delicious' apples compared to 'Glockenapfel'. These results led to the conclusion that in

'Glockenapfel' mainly the long galactan side chains were degraded bythe endogenous

enzymes during ripening and storage while the galacto-oligomers remained nearly

unaffected. For 'Golden Delicious' apples longer galactan chains could still be found at

the stored stage indicating that the intense decrease ofthe average chain length took

place due to degradation ofthe galacto-oligomers.

It remains unclear if the observed differences between 'Glockenapfel' and 'Golden

Delicious' apples with respecttothe degradation of long and short galactan side chains

have an influence on thetextural properties ofthetwo apple varieties. However, it seems

unlikely that the degradation of the short galactan side chains in 'Golden Delicious'

apples lead to a mealytexture, whereasthe degradation ofthe long galactan side chains

in 'Glockenapfel' does not have any influence on the texture of this variety.
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4.3.6 Variety related differences in the structure of the pectic sub¬

stances present in the 4M hemicellulose fraction

Fractionsfrom two different apple varieties ('Glockenapfel' and 'Golden Delicious') were

analysed at three stages of ripeness (unripe, ripe and stored). The pectic polymers

isolated were shown to possess similar structures. Based on the model of the fine

structure of the pectic polymers present in the 4M hemicellulose fractions (4.1),

differences for the two varieties during ripening and storage were developed in 4. 3. The

following structural changes were identified:

• Extraction yields for the fraction 4M were constant for both varieties. Amounts for

'Golden Delicious' apples were slightly, but significantly lower.

• An increase ofthe xyloglucan content and a decrease ofthe starch content during

ripening and storage was observed for both varieties.

• The contents of pectic polymers were found to be constant at all stages of ripeness

except for fraction XG5ok of stored 'Golden Delicious' apples, where a lower amount

was detected.

• Fractions eluted at a high ionic strength by anion exchange chromatography were

shown to contain xyloglucan besides the pectic polysaccharides. Amounts were

similar for unripe and ripe fractions but differed strongly at the stored stage, where

three times more xyloglucan was present in the fraction of'Glockenapfel' compared

to the one of'Golden Delicious' apples. It may be speculated that less cross-links are

present in the 4MP fraction of ripe 'Golden Delicious' apples.

• The degree of branching ofthe RG backbone was found to be slightly higher in

'Golden Delicious' apple fractions. No changes during ripening were observed.

• The content of HG was found to decrease during ripening and storage for 'Glocken¬

apfel' whereas an opposite trend was observed for 'Golden Delicious' apples.

• The amounts of arabinose increased for 'Glockenapfel' fractions and decreased for

those of 'Golden Delicious' apples. Degradation during ripening occurred for both

varieties but was higherfor 'Golden Delicious' apple fractions.
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• Degradation of galactan side chains occurred during ripening and storage for both

varieties. Fractionsfrom 'Golden Delicious' apples experienced a largergalactose loss

than those from 'Glockenapfel'.

• In 'Glockenapfel' mainly the long galactan side chains were degraded bythe endo¬

genous enzymes during ripening and storage while the short galactans were almost

not affected. Although a strong decrease ofthe average length ofthe galactan side

chains was observed for 'Golden Delicious' apples, not fully degraded long galactan

side chains were observed atthe stored stage. Short galactan chains were postulated

to be degraded almost completely during storage.

As shown in the previous paragraph, several structural differences between 'Glocken¬

apfel' and 'Golden Delicious' apples were identified. The 4M fractions accounted for

about 10% of the AIR and the pectic polymers represent only a part of them. It is unclear

if these small proportions of polysaccharides recovered in the 4M alkali extracted

fractions have an influence on the texture. Most ofthe structural changes described

were pre-mentioned in the vast amount of publications dealing with the changes of cell

wall polysaccharides of various fruit during ripening and their possible influence on the

textual properties. Nevertheless, a confirmation for a causal connection between

structural and textural changes is still lacking. Further research on the cell wall poly¬

saccharides has to be performed and new methods need to be developed.
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The aim of this thesis was the structural characterisation ofthe pectic polymers present

in hemicellulose-rich fractions extracted by 4M NaOH solution from the depectinated

residue of the AIR of apples. Samples at different stages of ripeness (unripe, ripe and

stored) from two apple varieties ('Glockenapfel' and 'Golden Delicious') were investi¬

gated. Sampling ofthe apples was performed by Fischer in her thesis [70]. Analysis ofthe

