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ABSTRACT

The changes in carbohydrate composition of elongating
Pinus radiata orimary cell walles were investigated.

In the hemicellulose R extracts, 2 large increase in
the percentage of non-starch, non-cellulosic, glucose

was found to occur on cessation of cell-wall elongation.

By fractionation of the hemicellulose R extracts, with

a variety of methods involving orecivnitation from an
aaqueous solution, a xyloglucan was purified. This xylo-
glucan was the major henmicellulose of the Pinus radiats

hypocotyl cell wall.

Characterisation studies on the xyloglucan involved:
ouantitative anslysis of the monosaccharides derived by
nitric acid/urea hydrolysis; identification of the partisl
hydrolysis products derived ty trifluoroacetic acid hydrol-
ysie; ouantitation of the sugar linkages using methylation
by the Vakomori method; and snalyvesis of the =znomeric con-
figuration of component sugars using chromium trioxide
oxidation.

Prom the results a tentative structure has been suggested
for the xyloglucan, consisting of a backbone of B-D-gluco-
pyranose residues linked together by 1-4 glycosidic bonds,
and with sidechains of single xylose residues linked
through C-6 of the glucose units. Galacto and fuco-1,2-
galacto sidechains are a2ttached to some of the xylose
residues, onrobably through the -2 of the xylose.
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CHAPTER 1

INTRODUCTION

The cell wall of plant cells is an intriguing biochem-
ical system that continues to defy definitive characteriz-
ation. Peter Albersheim and his co-workers have recently
completed the most comprehensive characterization of the
composition of the wall of tissue cultured cells (Talmadge
et al., 1973; Bauer et al., 1973; Keegstra et al., 1973).
Nevertheless, the model for the structural arrangements of
these polymers in the wall is still tentative and the exact
roles of the various fractions not well understood (Alber-
sheim, 1976). lNoreover, information on the site and path-
ways of biosynthesis of wall polymers is very incomplete
(Christpeels, 1976).

1.1 Ontogeny Of The Cell Wall

The origin of the cell wall can be traced to the
appearance of the cell plate. This arises through fusion
of vesicles (derived from dictyosomes and containing voly-
saccharides) deposited in the equatorial plane of the
phragmoplast (Newcomb, 1969). These nolysaccharides,
shown to be rich in pectic substances (Northcote and
Pickett-Heans, 1966), become the building materials of the
cell plate, which will contribute significantly to the
middle lamella of the wall deposited by each of the daughter
cells. Deposition of additional wall material follows on
either side of the original plate as well as over the old
mother cell wall.

The wall present during elongation growth is defined
as the primary cell wzll. The primary wall polymers will
ultimately provide resistance in the horizontal direction
to turgor vressure (the in vivo driving force for cell
expansion) and thus contribute to the vertical elongation
of the stem. Secondary wall polymers are deposited onto
the inner primary wall. PRigidity is conferred upon the wall

by the deposition of partially erystalline cellulose
microfibrils at all stages of their development. fThe
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fibrils are embedded in matrix materials imparting
cohesion, strength and rigidity to an otherwise potentially
fluid structure.

When plant cells grow in volume they are extraordin-
arily dynamic, and their wall components cannot be regard-
ed as inert or subject only to passive re-orientation under
pressure. Plant-cell expansion growth is irreversible
and involves a net devosition of most wall materisals,
including cellulose, during growth. It is evident that
both biosynthesis and turnover of wall components are
crucial for shaping plant development.

To -begin to understand cell wall metabolism during
elongation, the structure of the wall itself must be known.

