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STELLINGEN

Kennis van alleen de suikersamenstelling van een heterogeen substraat is niet
voldoende voor een voorspelling van de benodigde enzymen voor de hydrolyse
ervan.

dit procfschrift

De vertaling, die Thibault en Crepeau (1989) geven van de suikersamenstelling
van zonnepitdoppen naar de daarin aanwezige polysacchariden, is gedeeltelijk
onjuist.

Thibault J F, Crepeau B (1989) Sciences des Alimenss 9 405-412

Gezien een aantal methodische tekortkomingen van de methyleringsanalyse is het
gerechtvaardigd om in de literatuur vermelde gegevens over bindingstypes en
daarvan afgeleide polysaccharidestrukturen met scepsis te lezen.

dit proefschrift, hoofdstuk 3

De relevantie van onderzoek naar polysaccharidases voor de enzymatische
versuikering van lignocellulose bevattende grondstoffen of bijprodukten zou
wezenlijk vergroot kunnen worden door met name hun werking op onoploshare
substraten te bestuderen.

dit proefschrift

Succesvolle toepassingen van enzymen in de pulp- en papierindustrie blijken een
nauwkeurige ’fine-tuning’ op basis van fundamentele inzichten te vereisen. Dit
geldt in versterkte mate voor toepassing van enzymen in de veevoederindustrie
waar de problematiek aanzienlijk komplexer is en de huidige kennis van de
systemen veel geringer.

Schinfeld en Behnke (1991) gaan bij de bepaling van de molecuulgrootte van
uronzuur-bevattende oligosacchariden m.b.v. gelfiltratiechromatografie op Biogel
P2 ten onrechte ervan uit, dat deze bij gebruik van water als elutiemniddel hetzelfde
elutievolume hebben als neutrale oligomeren van gelijke polymerisatiegraad.
Schbnfeld A, Behnke U (1991) Die Nahrung 35 749-757

Als gevolg van een deels onjuiste interpretatie van de morphogenese van strangen
in de uiterwaarden alsmede de rivierkundige eisen die aan het huidige winterbed
van de grote rivieren gesteld worden, zal het graven van nevengeulen zoals in het
kader van het ecologisch herstel van de Rijn voorgesteld wordt wel leiden tot een
verrijking aan biotopen maar niet tot een herstel van de oorspronkelijke
morphologie van de uiterwaarden.

De Bruin er al (1987) Ooievaar. De toekomst van het rivierengebied. Sticht. Gelderse
Milieufederatie, Arahem.

Middelkoop H er al (1992) Rapport Geopro 1992.07. Inst.Geogr.Research, Universiteit Utrecht

Het bedroevend lage percentage deelneemsters aan lange fiets-tourtochten of aan
20/40km hardloopevenementen staat geheel niet in verhouding tot hun fysieke
prestatievermogen bij duursport.



9 Het zou de effektiviteit van de samenwerking van industrie en
onderzoeksinstellingen bij gemeenschappelijke projekten ten goede komen als de
betrokken R&D medewerkers voor de duur van het desbetreffende projekt
uitgesioten werden van ’job-rotation’.

10) De door sommige reisorganisaties getoonde aandacht voor nadelige gevolgen van
het tourisme (bijvoorbeeld door steun aan natur- of milieuprojekten in de
gastlanden) zal vermoedelijk in verkooptechnisch opzicht meer opleveren dan voor
het aangegeven doel.

11} De complimentens bedoelde uitspraak 'U spreekt beter Nederlands dan Prins
Bernhard’ zou door een Duitse gesprekspartner wellicht verkeerd opgevat kunnen
worden.

Stellingen behorende bij het proefschrift *Characterisation and enzymic degradation of
non-starch polysaccharides in lignocellulosic by-products. A study on sunflower meal and
palm-kemel meal’ door E.-M.Diisterhoft. Wageningen, 24 februari 1993.
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CHAPTER 1

INTRODUCTION
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Background

Large amounts of by-products from plant origin are produced anually by the
food and agricultural industries. They constitute those parts of crops that arc left
after removal of value-giving components. Examples are beet pulp (residue from
sugar production), straws, cereal brans (milling by-products), wheat- or maize
gluten feed (by-product of the starch industry), spent grain or distiller’s grain
(residue from brewing or distillery), citrus pulp (from fruit or juice industry) or oil
seed meals (residues from vegetable oil production). These residues still contain
considerable amounts of energy, present as various proportions of protein or
structural carbohydrates. Thus, they represent potentially valuable and rencwable
resources which find applications in various areas: a) as direct energy carrier (fuel
production), b) as feedstock for the chemical industry, ¢) as functional ingredients
in the food industry (e.g. thickening agents, (Voragen and Beldman 1990)) or d) as
animal feed compounds (Bisaria 1991, Gacesa and Hubble 1991).

In plant residues, protein and carbohydrates may be present as intraceliular
compounds or, together with lignin, as cell wall constituents. The utilisation of
these resources is only possible after total or partial conversion of the complex
plant materials into peptides or amino acids, oligo- or monosaccharides. In
comparison with chemical or physical processes (e.g. hydrolysis, extraction, stcam-
explosion and various combinations), bio-conversion, i.e. the enzymatic conversion
of these residues, represents an energy-saving, environmentally advantageous
means to modify or degrade the materials. Many studies have been undertaken to
investigate requirements for enzymatic processes (Coughlan 1989 and references
therein, Vallander and Eriksson 1990) and their economic feasibility (Kosaric and
Velayudhan 1991).