CDTA- and Na2C03-soluble pectic fractions and the cellulosic residues extracted from the

same cell wall preparations was performed by Fischer [70], Wechsler [81], Robbiani [136]

and Oechslin [82]. Investigations involved characterisation of native and enzymatically

degraded fractions by methylation analysis and neutral sugar determination. No

comprehensive analysis involving enzymatic degradation and characterisation ofthe

enzyme-resistant polymers was performed on both NaOH soluble hemicellulosic

fractions. In the present work the missing investigation of fractions from the same cell

wall preparations was performed. Therefore similarities and differences in the structure

ofthe pectic polymers from different fractions will be highlighted and some concluding

remarks will be presented in this chapter.

The results of all analyses strongly depend on the quality of the starting material which

was extracted chemically. In chapter 4.1.3 the isolation of pectin-hemicellulose

complexes is described. It has been postulated that these two polysaccharides are linked

through phenolic compounds [34,37]. However, in this study no UV-absorbance could be

detected during HPSEC of the fractions involved. The concentration of phenolic

compounds could have been below the detection limit. Their presence cannot be

excluded, since small amounts of associated phenolic compounds would be sufficientto

act as cross-linking agents and could have a drastic effect on the physical properties of

the polysaccharides [31]. Renard etal. [38] affirmed thatthese polysaccharide-polyphenol

complexes are probably artefacts due to fast association of apple procyanidins with cell

wall material during extraction, but they could not present any conclusive proof for it.

Nevertheless, the formation of such artefacts should be ruled out and the results should

be revised. One possibility would be HPLC-analysis of the involved fractions for flavan-

3-ols or the selection of a different extraction procedure [38]. In addition, the fractions

investigated in the present work were stored for more than 10 years at -20°C. Only
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speculations can be made about changes taking place during the storage period.

Possibilities are de-esterification of methyl- and acetyl-esters, hydrolysis and ß-elimi-

nation ofthe pectic constituents.

Large amounts of starch were found in the fractions from unripe apples, whereas in

fractionsfrom ripe apples minor amounts of starch were present. Starch degradation of

the AIR prior to further extraction would therefore have been reasonable although the

glucose residues are not assumed to have affected the results. Starch present led to

disadvantages, such as lower values of the other sugar residues for results of the

methylation analysis and uncertainty about the possible presence of short soluble

cellulosic oligomers.

The protein content could not be determined because of insufficient sample material

available. Values for protein in 4M fractions found in other studies varied strongly

between 0.5 and 7.7% [34,97]. It would therefore have been interesting to know the

amino acid composition of these fractions. The presence of extensin or hydroxyproline-

rich glycoproteins could have been assessed for.

Speculations about aggregation taking place in solution during HPSEC measurements

for some fractions were made. An affirmation of this hypothesis could have been

performed with the help ofthe HPSEC Viscotek Triple Detection system equipped with

refractive index detector, viscosity detector and light scattering detector. Unfortunately,

this system was available afterthe experimental phase ofthe present work wasfinished.

The possible formation of aggregates could have been clearly seen. In addition, it should

have allowed the determination ofthe number of branches per repeating unit ofthe

backbone and the size ofthe side chains depending on the size ofthe molecule. This

would have allowed the verification ofthe values of 1,2-Rhap and 1,2,4-Rhap obtained by

methylation analysis.

A model for the pectic polymers present in the fraction 4M of ripe 'Glockenapfel' was

developed in 4.1. 8. Several structural features were proposed based on the results of

methylation analyses and known structures described in literature. However, no

conclusive proof was established for the following features:

* A (1-»-5)-linked backbone was proposed for the pectins from the 4M fractions, but

was not proven conclusively. In contrary, Oechslin [82] postulated a (1 -»3)-linked

backbone for the arabinan side chains present in the pectic polymers from the
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cellulosic residue. Différent structures ofthe arabinan backbone in the 4M fractions

and the cellulosic residues seem unlikely. A degradation ofthe XG5ok fraction with

arabinofuranosidase followed by UFand methylation analysis would probably reveal

this unproven structural feature.