1.2 Cell wWall Constituents

The basic constituents of the cell walls of dicoty-
ledons, monocotyledons and gymnosperms studied to date show
remarkable conservation within groups and considerable
overlap between groups (Burke et al., 1974). TFigure 1 shows
some of the more common sugars which occur as constituents
of the polysaccharides. Major cell wsll fractions have
been described (Preston, 1974) and are listed below:

(1) Pectic substances (extracted by boiling in water for

12 hours or by hot ammonium oxalate)

(2) Hemicellulose (extracted usually by 4N KOH at room
temperature)

(3) Ccellulose (the residue of the above and often extract-
ed with 72% sulphuric acid)

(4) Protein

(5) Lignin

Pectic substances, hemicelluloses and protein make up
the major structural components of the primary cell wall
matrix. Secondary walls have a greatly increased percentage
of cellulose together with hemicellulose and lignin. TLignin
is a characteristic component of secondarily thickened walls
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(Albersheim, 1965) and will only be described briefly.

Wilkie (1979) comments that the division implied by
the variously defined terms hemicellulose, pectic sub-
stances, pentosans, linear and branched xylans, and others
have limited scientific justification. They are useful
laboratory terms insofar as they indicate starting-materials,
procedures, oreconceptions, and objectives in relation to
studies of plantetuffs and their polysaccharides. Wilkie
considers volysaccharides are best described by using
chemical terms relating to their main structural features.
However, much information is conveyed by the use of such
terms as 'hemicellulose' to describe isolated fractions
as it enables comparisons to be made between polysaccharides
from various sources. These terms will be used in this work.

1.2.1 Cellulose

This is the major component of cell walls. Cellulose
usually increases from about 20% of primary cell wall to
40% in mature walls. Tt is a simple linear polymer of

B-1,4-1inked gluconyranose residues. The glucose residues
are oresent in the C1-chair conformation with the hydroxyl
and hydroxymethyl groupns all being in the more stable
equatorial vosition. The degree of polymerisation of
secondary-wall cellulose always remains constant and mono-
disverse in the cell walls of higher vlants with a degree

of polymerisation in wood between 13,000 - 16,000. The
cellulose from primary cell walls however is of a much

lower degree of polymerisation (2,000 - 6,000) and is more
heterogeneous (C6té&, 1977).

1.2.2 Lignin

Lignin is a three-dimensional polymer containing
phenylpropane units linked together by C-0-C and C-C
linkages. In softwoods, most phenylpropane units have one
methoxyl group plus a vhenolic oxygen. ILignin, a component
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deposited with secondary wall thickening, increased from
zero content in cambium cell walls (primary) of all plants,
to about the same content as cellulose in mature softwood
cell walls while in hardwood it reaches only half this
amount (C6té, 1977). Lau et al. (1977) found lignin
formation commences in developing Pinus elliotii hypo-

cotyls only after cessation of cell wall elongation as
would be expected. ZEvidence from several sources, such as
the extraction of lignin-carbohydrate complexes, suggests
that lignin is associated with or is combined with the
matrix substances but not with the framework substance
(coté, 1977).

1.2.3 Protein

Protein is a quantitatively important component of the
cell wall matrix (Lamport, 1965) although its role in eell
wall growth is not firmly established. The cell wall pro-
tein is unusual in that about 30% of its residues are
hydroxyproline (Lamport, 1970), an amino acid confined
almost entirely to the cell wall in plants. Hydroxyproline
is also a major constituent of animal connective tissue
proteins, but is not glycosylated in these situations.

In plant cell walls, L-arabinose oligosaccharides are
attached 0O-glycosidically to most of the hydroxyproline
(Lamport, 1967) and galactose by the same type of linkage

to much of the serine (Lamport et al., 1973; Keegstra et al.,
1973). £ possible structure is given in Fig. 2.

The available evidence is in favour of the cell wall
volysaccharides being connected to the hydroxyproline-
containing protein through the serine residues of this oro-
tein. Due to the bonding of carbohydrate to fragments of
the protein Lamport (1965) has gone as far as naming it
extensin. This postulate, for control of cell wall exten-
sibility, is suoported indirectly by the finding that a
decrease in growth rate is often associated with an increase
in the level of cell wall hydroxyproline (Cleland and
Varlsnes, 1967; Ridge and Osborne, 1970; Sadava et al., 1973).
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Figure 2: Possible Structure 0f Cell Wall Glycoorotein
Segment (From Clarke et al., 1979).
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1.2.4 Pectic Substances

The pectic polysaccharides of higher plants are a
distinctive component of primary, but not secondary, wall
material and are present also in the cell plate and middle
lamella. CSince cell-wall extension is restricted to primary
growth, early theories on its mechanism laid special
emphasis on a possible interrelation of wall plasticity and
pectin metabolism ( Stoddart and Northcote, 1967). However,
cell-wall plasticity cannot be explained solely in terms of
pectin metabolism, which has a specific role in new wall
development.