Cellulose, hemicellulose and pectic compounds, designated ’non-starch
polysaccharides’, and lignin are the major constituents of plant residues or, more
specifically, of the cell walls they consist of. To effectively attack these structures,
cellulolytic, hemicellulolytic, pectolytic and lignolytic enzyme systems or
microorganisms producing them are required. As indicated by the term
’lignocellulosics’ which is associated with most plant residues, cellulose- and lignin
degradation are considered the most important processes in enzymic conversion.
Many of the above mentioned by-products, however, contain also considerable
amounts of non-cellulosic polysaccharides (e.g. xylans, pectic compounds,
mannans) with potential use for various applications.
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Two examples of such by-products are sunflower (Helianthus annuus L) meal and
palm-kernel (Elaeis guineensis Jacq) meal, the raw-materials studied in this thesis.
These meals are used to limited extents as animal feed compounds. Enzymatic
treatment of feed stuffs may improve their nutritional value by different
mechanisms (Chesson 1987): a) degradation of cell walls resuviting in improved
accessibility or release of intracellular nutrients, b) the direct utilisation of
hydrolysis products of polysaccharides, like glucose formed upon cellulose
hydrolysis, ¢) elimination of anti-nutritional factors, d) influencing physiological
effects exerted by non-starch polysaccharides or by their degradation products
(Graham and Aman 1991, Topping 1991, Annison and Choct 1991). Major
improvements by supplementation with exogeneous enzymes may be expected in
monogastric animals, as these lack the enzyme systems to degrade structural
polysaccharides, while ruminants are hosts to a microflora (Akin 1988) known to
effectively degrade lignocellulosic materials.

The substrates investigated in this study

Palm-oil ranks second in the world’s vegetable edible cil production, next to
soy bean oil; sunflower oil ranks third (Mielke 1986). Two types of oil are
produced from the oil palm, one deriving from the mesocarp of the fruits (palm-
oil, representing about 20% of the harvested fruit bundles) and one from the
kernels (palm-kernel oil, representing about 4% of the fruit bundles) (Salunkhe ez
al 1992). Oil seed meals are the residues obtained after pressing and/or extraction
of the fruits. In 1991 the world production of sunflower meal amounted to 9.6
million tons, that of palm-kernel meal to 1.8 million tons (ISTA 1992). Major area
of utilisation for both meals is in animal nutrition. The macroscopic structure of
both oil-bearing fruits is shown in Fig.1.

Depending on the way of production, the hull content of sunflower meals and,
consequently, their chemical composition and nutritional value may differ
considerably (Salunkhe et af 1992). Sunflower hulls contain about 45% crude fibre
and thus largely contribute to the limited use of the meal in animal diets. For
dehulled meals, crude fibre contents ranging from 20% to 25% have been reported
(Carré and Brillovet 1986, Ibrahim and Zubeir 1991, Musharaf 1991). The profein
content of meals varies between 44% (dehulled) to 25% (undehulled); lysine is the
first limiting amino acid (Boucqué and Fiems 1988). Sunflower meal can be used
as animal feed compound in cattle (Kinard 1975, Richardson and Anderson 1981),
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pig (Baird 1981) and poultry diets (Ibrahim and Zubeir 1991, Musharaf 1991)
provided adequate supplementation is given to balance energy and amino acid
composition.

25-50 mm
20~ 30 mm

1015 mm

25 mm

Figure 1; Macroscopic structure of sunflower and palm-kernel fruits. A: sunflower fruit,
B: trans-section of fruit, showing hull (h)} and seed (s), C: palm-fruit (longitudinal
section) showing mesocarp {mc), endocarp (ec), testa (1) and endosperm (es), D: palm-
kernel. Adapted from Vaughan (1970), with permission,

Palm-kernel meal contains endosperm, testa and the dark endocarp. It has the
lowest protein content of oil seed meals (14% - 20%) and a high proportion of
crude fibre (11%-25%). The low digestibility of its nutrients and a low palatability
limit the inclusion of palm-kernel meal especially in diets for monogastric animals
(Panigrahi and Powell 1991, Onwudike 1986, Ogbonna et a/ 1988, Babatunde et al
1975) and requires proper balancing with other feed compounds.

Fine-structure of the substrates - The plant cell wall

For an understanding of the enzymic degradation of plant materials, the
composition of their cell walls, the arrangement of constituent polymers within the
wall matrix and the morphology of plant tissues must be considered. By using very
different approaches numerous rescarchers have created profound knowledge on the
wide field of plant cell wall composition and structure. It is beyond the scope of
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this introduction to give a comprehensive treatise on this subject. In the following
only a brief summary of the most relevant aspects concerning this study is given,
which does not pretend completeness. The interested reader is referred to
comprehensive descriptions and reviews on plant cell walls by Bacic er a/ 1988,
Brett and Waldron 1990, Darvill er al 1980, Dey and Brinson 1984, Varner and
Lin 1989 and the references therein.