• It was proposed in 4.1.7.1 that some ofthe arabinan side chains are connected

through one or possibly more 1,3-Galp units to the C-4 of some of the rhamnose

residues ofthe RG-backbone. An other possibility would be thatthe 1,3-Galp residues

are connected to the C-6 of some galactose residues ofthe galactan side chains.

Degradation of the fractions XG5ok or Gahok with lithium in diethylamine and

analysis of the products as performed by Lau etal. [113] could reveal the binding sites

of this residue.

• The structure ofthe XGal regions was proposed based on the amounts of 1,3,4-GalAp,

T-Xylp and 1,4-Xylp. Its exact position within the pectic polymer could not be

determined. A degradation of fraction AGiok with rhamnogalacturonase Afollowed

by a chromatographic separation ofthe oligomers could provide XGal fragments

which could be analysed by NMR or MALDI-TOF MS.

• Substantial amounts of HGs were found but the dp of these linear chains could not

be exactly established. Degradation of fraction XG5ok by rhamnogalacturonase A

followed by anion exchange chromatography could have allowed the isolation of

undegraded HGs making them available for a further characterisation.

The investigated 4M fractions of apples were found not to undergo major changes

during growth and ripening. The most distinctive process for both apple varieties was a

loss of (1 —4)-linked galactose, probably caused by endogenous enzymes. In addition, a

slight decrease ofthe size ofthe arabinan side chains was observed. The degree of

branching and composition of the rhamnogalacturonan (RG) backbone was not

subjected to any changes. Since the pectic polymers present in the 4M fractions

constitute only a bout five percent of the total eel I wall material, their responsibility in the

softening process is questionable and, if present, limited. The similarities between the

two varieties 'Glockenapfel' and 'Golden Delicious' are supporting this assumption. A

stronger degradation ofthe pectic polymers ofthe 'Golden Delicious' fractions during

ripening and storage would have been expected, subject to the condition that a causal
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interrelation of structural and textural changes exists.

An increase ofthe amounts of xyloglucan present in the 4M fractions of both varieties

during growth and ripening was observed. This may be an indication for changes in the

number of cross-links - if really present. Nevertheless, this observation cannot explain

the textural changes observed. Cross-links between different polymers may exist, which

undergo changes during growth and ripening. Linkages between pectic polymers and

proteins, pectic polymers and xyloglucan or proteins and xyloglucans are imaginable.

The development of a tentative structure forthe hemicellulose-associated pectins made

available the missing information on the pectic substances isolated by different

extracting agents from apple AIR. This allows the possibility to draw a complete picture

of the pectic substances present in apple cell walls. The CDTA-extracted fractions

(C-fractions) of the same cell wall preparations were analysed by Fischer [70],

Wechsler [81] and Robbiani [136]. They contained large amounts of HG and minor

amounts of RG I and RG II, of which the latter should be renamed to branched HG. Side

chains of RG I consisted of ramified arabinans, type II arabinogalactans and linear ga¬

lactans.

The fractions extracted with Na2C03 at different temperatures (N1- and N2-fractions)

were also analysed by Fischer [70], Wechsler [81] and Robbiani [136]. They were shown to

still contain HG in intermediate amounts, with lower amounts present in the

N2-fractions. Other pectic material identified was RG I and minor amounts of RG II. RG I

principally possessed the same types of neutral sugar side chains as those in the

C-fraction. In addition, arabinogalactan side chains of type I were found to be present.

The structural features of both, the 4M hemicellulose fraction and the cellulosic residue

contain similar structural elements such as RG I carrying side chains of ramified

arabinans and linear galactans. The only difference between these two fractions is HG

which was detected in the 4M fractions but is not present in CR pectin. No or only minute

amounts of arabinogalactan side chains were found. In addition, RG II was absent in both

fractions.

Generally, different trends which follow the increasing strength of the extraction

reagents can be observed. The most significant change was found for HG as its amount

decreased and could finally not be detected in the CR. The proportion ofthe two different

types of arabinogalactan side chains in RG I onlyfollowed a significanttrend in the pectic
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fractions (C-, Ni-and N2-fraclions), since they were not detected in the 4M fractions or in

the CR. The proportion of type I arabinogalactans of RG I increased, whereas that of type

II arabinogalactansdecreased. The amounts of RG II did notfollowa significanttrend; the

highest amounts were detected in fraction N2.