Pectic substances are dissolved from the cell wall by
aqueous solvents containing calcium chelating agents such as
ethylenediaminetetraacetic acid (EDTA) or ammonium oxalate.
They have been divided up by Asvinall (1973) into three
polymer types.

(1) Neutral Arabinans

These are basically highly branched polysaccharides
with predominantly «-L-arabinofuranose residues present.
They contain &(1-5) and &(1-3) linkages (Fig. 3). They are
usually in small amounts in most higher plants and their
role in seeds and plant cell walls ies not known. The
arabinans have been isolated with arabinogalactan from lemon
peel showing that the highly branched arabinans must be
distinct species which cannot arise from partial degradation
of the more complex neutral volysaccharide (Aspinall, 1973).
(2) Neutral Galactans and/or Arabinogalactans I (or II)

The galactans or arabinogalactans which are found in
association with pectins are most commonly those based on
linear chains of (1-4)-linked B-T-galactopyranose residues
(Fig. 4). It is now apparent, however, that composition
alone does not define structure since arabinogalactans of
type II, similar in composition but of quite different struc-
ture to those of type I, have been found in association
with pectins. Arabinogalactans of type II are most commonly
found in coniferous woods and are particularly abundant in
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Figure 3: General Structure Cf An Arabinan.

—35) = -I.--Araf-( 1=5) = -L-Araf-( 1=>5)= ¢ —L-Araf—( 1—

5 3

[} 2

1 |
cx—I,—Ara.f M—L-Araf

Pisure 4: Structure Cf Galactan.

Arabinogalactans of type I are also characteriged by
essentially linear chains of (1—4) linked chains of
B-D-galactoryranose residues.

~—»4)-B -D-Gal -(1—>4)- B-D-Gal -(1-#4)-B -D-Gal -(1—>
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larches where the polysaccharide is present in the lumen
of tracheids and ray cells rather than as a wall commonent.
Arabinogalactans of this type contain highly branched
structures in which B-D-galactopyranose residues are mutually
joined by (1-3) and (1-6) linkages, the former predominantly
in interior and the latter mainly in exterior chains.

L-arabinofuranose, and to a smaller extent L-arabinopyranosyl
residues, terminate some of the outer chains. The distri-
bution of (1-6) linkages is largely as indicated in Fig. 5
but not necessarily in a completely non-ramified comb-like
structure. Some aratinogalactans of this tyve also contain
terminal units of D-glucuronic acid (or its 4-methyl ether).
(3) Acidic Galacturonans or Galacturonorhamnans

Galacturonans are predominantly composed of linear
chains of 4-linked «-D-galacturonic acid in the pyranose
form (Fig. 6). In nature a large orovortion of the galact-
uronic acid residues are methyl esterified. It is now
apparent that pure galacturonans are of infrequent
occurrence and that the majority of polysaccharides rich in
galacturonic acid contain significant amounts of neutral
sugar substituents. The ?-linked L-rhamnose occurs only in
the interior chains, whereas residues of all other neutral
sugars are encountered in the exterior chains only. Side-
chains containing B-D-galactopyranose and L-arabinofuranose
residues are the most characteristic (Fig. 6). BRBarrett and
Northcote (1965) have shown that these sidechains in avpple
galacturonorhamnan are distributed irregularly in widely
svaced tlocks along the macromolecular chain.