Major cell wall polymers

The main component of plant by-products are cell walls. They are composed
of carbohydrates (which, in contrast to the reserve polysaccharide starch are called
’structural polysaccharides’ or ’non-starch polysaccharides’), protein and lignin.
The major types of polysaccharides occurring (Bacic ef al 1988) are listed below:
Cellulose. This homopolymer is composed of B-(1-4)linked glucopyranosyl units,
which align with a 2-fold screw axis due to intramolecular hydrogen-bonding.
Multiple chains can aggregate by intermolecular hydrogen-bonds to form
microfibrils. Cellulose occurs in different conformations, the amorphous and
crystalline regions varying in proportion according to their origin and tissue type.
Xylans. These polymers have in common a backbone of B-(1—-4)linked
xylopyranosyl residues. According to type and amount of substituents,
arabinoxylans (varying in amount of single-unit side-chains of a-L-arabinofuranose
attached to O-3 or both to O-3 and O-2 of the xylosyl residues), (4-O-methyl)-
glucuronoxylans (with a-(1-+2)linked (4-O-methyl)-glucuronosyl substituents) and
arabino-glucuronoxylans can be distinguished. The xylosyl residues may
additionally be acetylated at position O-2 or O-3.
Mannans. The backbone of this group of polymers is composed of B-(1-+4)linked
mannopyranosyl residues or, in glucomannans, of both glucosyl and mannosyl
residues. Glucomannans occur acetylated at O-2 or O-3 of the mannosyl residues.
Like cellulose, unsubstituted mannans and glucomannans can adopt crystalline
conformations. In galacto(gluco)mannans, single-unit side-chains of o-D-
galactopyranose are attached to O-6 of the backbone units. Increasing degree of
substitution enhances the solubility of these polysaccharides.
Xyloglucans. Like cellulose, xyloglucans possess a backbone of B-(1-4)linked
glucopyranosyl residues. Branching occurs by either single-unit xylosyl residues (-
(1-6)linked to glucose) or by extensions of this xylose side-chain with B-
(1-2)linked galactose, a-(1-2)linked arabinose or the (1-2)linked disaccharide
sequence a-L-fucose-(1-+2)--D-galactose.
Mixed linked B-glucans. In contrast to cellulose in this type of glucan B8-(1-3)-
and B-(1-4)linkages occur in ratios of 1:2 or 1:3. Chains of 3 or 4 contiguous 8-

5
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(1+4)linked glucopyranosy! units are interrupted by B-(1-3)linkages which lead to
a more extended, less ordered conformation than that of cellulose and to relatively
higher solubility.

Pectic polysaccharides. This group of cell wall polysaccharides comprises several
different neutral and acidic polysaccharides, which occur closely associated with
each other in the cell wall. Main building units of pectins are rhamnogalacturonans,
chains of o-(1-»4)linked galacturonosyl residues in which ’smooth regions’, with a
low amount of a-(1-+2)linked rhamnopyranosyl residues inserted in the chain, and
*hairy’ regions, with almost alternating rhamnosyl and galacturonosyl residues,
occur in various proportions. Extended neutral sugar side-chains of B-(1-+4)linked
(arabino)galactans and c-(1-+5)linked (possibly branched through O-3) arabinans
are attached mainly through O-4 of rhamnopyranosyl residues giving rise to highly
branched structures in the ’hairy’ regions. Galacturonosyl residues can be methyl-
esterified on position O-6 and carry acetyl-groups on O-2 or O-3.

Lignin. A major non-carbohydrate compound in plant cell walls is lignin, a
polymer of three phenylpropanoid alcohols, coniferyl-, sinapyl- and p-coumaryl-
alcohol. These building units are linked by a variety of chemical bonds, including
alkyl-aryl, alkyl-alkyl, and aryl-aryl ether bonds and carbon-carbon-linkages,
resulting in a very hydrophobic polymer. The relative proportion of the three
cinnamyl alcohols and of their linkage-mode varies between plant species and tissue
types (Janshekar and Fiechter 1983).

Extensins. These hydroxyproline-rich glycoproteins are major structural wall
proteins. Side-chains containing 1 to 4 arabinofuranosyl residues and single
galactopyranosyl residues are covalently attached to respectively the hydroxyproline
and serine residues of this basic protein (Tierney and Varner 1987).

Interconnections of polymers: Basis for cell wall formation

Evidence for the following types of covalent linkages between different cell
wall polymers has been reported (Bacic et al 1988, Fry 1986): a) polysaccharide-
polysaccharide (linkages via phenolic crosslinks) b) polysaccharide-lignin (via
ether- or ester-linkages of uronosyl-residues or via cinnamic acid bridges), c)
lignin-protein and d) protein-polysaccharide (extensin).

In solution, polysaccharides can associate by non-covalent interactions to form
a three-dimensional network. Highly hydrated regions, where association between
two glycan chains is hindered either by ionic repulsion or by the presence of side
chains, and "junction zones”, linear, unsubstituted regions, where interactions by
hydrogen-bonds or by ionic forces can occur (Rees 1982), determine the stability of
this matrix. Well-known examples for non-covalent interactions are the association
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of galacturonan-chains (egg-box model, Jarvis 1984} or intermolecular hydrogen-
bonding of various polymers to cellulose, like xyloglucan (Hayashi et al 1987),
xylans (Andrewartha e af 1979) and glucomannans (Chanzy 1982).