In chapter 4.1. 6 it was mentioned that the degree of branching of RG I increased with

increasing strength ofthe extraction reagents. It was postulated that RG I exists in

different forms with various degrees of branching. It is imaginable that these structures

can be found at different sites within the cell wall.

During ripening and storage two important characteristics were observed. All fractions

exhibited a loss of (i-*4)-linked galactose residues, whereas an increase of (1-»^-linked

galacturonic acid residues was found.

Several questions which raised during this work could not be answered conclusively.

Further studies are necessary to advance the understanding of softening and changes in

the texture of fruit during ripening and storage. Analyses of extracted material are still

important for the structure elucidation of the cell wall polymers. However, no

information on the location of these polymers within the cell wall is available. Therefore

the use of specific antibodies would be a helpful complementary method, which

unfortunately is limited by the availability and specificity of these reagents. Finally,

knowledge about structural changes and enzymes active during ripening is expected to

be enlarged in the near future by results from experiments with transgenic plants.
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Table I Yields ofthe UF of'Glockenapfel' fractions

Fraction unripe ripe stored

XGsok 246 371 521

XG3k 47 29 33

Arask 523 605 672

Gahok 435 525 685

AGiok 225 198 398

RG3k 920 762 419

Table II Yields ofthe UF of'Golden Delicious' apple fractions

Stage of ripeness unripe ripe stored

XGsok 296 321 331

XGsk 79 101 93

Arask 63 2 79 8 62 2

Gahok 451 470 751

AGiok 389 477 418

RG3k 797 538 825



Appendix

Table III Ratio of branched to terminal residues ofthe methylation analysis of'Glockenapfel'

fractions

Fraction unripe ripe stored

4M

4MP

4MH

XGsok

XG3k

Ara 5 k

Gahok

AGiok

RG3k

1 26

110

143

1 01

1 06

090

1 05

095

1 00

183

1 20

135

1 01

1 05

098

1 01

095

1 01

1 60

1 05

145

1 02

096

097

1 02

088

088

Table IV Ratio of branched to terminal residues ofthe methylation analysis of'Golden Delicious'

apple fractions

Fraction unripe ripe stored

4M

4MP

XGsok

XG3k

Ara 5 k

Gahok

AGiok

RG3k

1 04

111

098

1 04

087

1 02

094

1 09

1 04

117

097

097

091

1 05

112

099

124

142

098

096

085

1 02

097

095
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Table V Glycosyl-linkage composition of the 4M fractions