Stoddart and Northcote (1967) have demonstrated a
temporal linkage between the various pectic fractions of
sycamore suspension-culture cell walls. Xnee (1978) has
produced evidence for a spacial arrangement in avovnle fruit
cortical tissue, with a simple polymethylgalacturonate
localised in the middle lamella, while a branched polymethyl-
galacturonate, with sidechains of arabinose and galactose
residues, was concentrated in the primary wall.

Sidechains in acidic galacturonorhamnans of
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Figure 5: Revresentative Structure For Arabinogalactans
Of Type II.
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Figure 6: Structure 0f Galacturonan.
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D-xylopyranose residues alone or with appended D-galacto-
pyranose or L-fucopyranose units have been found as

important structural units in pectins from tissues with
potential for rapid enlargement and/or rapid differentiation,
such as pollen (Bouveng, 1965), cotyledons from soybeans
(Aspinall et al., 1967) and white mustard seeds (Rees and
Wight, 1969). In elongating cell walls, where a fluid

matrix is reouired, it seems that vectic polysaccharides are
high in rhamnose and side-chains and that these decrease in
the vectic substances as the cell ages (Rees and Wight, 1969).
Model building computations for galacturonans indicate that
the insertion of the 2-linked IL-rhamnose unite interrunts the
tendency to form ordered chain conformations (Rees and Wight,
1971). The rhamnose causes ‘'kinking' of otherwise regular
chains forming a zig-zagged structure. This along with side-
chains and de-esterification would prevent the pectic sub-
stances forming gels. This gelling ability depends on the
formation of junction zones (Rees, 1969) where the poly-
uronide chains become aligned and form tightly ordered
microcrystallites. It is highly nossible that these physical
attributes of galacturonorhamnans arising from its structure,
play some role in the reouirement for a fluid matrix in cell
wall elongation.

1.2.5 Hemicelluloses

The term hemicellulose describes a rather indefinite
group that has been variously defined. It usually designates
polysaccharides of low molecular weight which normally occur
in vlant tissues together with cellulose, and which can be

isolated from the original or delignified material by extract-
ion with aqueous alkali. Most of the land plant hemicelluloses
are heteroglycans which have a linear main backbone chain to
which are attached short apvendages of different types of
sugars.

Most hemicelluloses have been isolated from mature cell
walls. We can divide these hemicelluloses into two main types
( Timell, 1964 and 1965):



(i) arabino-(4-0-methylglucurono) xylans(Fig. 7)
(ii) gluco- and galactoglucomannans(Fig. 8)

(i) The xylane make up 10 - 15% of mature softwood and

15 - 20% of hardwood cell-wall polymers. They are generally
cguite large molecules in gymnosperm with a degree of poly-
merisation of 100 - 120. 4-linked B-D-xylopyranose residues
form the xylan backbone. Some of the B-D-xylose residues are
substituted in the C-2 and/or C-3 positions by single unit
side chains of 4-0O-methyl-&-D-glucuronic acid and/or «-L-arab-
inofuranose residues respectively. The distribution of the
acid side chains on the xylose residues is random (Rosell

and Svensson, 1975). In gymnosperms the distribution of the
o-L-arabinose residues along the xylan backbone is probably
also random. Xylaneg in hardwoods generally lack arabinose,
but, instead commonly bear O-acetyl groups at C-3 of the
xylose residues (Timell, 1964).

(ii) Gluco- and galactoglucomannans constitute the bulk of the
gvmmosperm wood hemicellulose but are a minor constituent in
angiosverns.

The water soluble galactoglucomannans are isolated in
feirly low yields from softwoods. They are a2 homogeneous
polymer with ratios of galactose : glucose : mannose of
1 : 1 : 3. PB-D-glucose and B-D-mannose are linked (1-4)
to form the backbone, while «-D-galactonyranose is linked to
the C-6 position of both mannose and glucose residues. The
structure is the same as the alkali-soluble glucomannans,
the main difference being the increase in terminal side
chain gzlactose residues, which may account for the water-
soluble properties of the polymer.