By covalent or non-covalent interaction the different cell wall polymers form
matrices varying in rigidity, hydrophobicity and porosity (Bacic et al 1988). Both
types of interactions are considered in the current cell wall models (Albersheim
1978, Lamport and Epstein 1983, Talbott and Ray 1992).

Compositional, morphological and taxonomic differences of cell walls

By variations in the types of polymers present and in their degree of
interaction, distinct differences are created between cell wall layers (middle
lamella, primary and secondary cell wall), between cell walls of different tissue
types and between different taxonomic groups, like gymnosperms and angiosperms
and, as subclasses of the latter, between dicotyledenous and monocotyledenous
plants.

Primary cell walls, synthesised after formation of the middle lamella, can be
regarded as a highly hydrated matrix in which exchange of solutes and small -,
molecules is possible. Thus, cells surrounded by a primary cell wall are regarded .
as living cells at the end of their development. Cellulose, deposited in a rather
irregular manner, reinforces the network of non-cellulosic 'matrix’ polysaccharides.
The latter are branched polysaccharides, like pectic compounds and xyloglucans
(prevailing in dicot primary walls) or arabinoxylans and 8-1,3;1,4-linked glucans
(prevailing in monocot primary walls), and structural proteins, extensins.

In contrast, secondary cell walls are deposited in some cell types when the
growth of the primary wall has ceased. They are characterised by highly ordered, .
crystalline cellulose microfibrils and the presence of 4-O-methyl-glucuronoxylans. -
(in dicots), little substituted (glucurono)arabinoxylans (in monocots) = or
glucomannans (in dicots and gymnosperms). An uncommon composition is ..
encountered in secondary thickened cell walls of the endosperm or cotyledons of
certain seeds. Mannans (in palms), xyloglucans (in tamarind) and galactans (in
lupines) are deposited as reserve polysaccharides in the cell walls of these plants.
Certain cell types undergo lignification in primary and/or secondary cell walls, . -
thereby enhancing their mechanical stability and hydrophobicity (Bacic et al 1988).

Unthickened cells with primary walls are present in soft parenchyma tissue,
like in fleshy fruits, cotyledons and legumes. Secondary thickened, lignified cells
are typically found in support tissues (sclerenchyma), that give mechanical strength
to the plant (fibers and sclereids) or conduct nutrients and water (xylem, with
tracheids and vessel elements) (Brett and Waldron 1990).
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Biodegradation of plant cell walls

For the utilisation of by-products, the complex plant cell wall structures have
to be degraded. In nature, this process is mediated by microorganisms or, more
specifically, by the enzymes produced by them. The following overview will focus
on polysaccharide degrading enzymes only; lignolytic enzymes, contributing to
natural decay processes also, are not considered here.

Non-starch polysaccharide degrading enzymes

The diversity of structures encountered amongst cell wall polysaccharides and
their physical and chemical entanglement with each other or with other polymers
requires the action of various enzyme activities for complete hydrolysis. The most
important enzymes, grouped according to their target substrates, are briefly
mentioned below, together with references of recent reviews.,
Cellulolytic enzymes: These include endo-glucanases (E.C.3.2.1.4), exo-
glucanases (cellobiohydrolase, E.C.3.2.1.91) and B-glucosidases (E.C.3.2.1.21). A
profound description of fungal cellulose degradation is given by Coughlan (1990).
Xylanolytic enzymes: Endo-xylanases (E.C.3.2.1.8) and B-xylosidases
(E.C.3.2.1.37) can attack the main chain of different xylans. In addition, the
following activities are required for the removal of substituents: o-L-
arabinofuranosidases (E.C.3.2.1.55), a-glucuronidases (E.C.3.2.1), acetyl esterases
(E.C.3.1.1.6) and ferulic or coumaric acid esterases (Kormelink 1992),
Mannanolytic enzymes: Endo-mannanases (E.C.3.2.1.78) and B-mannosidases
(E.C.3.2.1.25) are activities which hydrolyse the backbone of mannans or
glucomannans. The complete hydrolysis of highly substituted galacto-
(gluco)mannans requires additionally the presence of «o-galactosidases
(E.C.3.2.1.22) (Matheson 1990).
Pectolytic enzymes: These include endo- (E.C. 3.2.1.15) and exo-
polygalacturonases (E.C.3.2.1.67), endo- and exo-pectate-lyases (E.C.4.2.2.2 and
E.C.4.2.2.9), all of which are active on non-methylesterified pectin, endo-pectin-
lyases (E.C.4.2.2.10), which work on highly methylesterified pectins and pectin-
methylesterases (E.C.3.1.1.11), which cleave the methyl ester (Rombouts and
Pilnik 1980). Neutral sugar side-chains of pectins can be hydrolysed by endo- and
exo-arabinanases (E.C.3.2.1.99 and E.C.3.2.1.55) and endo-B-galactanases
(E.C.3.2.1.89). These enzymes are not normally regarded as ’pectolytic enzymes’.
An enzyme, cleaving specifically the linkage between galacturonic acid and
rhamnose, rhamnogalacturonase, has recently been described by Schols et al
(1990).
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Limitations to enzymic plant cell wall degradation

Even though, according to our present knowledge, a suitable set of enzyme
activities should theoretically degrade a given polysaccharide, the actual situation in
intact tissues is far more complicated and the degradability of various plant
materials differs widely. As outlined in the preceeding sections, heterogeneity of
plant residues is not only manifested in non-starch polysaccharide composition, but
also in botanical origin and consequently, in tissue types and cell wall types. The
major part of lignocellulosic materials consists of secondary thickened, lignified
cell walls. The effectivity of hydrolytic enzymes, however, decreases as complexity
and hydrophobicity of the substrates increase. Numerous factors causing this
behaviour, most of which are interrelated, have been discussed (Fan et al 1982): a)
the crystallinity of the substrate, b) its moisture content, ¢) ’porosity’ of the
substrate and accessible surface area, d) lignification, e) (in)solubility, f) shiclding
by and association with other carbohydrate or non-carbohydrate polymers and g)
product inhibition.