Residues 'Glockenapfel' 'Goldien Delicious
1

unripe ripe stored unripe ripe stored

Rhamnose T-Rhap 04 02 04 02 04 01

1,2-Rhap 04 04 08 03 04 05

1,2,4-Rhap 07 1 0 11 08 19 20

1-5 1.6 23 1.4 27 2.6

Galacturonic T-GalAp 01 01 01 02 03 04

acid 1,4-GalAp 27 29 29 28 39 37

2.8 3-i 3.0 2.9 4.2 4.0

Arabinose T-Araf 48 39 46 47 50 42

T-Arap 03 04 05 1 0 15 05

1,3-Ara/ 05 08 07 05 15 1 2

1,5-Araf 30 29 39 27 44 47

1,2,5-Ara/ 02 05 06 05 07 06

1,3,5-Ara/ 23 27 32 21 36 26

1,2,3,5-Ara/ 13 11 1 2 1 2 1 2 1 0

12.4 12.4 14.7 12.7 17.8 14.6

Galactose T-Galp 17 25 33 11 20 16

1,2-Galp 23 36 50 19 41 46

1,3-Galp 24 31 28 1 2 13 13

1,4-Galp 100 52 18 97 60 33

1,6-Galp 04 07 06 02 04 06

1,3,4-Galp 02 02 nd nd nd nd

1,3,6-Galp nd 03 nd nd nd nd

1,4,6-Galp 05 04 nd 05 02 03

17-5 16.0 13.6 14.5 14.0 11.6

Xylose T-Xylp 56 70 81 49 11 5 120

1,2-Xylp 35 52 60 32 67 79

1,4-Xylp 04 07 09 05 1 0 1 0

9-5 12.9 15.0 8.6 19.1 20.9

Glucose T-Glcp 17 05 05 23 09 07

1,4-Glcp 34 7 19 2 15 5 427 170 15 5

1,2,4-Glcp 02 02 nd nd nd nd

1,3,4-Glcp 05 05 nd nd nd nd

1,4,6-Glcp 130 236 258 106 184 228

50.0 44.0 41.7 55-7 36.3 39.0

Fucose T-Fucp 21 31 38 20 42 52

2.1 3-i 3.8 2.0 4.2 5-2

Mannose T-Manp 01 02 02 nd nd nd

1,4-Manp 40 64 54 19 17 18

1,4,6-Manp 06 07 07 03 nd 02

4.8 7-3 6.4 2.2 1-7 2.1
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Table VI Glycosyl-linkage composition of the 4MP fractions

Residues 'Glockenapfel' 'Gold(en Delicious
1

unripe ripe stored unripe ripe stored

Rhamnose T-Rhap nd 02 02 02 01 01

1,2-Rhap 1 0 16 09 11 1 2 16

1,2,4-Rhap M 33 25 19 44 51

2-5 5.0 3.6 3-3 5.8 6.9

Galacturonic T-GalAp 01 01 02 02 01 01

acid 1,4-GalAp 60 63 54 11 5 45 78

1,3,4-GalAp 06 06 05 04 05 07

6.7 7-1 6.1 12.0 5-1 8.7

Arabinose T-Ara/ 14 0 14 7 11 9 96 137 123

T-Arap 09 11 07 05 16 11

1,2-Ara/ 02 nd nd nd nd nd

1,3-Ara/ 15 33 18 1 2 27 28

1,5-Ara/ 87 106 87 58 11 4 130

1,2,5-Ara/ 11 13 1 2 1 0 15 18

1,3,5-Ara/ 65 105 77 43 90 77

1,2,3,5-Ara/ 35 40 27 25 31 25

36.4 45-5 34-7 24.9 43.1 41.1

Galactose T-Galp 07 24 31 06 18 21

1,2-Galp 07 15 44 05 78 11

1,3-Galp 24 5 1 0 17 1 0 20 2 2

1,4-Galp 02 19 1 37 197 104 103

1,6-Galp nd 03 03 02 nd 06

1,3,4-Galp nd 04 03 03 04 06

1,4,6-Galp 16 M 02 09 06 08

27.8 26.0 13.8 23.2 23.1 17-5

Xylose T-Xylp 13 34 91 1 2 26 34

1,2-Xylp 06 16 55 05 13 18

1,4-Xylp 1 2 18 13 09 34 31

3-i 6.8 15.9 2.6 7-3 8.3

Glucose T-Glcp 1 2 1 2 08 21 13 15

1,4-Glcp 193 28 79 288 99 100

1,3,4-Glcp 04 nd nd nd nd nd

1,4,6-Glcp 18 33 124 26 30 38

22.8 7-3 21.1 33-5 14.2 15-3

Fucose T-Fucp 03 08 29 02 09 1 0

0.3 0.8 2.9 0.2 0.9 1.0

Mannose T-Manp nd nd nd nd nd nd

1,4-Manp 04 01 15 02 06 11

1,6-Manp nd 15 nd nd nd nd

1,4,6-Manp nd nd 03 nd nd nd

0.4 1.6 1.8 0.2 0.6 1.1
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Table VII Glycosyl-linkage composition ofthe XG3kfractions