The alkali-soluble glucomannans are the main polysaccha-
rides present in the cell wall of meture softwoods, account-
ing for approximately half the hemicellulose fraction of
coniferous woods. These polysaccharides are structurally
similar to cellulose and seem to be closely associated with
the cellulose molecules in the cell wall. The mannose to



8a

Figure 7: General Formula For Xylans.
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glucose ratio does vary but in most softwood glucomannans it
is about 3 : 1 compared with 2 : 1 in hardwoods. Also present
is terminal D-galactose in quantities up to 5%. Softwood
glucomannans are partially acetylated on either the C-2 or (C-3
position of some of the mannose residues. These ester groups
are lost under the alkaline conditions normally used for
extraction of hemicelluloses.

RPoth the xylans and the glucomannans in mature cell walls
are arranged in paracrystalline array between and in the same
direction as the cellulose microfibrils and are strongly
adsorbed (by hydrogen honding) onto the microfibril surface.
The linear structures of these polymercs allow associations
(as in the formation of microcrystallites) which have a uniting
effect on wall polymers. They may therefore be important
in interactions between the nicrofibrils and the cell wall
matrix.

In some angiosverm seeds, the endosperm cell wall is
greatly thickened by the deposition of galactomannans,
glucomannang or annans as a reserve polysaccharide. The
galactomannans and mannans resemble the galactoglucomannans
and glucomannans of vood, but lack the glucose residues.

1.2.6 Primary Cell ¥ell Hemicelluloses

Studies on primary cell walls have been hampered by
having to deal with more than one type of primary cell wall
and by the presence of secondary wall material. The use of
young growing plants which contain oredominantly a single cell
type with little secondary thickening, together with the use
of suspension-cultured cells, have however, enabled ravid
progress in this area. Studies have shown the presence of a
mixed-1link B-1,3-B-1,4-glucan in monocotyledons and in at
least one dicotyledon. Arabinoxylans have been demonstrated
in monocotyledons with some results suggesting their presence
also in dicotyledons. Xyloglucans have been found in dicot-
yledons.

MASSEY UNIVERSITY
LIBRARY
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™o of these volysaccharides, the B-glucan and the
xyloglucan have been shown to turn over in elongating cell
walls. This observation has led to their intensive invest-
igation recently and is the primary reason for instigating
thie work.

1.2.6.1 Mixed-Tink Glucan

The non-cellulosic mixed-linked B-D-glucan of monocots
has been identified 2s a cell wall component of Zea, Hordeum,

Sorghum, Triticum, Panicum, Arundinaria, Secale, Lolium and
Avena (see Nevins et al. (1978) and refs therein cited).
These polysaccharides are dissociated from the cell wall

matrix of non-endospermic tissue by alkali. They have been
characterised as linear homoglycans with both B-(1-3) and
B-(1-4) glycoeidic linkages. The mean ratio of (1-3) to (1-4)
linkages was estimated at * : 7 (Stone, 1976). Nevins et al.,
(1978) using the very specific Bacillus subtilis and Rhizopus
glucanases found that the cell wall B-D-glucans of five
different grass svecies had 30.4 - 30.9% (1-3) g-D-glucosyl
linkages in the molecules. These enzymes release both
3-0-f-cellobiosyl-D-glucose and 3-0-B-cellotriosyl-D-glucose
with no significant disaccharides present, indicating that

regions of repeating (1-3) glucosidic linkages represent at
most only a small proportion of the totzl glucan complement.
There was at one time some argument as to whether the
nixed-linked glucan was a cell wall constituent (Burke et al.,
1974). Even though the glucan was found to be a component in
vegetative tissues of various monocots (Buchala and Wilkie,
1973; Fraser and Wilkie, 1971) it has been postulated that
this material is a storage product, not a structural wall
component (Burke et al., 1974; Albersheim, 1976). 1In view of
this criticism many workers have now given evidence for the
B-D-glucan being a wall component and not a conseouence of
some molecular association induced during isolation (Wevins
et al., 1977; Wada and Ray, 1978). It is possible that the
analysis of six suspension-cultured monocots by Rurke et al
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(1974), which failed to reveal the presence of the glucan
in all but one species,might be attributed to the use of a
B. subtilis amylase preparation. This prevaration is
comtaminated by a B-D-glucanase capable of degrading only
mixed-link glucans (Nevins et al., 1977). A similar

mixed-link B-D-glucan has been reported from Phaseolus aureus

- a dicot (csee section 1.2.6.5).