Some of these points will be considered in more detail. As outlined before,
primary walls are regarded as highly hydrated matrices. The pore-size, as
estimated in different primary walls, ranges from 3.5nm to 10nm in diameter
(Carpita ef al 1979, Tepfer and Taylor 1981, McCann 1990). Assumptions by the
two former authors about the mass of a globular protein which would theoretically
be able to penetrate such pores vary from 17kDa to 60kDa, respectively.
Polysaccharidases generally have higher molecular masses than the lowest estimate
and some are not globular (Shmuck er a! 1986). If, like in secondary walls, pore
size and hydration arc even more unfavourable, enzyme action most likely remains
surface-restricted, This is reflected in many studies, in which plant materials have
been subjected to in-vivo or in-vitro digestion. Highly lignified structures, like
sclerenchyma and xylem resist microbial degradation (Akin 1989, Grabber and
Jung 1991). Taking into account the compositional differences within cell wall
layers and cell types, it is not surprising that pectic polysaccharides,
characteristically encountered in primary cell walls, are usually found to be most
readily degraded to high extents, whereas the degradability of cellulose and (4-O-
methyl)-glucuronoxylans, typical constituents of secondary walls, is lowest
(Hatfield 1989, Wilson et al 1989).

The shielding of a substrate by association with other cell wall polymers
represents another factor limiting the access of an enzyme to its substrate. An
example is the interdependance of the hydrolysis of hemicellulose or cellulose with
that of pectic polysaccharides (Voragen et al 1980, Renard er al 1991). The
cooperative action of different polysaccharidases is equally important to overcome

9




chapter 1

this limitation and to proceed in a surface-oriented mode of attack.

Pretreatments

To enhance the efficacy of enzymic conversion of lignocellulosic materials,
various pretreatments are applied. They can be grouped into the following classes
or combinations of them: a) physical (e.g. particle size reduction, steam explosion
(Toussaint et al 1991), b) chemical (e.g. acidic, alkaline or oxidative treatments
(Barl et al 1991, Fox et ol 1989, Morrison 1991, Rivers and Emert 1988,
Thompson et al 1992), c) biological (Agosin et al 1986). These processes are
aimed at an increase in available surface area, reduction of crystallinity of cellulose
(or other non-starch polysaccharides), removal of lignin, cleavage or disruption of
covalent and non-covalent bonds and consequent disintegration of the firm cell
walls.

Qutline of this thesis

Of the large amount of literature published on the enzymic conversion of plant
biomass, the majority focusses especially on cellulose-degradation and cellulases.
Considerably less information can be extracted in this context about other non-
starch polysaccharides and their impact on the integral degradation of the residues.
This information is, however, especially important for those materials which are
characterised by a high proportion of non-cellulosic polysaccharides and for their
use in different applications. At the same time, broad-range enzyme preparations
arc marketed for the use as supplement in animal diets. When we started our
research, their implementation was mostly based on empirical findings and effects
were rather unpredictable. Only recently, some working mechanisms have been
revealed by fundamental studies (GrootWassink er al 1989, Bedford and Classen
1992). '

The investigations described in this thesis were conducted to create necessary
knowledge for the development of optimised, tailor-made enzyme-preparations
directed to the degradation of plant cell walls in various agricultural by-products.
Our studies focussed especially on the identification and characterisation of wall
polysaccharides, the detection of structural barriers and on the idf;ntiﬂcati_on of
enzyme activities with potential to overcome these limitations. Particular attention
was paid to the characterisation of reaction products formed, as these may explain
in-vivo effects observed upon enzyme supplementation of animal feeds.

10
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The two by-products investigated represent different taxonomic groups,
sunflower meal belonging to the dicotyledenous and palm-kernel meal to the
monocotylédenous plants and, as was evident from preliminary studies, varied
widely in their non-starch polysaccharide composition.

A prerequesite for any investigation on enzymic degradation is the profound
knowledge of the composition of the substrate. The detailed characterisation of the
non-starch polysaccharides present in both raw materials is described in Chapter 2
and 3. Different types of polysaccharides have been identified in-situ and their
chemical structure and composition were determined after extraction and partial
purification. A quantification of all identifiable non-starch polysaccharides in the
two meals was deduced from the results.

The enzymatic degradation of the cell wall materials was studied by three
broad-range polysaccharidase preparations of different activity-spectra. General
features governing and influencing the enzymic hydrolysis are described in
Chapter 4. This enabled an evaluation of effectiveness and limitations of an
enzymic treatment of the meals.

In Chapter 5, the reaction products solubilised upon treatment with the crude
technical enzyme preparations and with their main fractions obtained from anion-
exchange chromatography are described in detail with respect to their composition
and size. Relations between type of enzyme activity and reaction products are
shown.