Residues 'Glockenapfel' 'Gold(en Delicious
1

unripe ripe stored unripe ripe stored

Rhamnose T-Rhap 01 02 03 02 01 02

1,2-Rhap 01 01 02 00 04 05

1,2,4-Rhap 04 03 06 03 15 16

0.6 0.6 1.2 0.5 2.0 2.4

Galacturonic 1,4-GalAp 09 nd 05 07 17 20

acid 0.9 n.d. 0.5 0.7 1-7 2.0

Arabinose T-Ara/ 61 71 11 5 49 102 86

T-Arap 08 08 05 07 13 M

1,2-Ara/ 02 02 02 nd 03 02

1,3-Ara/ 07 M 1 0 08 23 20

1,5-Ara/ 43 54 71 36 76 76

1,2,5-Ara/ 08 1 0 09 08 07 11

1,3,5-Ara/ 29 42 61 2 2 52 49

1,2,3,5-Ara/ 15 19 26 14 19 17

17.2 22.0 29.9 14.6 29.4 27.6

Galactose T-Galp 1 2 1 0 18 21 27 31

1,2-Galp 06 05 06 07 09 11

1,3-Galp 80 108 84 90 69 85

1,4-Galp 33 6 199 32 308 209 118

1,6-Galp 16 17 19 16 1 2 13

1,2,4-Galp nd nd nd nd 02 nd

1,3,4-Galp nd nd nd nd 02 nd

1,3,6-Galp nd nd nd nd 02 nd

1,4,6-Galp 16 07 04 1 2 11 09

46.6 34-4 16.3 45-4 34.2 26.7

Xylose T-Xylp 02 04 03 02 02 03

1,4-Xylp M 16 21 1 2 33 45

1.6 2.1 2.4 1.4 3-4 4.8

Glucose T-Glcp 08 07 04 1 0 08 08

1,4-Glcp 11 6 15 0 14 6 13 5 94 12 2

1,4,6-Glcp 02 04 04 04 03 04

12.7 16.1 15.4 15.0 10.6 13.4

Mannose T-Manp M 18 19 1 2 13 18

1,2-Manp 05 06 05 05 05 06

1,4-Manp 15 1 193 285 166 124 15 7

1,6-Manp 1 0 08 07 11 16 18

1,2,6-Manp nd nd nd nd 04 nd

1,4,6-Manp 25 2 2 27 31 24 32

20.5 24.8 34-4 22.5 18.6 23.2
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Table VIII Glycosyl-linkage composition ofthe XG5ok fractions

Residues 'Glockenapfel' 'Gold en Delicious'

unripe ripe stored unripe ripe stored

Rhamnose T-Rhap 01 02 02 01 03 01

1,2-Rhap 13 16 22 20 16 23

1,2,4-Rhap 2 2 34 38 40 66 74

3.6 5-1 5-7 6.1 8.5 9.8

Galacturonic T-GalAp 02 02 04 01 02 02

acid 1,4-GalAp 99 12 6 203 125 13 1 158

1,3,4-GalAp 06 08 13 08 18 2 2

10.7 13-7 21.9 13.4 15.0 18.2

Arabinose T-Ara/ 14 7 15 7 165 21 2 16 1 14 6

T-Arap 1 0 1 2 09 11 13 09

1,2-Ara/ 02 02 05 04 04 03

1,3-Ara/ 28 38 38 29 43 36

1,5-Ara/ 95 111 127 14 0 144 14 7

1,2,5-Ara/ 09 16 M 02 02 M

1,3,5-Ara/ 66 87 98 83 90 79

1,2,3,5-Ara/ 38 35 40 56 31 26

39-5 45-9 49-7 53.8 48.8 46.0

Galactose T-Galp 13 28 25 19 31 38

1,3-Galp 09 15 18 17 15 19

1,4-Galp 314 198 54 104 48 33

1,6-Galp 02 04 03 03 08 07

1,4,6-Galp 11 20 06 06 04 03

34-9 26.5 10.6 15.2 10.6 10.3

Xylose T-Xylp 11 24 28 M 35 48

1,4-Xylp 19 28 38 18 25 24

3.0 5-2 6.6 3-2 6.0 7-2

Glucose T-Glcp 08 06 08 13 06 05

1,4-Glcp 58 20 29 42 90 62

1,2,4-Glcp nd nd nd 05 nd nd

1,2,6-Glcp nd nd nd 03 05 02

1,4,6-Glcp 03 003 01 01 05 04

7.0 2.6 3-7 6.5 10.6 7-3

Fucose T-Fucp 01 01 01 nd 02 01

0.1 0.1 0.1 n.d. 0.2 0.1

Mannose T-Manp nd nd nd nd 1 0 08

1,2-Manp nd nd nd 04 nd nd

1,4-Manp 11 07 M 13 01 02

1,4,6-Manp 02 01 01 nd nd nd

1.2 0.8 1-5 1-7 1.0 1.0
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Table IX Glycosyl-linkage composition of the Ara5k fractions