1.2.6.2 Arabinoxylan

The other major hemicellulose present in monocot
seedling primary cell walle is an acidic 2rabinoxylan
(Darvill et al., 1978; Buchala, 1974; Wada and Ray, 1978).
These arabinoxylans, like those of mature tissues already
discussed, always contain a linear 1-4 linked xylan backbone.
Frequent sidechains attached mainly at the 3-position (but
2lso at the 2-position) comprise either: (a) single arabino-
furanosyl residues; or (b) single 4-0-methyl glucuronosyl
recidues, (both (a) and (b) are common); or (c¢) arabinose,
¥ylose and/or galactose oligosaccharides; or (d) glucuronic
and galacturonic acid oligosaccharides. Similar arabinoxylans
are found in several species of cultured monocot cells (Burke
et al., 1974) and barley aleurone cells (McNeil et al., 1975).
Some of these polysaccharides may also be acidic arabino-
xylans although that from barley aleurone was reported to
contain no uronosyl residues (McNeil et al., 1975).

The cereal arabinoxylans of both wheat endosperm
(Mares and Stone, 1973) and barley aleurone cell wall
(McNeil et al., 1975) can be separated into fractions with
wide ranging arabinose to xylose ratios, indicating a
highly irregular arrangement of the arabinosyl side groups.
However, the Avena coleoptile glucuronoarabinoxylan yielded
subfractions of similar arabinose : xylose ratio (Wada and
Ray, 1978).
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1.2.6.3 Xyloglucan

The major hemicellulose reported in dicotyledons is
a xyloglucan. Xato and Matsuda (1976) have isolated xylo-
glucan from the hypocotyls of three leguminosae plants;
Phaseolus aureus (mungbean), Glycine max and Vigna sesquiped-

glig. The P. aureus xyloglucan gave glucose, Xylose,
galactose and fucose in the approximate molar ratio of

10 «+ 7 : 2.5 ¢: 1. A xyloglucan shown to turnover in Pisum
sativum stem sections has been isolated and also found to
have similar ratios.

The most thorough structural investigations have been
done on the xyloglucans isolated from suspension-cul tured
cells. Suspension-cultured cells have been grown as an
homogeneous tissue nossessing primary, but no secondary, walls.
These cells also secrete into their culture medium poly-
saccharides that appear to be structurally identical to the
noncellulosic polysaccharides of the cell wall (Albersheim,
1976 and refs cited therein). The major isolated hemicell-
ulose of Acer pseudoplatanus (Bauer et al., 1973), Phaseolus

vulgaris (VWilder and Albersheim, 1973) and Rosa glauca
(Rarnoud et al., 1977) cell-suspension cultures is a

fucogalactoxyloglucan of similar structure to that from
Phaseolus aureus hypocotyl.
The constitutions of a wide range of dicotyledon cell

walls have been examined by methylation analysis. Cell walls
from tomato (Lycopersicon esculentum), soybean (Glycine max),

Red Kidney bean (P. vulgaris) and sycamore cell-suspension
cul tures, as well as from 8-day-old Red Kidney hean hypocot-

yls, all gave gas chromatograms featuring as major peaks the
components of a derivatised fucogalactoxyloglucan. Further,
D. H. Northcote and coworkers have shown isolated sycamore
cambial cell walls to have nearly identical composition to
that of suspension-cultured cells and T. E. Timell and R. W.
Simson found similar results for acspen cambial cell walls
(quoted by Albersheim, 1976 p263). This information has
convinced Albersheim and coworkers that such diverse dicot
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plants as beans, tomatoes and sycamore trees, have
architecturally very similar primary cell walls, containing
a fucogalactoxyloglucan as a major hemicellulose.