In order to control and optimise the enzymatic process and product formation,
the solubilising effect of individual components of the crude enzyme preparations
was studied (Chapter 6). To this end, the preparations were fractionated by
various chromatographic techniques and the most relevant enzyme activities were
(partially) purified. Comparisons are made between the hydrolysis of an intact cell
wall material and of its isolated major hemicellulose constituent, (4-O-methyl)-
glucuronoxylan, in order to evaluate the impact of the primary structure of the
polysaccharide and of cell wall architecture on enzymic action.

The approach and methodology used in this thesis and implications of the
results with regard to other types of by-products and to various areas of application
are discussed in Chapter 7.
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ABSTRACT

Two different chemical methods, sequential extraction with alkali and sodium
chlorite and treatment with 4-methylmorpholine N-oxide (MMNO), were applied to
the extraction of non-starch polysaccharides (NSP) from the enzymatically
deproteinated, water-insoluble cell wall materials of sunflower (Helianthus annuus
L.) meal and palm-kerncl (Elaeis guineensis Jacq.) meal. The NSP content
accounted for 55% (sunflower meal) and 75% (palm-kernel meal) of the cell wall
materials. Neither of the treatments alone was capable of solubilising more than
about half of the original NSP. Combined treatment using alkali/chlorite followed
by MMNO completely dissolved cell wall material from palm-kernel meal, while a
small residue (4% of original NSP) was left in sunflower meal. Loss of NSP
occurred with both methods (total NSP-recovery ranging from 88% for
alkali/chlorite extraction of sunflower to 64% for MMNO extraction of palm-
kernel). Due to differences in solubility revealed upon acidification and/or dialysis,
extracts became subdivided into precipitates and soluble fractions. The sugar
composition of the resulting fractions enabled a tentative identification of the major
non-starch polysaccharides: sunflower meal was found to contain cellulose, (acidic)
xylans, polyuronide-containing fractions and xyloglucan; palm-kernel meal was
found to contain mannans, cellulose and xylans, with the major part of the mannans
originating from the endosperm and the xylans being almost exclusively located in
the endocarp.

INTRODUCTION

Sunflower (Helianthus annuus L) meal and palm-kernel (Elaeis guineensis
Jacq) meal, residues obtained after the extraction of oil, are two examples of
lignocellulosic by-products that are produced in considerable quantities by the food
and agricultural industries. World production in 1989 amounted to 9 million tonnes
of sunflower meal and 1.6 million tonnes of palm-kernel meal (ISTA 1990).
Considerable effort has been directed towards the enzymic conversion of such
materials, enabling their improved utilisation by the feed, chemical or energy
producing industries (Coughlan 1989),

Detailed information about the substrate, i.e. plant cell walls and their
constituent polysaccharides is a prerequisite for a better understanding of the
enzymatic degradation of lignocellulosic materials.
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To date, only a general account of the non-starch polysaccharide composition
of the two materials under investigation has been reported (Brillouet et al 1988,
Thibault et al 1989). Specific polysaccharides have been investigated in related
palm species (El Khadem and Sallam 1967; Saittagaroon et al 1983; Jarvis 1990).
The aim of the present study was the extraction and identification of characteristic
structural polysaccharides from the water-insoluble cell wall material of the two
meals, using methods which extract as completely and non-destructively as
possible.

Since lignified plant materials require severe chemical treatments to solubilise
entirely their constituent polysaccharides, alkaline extraction and delignification
have been applied sequentially (DuPont and Selvendran 1987, Selvendran and
O’Neill 1987). As an alternative the cellulose solvent 4-methylmorpholine N-oxide
(MMNO), previously described as a mild and non-degradative agent for
solubilisation of primary (Joseleau et al 1981} and endosperm (Voragen et al 1987) -
cell walls, but being less effective on lignified tissues (Al Katrib ef al 1988), was
used as extractant.

The present study discusses the preparation of purified cell wall material and
compares the two extraction procedures. Yields, chemical composition and
monomeric sugar composition of cell wall materials and extracted fractions are
presented.

MATERIALS and METHODS

Plant material

Sunflower (Helianthus annuus) meal and palm-kernel (Elaeis guineensis) meal
were provided by Hendrix Nutrition B.V. (Boxmeer, The Netherlands). The two
raw materials were ground in a laboratory mill (Model 100-AN, Peppink & Zn,
Deventer, The Netherlands) to pass a 0.5-mm sieve. They were free of impuritics
as assessed by light microscopy.

Preparation of purified cell wall material (CWM)

The procedure described by Massiot er al (1988) was used with the following
modifications: Meals were defatted by refluxing with hexane for 6h and air dried.
Subsequently they were suspended in 0.1M phosphate buffer, pH 7.0 (100g litre™')
and protease (Pronase Type XIV, Boehringer, Mannheim, Germany) was added
(Smg g'CWM). The suspension was incubated 16h at 30°C with continuous
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stirring. After centrifugation and washing, the treatment was repeated for 6h with a
fresh amount of protease (2.5mg g'CWM). The supernatants were collected after
centrifugation (16000 x g), concentrated in vacuo and freeze dried to give "water
solubles” (WS). The residue (CWM) was washed with buffer and water. It was
then resuspended in 80% ethanol, stirred overnight and finally air dried.