Residues 'Glockenapfel' 'G!olden Delicious
1

unripe ripe stored unripe ripe stored

Rhamnose T-Rhap 02 05 03 03 07 06

1,2-Rhap 56 56 71 29 24 30

1,2,4-Rhap 93 12 6 122 71 102 93

15.6 18.7 20.2 10.3 13-3 13.0

Galacturonic T-GalAp 04 05 01 06 06 07

acid 1,4-GalAp 24 3 236 317 258 29 9 33 3

1,3,4-GalAp M 17 27 15 22 36

26.0 25-7 34.6 27.9 32.8 37.6

Arabinose T-Ara/ 13 1 2 17 1 0 07 13

T-Arap 09 09 07 09 06 05

1,2-Ara/ 05 nd 07 07 03 03

1,3-Ara/ 20 32 26 16 19 27

1,5-Ara/ 1 2 19 M 06 06 07

1,3,5-Ara/ 01 07 07 nd nd nd

6.1 8.0 7.8 4.8 4.1 5-5

Galactose T-Galp 47 61 71 54 72 69

1,3-Galp 23 30 19 13 M 11

1,4-Galp 187 160 56 96 75 53

1,6-Galp 09 1 0 09 09 16 nd

1,2,4-Galp 04 03 07 06 06 08

1,4,6-Galp 07 06 06 nd nd nd

27.6 27.1 16.8 17.8 18.4 13.2

Xylose T-Xylp 27 43 65 19 31 75

1,4-Xylp 39 31 53 34 18 29

6.7 7-4 11.8 5-3 4-9 10.4

Glucose T-Glcp 1 0 14 1 0 18 13 11

1,2-Glcp 1 0 nd nd 38 30 2 2

1,4-Glcp 31 21 39 11 7 85 64

1,2,4-Glcp 26 16 07 17 16 1 0

1,2,6-Glcp nd nd nd 38 33 2 2

1,3,4-Glcp nd nd nd 2 2 11 06

7.8 5-1 5.6 25.0 18.8 13-5

Fucose T-Fucp 03 06 04 04 04 02

0.3 0.6 0.4 0.4 0.4 0.2

Mannose T-Manp 60 37 13 71 64 58

1,2-Manp nd 06 02 nd nd nd

1,4-Manp 25 17 08 15 1 0 09

1,2,6-Manp 15 1 0 nd nd nd nd

1,4,6-Manp nd 01 03 nd nd nd

10.0 7-1 27 8.6 7-4 6.7
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Table X Glycosyl-linkage composition of the Gahokfractions

Residues 'Glockenapfel' 'Gold!en Delicious'

unripe ripe stored unripe ripe stored

Rhamnose T-Rhap nd 01 nd nd nd nd

1,2-Rhap 33 25 35 26 25 32

1,2,4-Rhap 68 68 78 56 11 5 109

10.0 9-3 11.3 8.1 14.0 14.1

Galacturonic T-GalAp 02 03 03 02 02 02

acid 1,4-GalAp 83 87 83 104 97 120

1,3,4-GalAp 09 11 M 06 16 17

9-4 10.1 9.9 11.2 11.6 13.9

Arabinose T-Ara/ 24 3 215 208 229 165 15 0

T-Arap 1 2 15 1 2 13 13 1 0

1,2-Ara/ 08 04 06 04 03 04

1,3-Ara/ 37 60 45 44 57 47

1,5-Ara/ 171 15 4 182 14 6 172 158

1,2,5-Ara/ M M 1 2 15 1 2 16

1,3,5-Ara/ 108 128 11 7 95 82 81

1,2,3,5-Ara/ 61 50 36 65 24 27

65.5 64.0 61.7 61.0 52.9 49.2

Galactose T-Galp 1 0 44 15 23 18 42

1,2-Galp 02 03 04 03 02 03

1,3-Galp 15 18 16 M 25 23

1,4-Galp 13 1 0 04 11 16 13

1,6-Galp 05 05 07 03 M 1 0

1,4,6-Galp 04 03 04 03 03 06

5.0 8.4 5-1 5-7 7-7 9.6

Xylose T-Xylp 18 26 34 13 47 56

1,4-Xylp 30 22 40 20 30 26

4.8 4.8 7-4 3-4 7.8 8.2

Glucose T-Glcp 06 05 05 06 04 04

1,4-Glcp 21 1 0 19 77 31 28

27 1-5 2.4 8.3 3.6 3-i

Mannose T-Manp 17 11 11 13 M 13

1,4-Manp 04 02 01 04 02 01

1,6-Manp 05 07 09 07 09 05

2.6 1.9 2.2 2.4 2-5 1.9
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Table XI Glycosyl-linkage com