Xyloglucan polymers have also been found in the seeds
of many dicot plants. These have been designoted
'amyloids' due to their blue staining pronerty with iodine.
T™wo subgroups are distinguished: (2) Pucogalactoxyloglucans
(fucoamyloids) are found in mustard seed (Gould et al., 1971),
rapeseed (Brassica) hull (Aspinall et al., 1977) and raveseed
meal (Siddicui and Wood, 1977; Theander and !man, 1978);
(b) Galactoxyloglucans have been icolated from the seeds of
Tamarindus indica (Kooiman, 1961; Srivastava and Sinch, 1967),

Tropaeolum majus ( Hsu and Reeves, 1967; isvinall et al.,

1977), Annona muricata I,.. (¥ooiman, 1967) and Sinapis alba
(Gould et al., 1971).
All the xyloglucan polymers isolated have a structure

based on a reveating heoteasaccharide unit which consists of
four residues of B-(1-4)-linked glucose and three residues

of terminal xylose linked to the 6-position of three of the
glucosyl residues. Fucosyl-(1-2)-xylose and galactosyl-(1-2)-
xylose side chains also ~re present in varying provortions in
different species. A generelized structure for this polymer
is shown in ®ig. 9.

1.2.6.4 Callose

Another polysaccharide which seems to play a particularly
dynamic role in cell development is callose, a linear
B-1,3-glucan. Although not generally regarded as a hemi-
cellulose, it is pertinent to consider it at this vpoint.
Callose is widely distributed, not only in the specialised
plasmodesmata of sieve tube pores (Mc Nairn and Currier, 1968)
but also in plasmodesmata generally. It has also been estab-
lished as a polymer of the pollen cell wall eg. in Pinus
mugo (Rouveng, 1963).

Most frecuently, callose is classed as a wound-response
material but experimental evidence also suggests it may
play a role in regulating the intercellular movement of
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Figure 9: General Structure 0f A Fucogalactoxyloglucan.
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substances in plant tissues. (MeNairn and Currier, 1968).
Its dynamism is documented by the cytological studies of
Fulcher et al. (1975). Temmorary depositions of this
p-1,3-glucan are observed in cell plates of cells under-
going cytokinesis and in recently formed transverse cell walls
of newly divided cells from coleoptile, primary leaf and
emerging root tissues. There is little or no evidence of
callose in ungerminated embryos. This suggests that a callose-
like substance may be associated with cell wall formation and
(or) expansion but the role and fate of the polysaccharide
are unknown.

1.2.6.5 Angiosverm Primary Cell Wall

The overall impression emerging is that the matrix
material of monocot and dicot primary walls is rather
different. Fowever, the generalisation that the co-occur-
rence of the mixed-link glucan and arabinoxylan is a dis-
tinctive characteristic of monocot nrimary cell walls while
the xyloglucan is a component of dicot walls, must he quali-
fied by certain facts and observations.

A water-soluble mixed-link B-D-glucan has been revorted
to occur transiently in the hynocotyls of Phaseolus aureus,
a dicot (Buchala and Franz, 1974). This glucan has (1-3)
and (1-4) linked ND-glucopyranosyl residues in the molar

ratio of 1.0 : 1.7.
An arabinoxyloglucan has been isolated from rice
(Oryza sativa) endosperm cell walls (Shibuya and Misaki,

1978). This monocot tissue also contains the expected
mixed-link B-glucan and arabinoxylan. TILabavitch and Ray
(1978) revorted the fractionation of a xyloglucan from the
coleootile of Avena, a monocot. Fnzymatic degradation gave
a pentasaccharide and a trisaccharide that contain xylose
and glucocse in the linkages typical of xyloglucans.