Separation of endocarp and endosperm fractions from palm-kernel CWM

Light microscopic observations confirmed the dark particles of the meal to be
derived from endocarp (brownish coloured, thick walled cells) and the light ones
from endosperm (Vaughan 1970). Sedimentation in water achieved a rough
separation of particles with lower density (endosperm) from the ones with higher
density (endocarp and endocarp/endosperm particles). From the latter fraction those
particles solely consisting of dark (endocarp) material were selected manually after
visual inspection.

Extraction of CWM'’s

The following extraction conditions have been applied either alone or in
sequence: (20g CWM litre! extractant; all alkaline extractions were carried out
under nitrogen with 20mM NaBH, added to the extractant).

(1) 0.05M Na,CO, (with 5SmM EDTA for sunflower CWM) 15h, 4°C
(2) IM KOH 3h, 20°C

(3) 4M KOH 3h, 20°C

(4) NaClO,/HOAc (2% NaClO, (w/w), 0.5% HOAc (v/v)), 2h, 70°C
(5) 1M KOH as in (2)

(6) MMNO (24g g'CWM) 1h, 120°C, (2x)

Extracts were adjusted to pH 5.5 with acetic acid, dialysed and freeze dried.
Precipitates formed upon acidification and/or dialysis were recovered separately by
centrifugation (44300 x g), washed and freeze dried.

MMNO extraction (Voragen et al 1987) was applied to the CWM’s directly
(two cycles) or to the residue remaining after the extraction sequence 1 - 5.
Extracts were dialysed and freeze dried, precipitates and residues were recovered
by centrifugation, washed and freeze dried.

Analytical methods

All values were calculated on a dry weight basis. Moisture content was
determined by Karl-Fischer Titration. The moisture content of freeze dried
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fractions was estimated to be 6.5%. The NSP content of the starting materials was
determined according to Englyst and Cummings (1984). Neutral sugar composition
of CWM’s, residues and exiracts was determined as alditol acetates with inositol as
internal standard ¢hydrolysis and derivatisation according to Saeman et al (1954)
and Englyst and Cummings (1984), respectively). Alditol acctates were separated
on a 3m x 2mm i.d. glass column (packed with Chrom W AW 80 - 100 mesh,
coated with 3% OV275) in a Carlo Erba GC operated at 200°C -and equipped with
an FID.

For the estimation of cellulose the samples were also subjected to direct
hydrolysis with 1M H,S0, (3 h, 100°C) and derivatised as above. The amount of
cellulose was calculated from the difference in the percentage glucose obtained
from measurement with and without the prehydrolysis step.

Uronic acids (AUA = anhydro-uronic acid) were estimated colorimetrically
after Saeman hydrolysis with an automated 3-phenylphenol test (Thibault 1979)
using concentrated sulfuric acid containing 0.0125M Na,B,0,. Values were
corrected for the interference of neutral sugars as determined by GLC.

Lignin was determined as Klason lignin (corrected for ash). Starch was
determined enzymatically using the Boehringer test-kit. Ash was determined by
incineration at 550°C overnight. Protein content was determined by a semi-
automated micro-Kjeldahl method (N x 6.25).

Staining methods used for light microscopy of cell wall material were:
Coomassie Brilliant Blue R250 (Merck, Darmstadt, Germany) for protein, acid
phloroglucinol (1% (w/v) phloroglucine in HCl 15% (v/v)} for phenolic
compounds, Calcofluor White (Polysciences Inc, Warrington, PA, USA) and
Aniline Blue (water-soluble, BDH Chemicals, Poole, UK) for carbohydrates.

RESULTS and DISCUSSION

Preparation of CWM

Fractionation studies on non-starch polysaccharides require an adequate
preparation of cell wall material, removing, as far as possible, protein, starch and
other cytoplasmic constituents. The two meals were found to contain negligible
amounts of starch (0.5% in sunflower meal and 0.1% in palm-kernel meal) but
high amounts of protein (Table 1). In preliminary experiments the optimal
incubation conditions for the enzymic digestion of protein were established. In
contrast to the findings of Massiot er al (1988), the use of phosphate buffer at pH 7
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Table 1

Yields and chemical composition of sunflower and palm-kernel meals and the
corresponding CWM’s (% w/w)

sunflower CWM palm-kernel CWM
meal meal
Yield from meal 59.0 72.6
Composition
Protein 33.0 56 20.3 7.3
Lignin 14.3 20.8 12.0 175
Ash n.dt 54 n.dt 5.0
Carbohydrates
rha 0.6 0.1
fuc 0.2 0.0
ara 5.0 1.5
xyl 10.9 3.0
man 21 571
g 1.4 2.4
glc (cellulosic) 24.6 8.1
(non-cell.) 2.0 09
aua 84 1.5
total NSP 31.2 55.2 50.0 74.6.

led to maximal protein solubilisation without enhanced degradation or loss of pectic
or other polysaccharides compared with treatment with acetate buffer at pH 5.

The chemical composition of the raw materials and CWM’s obtained is given
in Table 1. The efficiency of proteolysis (90% for sunflower meal and 74% for
palm-kernel meal) was similar to that reported by Massiot er al (1988) and
Brillouet er af (1988). The incomplete removal of protein was confirmed by light
microscopy. Although staining was markedly decreased after Pronase trcatment,
both cell walls and cell contents still gave a positive reaction. This implies that
residual protein was either structurally bound in the cell wall or present as
inaccessible cytoplasmic material.