Residues

Rhamnose 1,2-Rhap

1,2,4-Rhap

Galacturonic T-GalAp

acid 1,4-GalAp

1,3,4-GalAp

Arabinose T-Ara/

T-Arap

Galactose T-Galp

1,3-Galp

1,4-Galp

1,6-Galp

Xylose T-Xylp

1,4-Xylp

Glucose T-Glcp

1,4-Glcp

Mannose T-Manp

1,2-Manp

1,4-Manp

1,2,6-Manp

position ofthe AGiokfractions

'Glockenapfel'

unripe ripe stored

72 58 72

144 171 152

21.6 22.9 22.4

06 09 08

202 22 6 261

23 23 32

23.0 257 30.1

M 19 26

09 09 09

23 2.8 3-5

56 71 59

30 27 24

31 31 15

20 46 18

13.8 17-5 11.5

29 43 66

68 58 56

9.8 10.1 12.2

24 24 23

11 3 65 102

13-7 8.9 12.5

64 46 32

35 1 2 07

33 47 26

26 16 13

15.8 12.1 77

'Golden Delicious'

unripe ripe stored

51 40 48

128 196 193

17.9 23.6 24.1

05 06 13

25 1 22 8 23 8

19 34 24

27-6 26.9 27.5

16 12 20

10 08 32

2.6 2.0 5.2

52 74 74

17 24 45

30 33 28

18 32 32

11.7 16.4 17.8

38 66 52

37 40 52

7.6 10.7 10.4

17 10 17

187 96 89

20.4 10.6 10.7

42 43 17

20 11 10

37 29 16

23 15 n d

12.2 9.8 4.3
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Table XII Glycosyl-linkage composition ofthe RG3k fractions

Residues 'Glockenapfel' 'Gold!en Delicious
1

unripe ripe stored unripe ripe stored

Rhamnose T-Rhap 01 01 02 nd nd 01

1,2-Rhap 04 06 11 05 06 09

1,4-Rhap 06 04 nd 04 04 03

1,2,4-Rhap 11 11 09 1 2 13 13

23 23 2.2 2.1 23 2.6

Galacturonic T-GalAp 02 02 15 02 02 02

acid 1,4-GalAp 72 79 424 75 13 4 218

1,3,4-GalAp 05 1 2 34 11 19 39

7-9 9-3 47-4 8.8 15-5 25.9

Arabinose T-Ara/ 175 184 37 158 136 88

T-Arap 1 0 11 11 1 0 M 1 2

1,3-Ara/ 29 48 40 31 43 36

1,5-Ara/ 11 4 13 4 18 11 3 107 93

1,2,5-Ara/ 19 15 08 18 2 2 16

1,3,5-Ara/ 76 109 19 81 87 65

1,2,3,5-Ara/ 50 44 05 49 29 18

47-4 54-4 137 46.1 43-9 32.9

Galactose T-Galp 04 1 0 05 06 06 06

1,3-Galp 16 18 28 11 04 M

1,4-Galp 281 195 15 271 149 88

1,4,6-Galp 1 2 09 18 1 2 07 07

31-3 23.2 6.6 30.0 16.7 11.5

Xylose T-Xylp 16 2 2 34 1 2 37 65

1,4-Xylp 17 23 52 20 53 76

3-2 4-5 8.7 3-2 9.0 14.0

Glucose T-Glcp 13 1 0 05 09 08 1 0

1,4-Glcp 56 44 200 63 102 11 4

7.0 5-5 20.4 7-2 11.0 12.3

Fucose T-Fucp 01 03 01 01 01 01

0.1 0.3 0.1 0.1 0.1 0.1

Mannose T-Manp nd nd nd 16 03 nd

1,4-Manp 08 06 07 1 0 13 06

0.8 0.6 0.7 2.6 1.6 0.6
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