Along with the digestion of protein, small amounts of pectic substances were
dissolved (1.5% to 3% of neutral sugars, mainly arabinose and galactose, and, in
the case of sunflower meal, 5.5% of uronic acids) and recovered in the WS
fractions. However, the recovery of total NSP, ¢alculated from Table |, apparently
equals or even exceeds 100%. It appears that treatment with protease increased the
recovery of neutral sugars as analysed by’ GLC, indicating some "ldoséning effcct”
on the cell wall structure. Intracellular non-starch polysaccharides present in palm-
kernel meal (see also next paragraph), were retained in the preparation and thus
contributed to the "cell wall material” of this meal. '
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Distribution of polysaccharides in different hotanical tissues of palm-kernel
meal

The meals under investigation contain different botanical tissues. In sunflower
CWM, fractions of pericarp (hull) and seed (embryo, testa and endosperm) are
present whereas, in palm-kernel CWM, endocarp (shell) and the large endosperm
{with small embryo) can be distinguished (Vaughan 1970). The sugar composition
of different tissues of sunflower meal has been reported by Sabir er al (1975) and
Thibault ez al (1989). The data from palm-kernel meal, given in Table 2, illustrate
the highly uneven distribution of mannose and xylose in endosperm and endocarp
tissues.

Table 2

NSP composition of endosperm and endocarp fractions
of palm-kernel meal (% w/w)

endosperm endocarp
rha/fuc 0.0 0.0
ara 1.3 1.0
xyl 0.6 19.7
man 71.8 3.7
gal 2.0 0.5
gle 8.8 6.5
ava 1.4 3.1
total NSP 85.9 34.5

The low NSP conient of the latter fraction pointed to a preponderance of non-
carbohydrate constituents. Light microscopic observations, after staining for
phenolic compounds, gave positive reaction only in this endocarp fraction,
indicating lignification of the tissue.

The content and the walls of endosperm cells reacted positively with Aniline
Blue as well as Calcofluor White, both fluorescence stains for carbohydrates.
Purified mannan reacted identically. After alkaline extraction, fluorescence intensity
had decreased considerably in both cell content and walls. Combining these
observations with the sugar composition determined (Table 2), we conclude that
mannans are present both in the walls and the contents of the endosperm cells.

General comparison of extraction methods (Table 3)

For both materials, MMNO extraction achieved a higher solubilisation of NSP
than ACA (alkali/chlorite/alkali). The total recovery of NSP, however, ranging
from 64% to 88%, was slighlty better for the ACA extraction. Loss of NSP must
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have occurred during the extractions. Most likely reasons are degradation by
alkaline conditions, extraction during delignification and losses on dialysis as well
as inaccuracy in gravimetric measurements of small freeze dried fractions.

The solubilisation and recovery of individual sugars varied both with the
extraction procedures and with the meals, indicating different attachment or linkage
of certain sugar residues in the cell walls of the two meals. Recoveries exceeding
100% were determined in some instances for glucose and mannose. An increased
recovery during the analysis of the extracted polysaccharides, in contrast to the
insoluble starting material, might have caused this discrepancy. Saeman hydrolysis
of lignified CWM never achieves complete solubilisation; instecad, a small residue
remains, known to contain essentially lignin and small amounts of ash, protein and
carbohydrate. Underestimation of the sugar content in cell wall samples determined
directly as alditol acetates has been observed previously by Lomax er al (1983).

By contrast, mannose recovery was strikingly low, when treating CWM of
palm-kernel meal with MMNO. The non-degradative character of this chaotropic
solvent is still a matter of discussion. Although MMNO does not degrade oat spelt
xylan (Voragen et al 1987), it is reported to cause mid-chain cleavage of wheat
bran arabinoxylans (Holloway ef al 1985). Recent studies in our laboratory gave
evidence of extensive breakdown of water-soluble arabinoxylans from wheat flour
(unpublished results). The results obtained in the present study further confirm the
assumption of a degradative solubilisation mechanism by MMNO and make it
unsuitable as a mild extractant for certain polysaccharides.

Table 3

Solubilisatior® and recovery® of NSP by ACA and MMNO extraction of CWM from sunflower
meal and palm-kernel meal

solubilisation® recovery®
sunflower palm-kernel sunflower palm-kernel
ACA  MMNO ACA  MMNO ACA MMNO ACA MMNO

rha 85.1 20.0 68.5 100.0 457 73.0 716 320
fuc 100.0  100.0 - - 25 293 - -
ara 59.9 702 73.0 807 8.1 954 78.0 678
xyl 85.6 19.0 733 300 89.9 933 927 776
man 0.0 849 657 998 >100.0 >100.0 78.6 569
gal 739 788 542 959 173 995 80.0 764
gle 14.1 46.4 0.0 85 927 885 >100.0 978
aua 80.8 674 693 744 76.6  52.8 942  66.8
total NSP 446 49.2 57.8 941 88.3 85.6 832 639

! (Initial sugar (NSP) - sugar (NSP) in residue) per 100g initial sugar (NSP)
b (Sugar (NSP) in extract + sugar (NSP) in residue) per 100g initial sugar (NSP)
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