Although no arabinoxylans have been isolated from dicot
primary cell walls there are recults suggesting a minor
presence. An extracellular acidic 1,4-linked xylan was
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isolated from sycamore cell-suspension culture (Keegstra
et al., 1973) while fractions containing a high percentage
of xylose were extracted from lupin hyvpocotyls (Monro et al.,
1976).

It is possible that with detailed analysis of primary
cell walls, the three hemicellulose types will be found
present in a wide range of species but with a considerable
variation in ratios between species. For example, the cell
walls of the starchy endosperm of barley consist of an amor-
phous ground substance avproximately 75% mixed-link B-glucan
and 25% arabinoxylan (Fincher, 1975). 1In contrast, the
princival classes of polymers present in the Avena coleoptile
wall matrix, glucuronoarabinoxylan and mixed-link gluecan,
comprise apvoroximately 55% and 30% of the hemicellulose
fraction respectively, with xyloglucan a minor comnonent
(Labavitch and Ray, 1978).

1.3 Cell wWall Models

The nature of the bonds between the different poly-
saccharide fractions of cell walls is not clearly understood
and the relationshiv between fractions is therefore not
clear. Preston (1974) believes that the majority of bonds
are of three tyves: (a) hydrogen bonds; (b) salt bridges;
and (c¢) Van der Waals forces, with few if any covalent
bonds, while Keegstra et al. (1973) postulated that covalent
bonds were nost common, and they put little emphasis on other
linkages except for hydrogen bonding between xyloglucan and
cellulose. From the foregoing it is obvious that the fine
structure of the wall is controversial. A protein-glycan net-
work, in general, is now supported by the studies of
Albersheim and colleagues (Bauer et al., 1973; Keegstra et al.,
1973; Talmadge et al., 1973). A potentially more specific
dissection of the plant cell wall has been initiated by
these workers, who have used enzymes in combination with
chemical treatment to digest wall components and from this
to deduce the nature of the interaction between the wvarious
subfractions.
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In the emerging victure of the dicotyledonous cell
wall, the cellulose microfibrils are coated with a single
layer of xyloglucan by hydrogen bonding. The xyloglucan
of one fibril may be linked to the xyloglucan of another
fibril by covalent cross-linking through pectic poly-
saccharides Fig. 10. It is however doubtful that covalent
linkages are the only linkage type between matrix polymers
(Monro et al., 1976). A similar arrangement has been pro-
posed for the walls of monocotyledonous plants, exceot that
xyloglucan backbone is replaced by an arabinoxylan backbone
(Burke et al., 1974). The picture for monocot structure is
complicated by the presence of a mixed-linked B-D-glucan
which undergoes rapid turnover during cell wall elongation
(Huber and Nevins, 1979).

It should be emphasized that the above are simple models
of the cell wall based upon analyses of very few cell types,
and it seems likely that further analysis will complicate
the picture.

1.4 Cell Wall Elongation

The biochemically dynamic nature of the orimary cell
wall has been recognised for some time (Lamport, 1970), both
synthesis and breakdown of polysaccharides occurring together
and leading to wall turnover. These processes are known to be
strikingly increased by indole acetic acid (Lampmort, 1970).
In general terms, the mode of cell w2ll elongation in res-
ponse to auxin has been studied from three major points of
view: physical changes in the wall; engymatic or non-enzymatic
wall loosening; and turnover of wall components with synthesis
of new wall material.

1.4.1 Physical Changes

Cleland (1971) has reviewed the considerable progress
made in the study of cell wall physical changes where cell
extencibility is divided into components such as plasticity,

elasticity and 'creep'. He has pointed out the limitations
of the physical measurements and the uncertainty which
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FIGURE 10: Model of Sycamore Primary Cell Wall
(From Albersheim, 1976)
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surrounds the nature of the properties being measured.
Despite this, extension which is promoted by auxin and low
PH can be correlated at least in vpart, with the measured
changes in the physical characteristics of the wall.

1.4.2 Fnzymatic Or Non-engymatic Wall Ioosening

A biphasic growth resvonse has been demonstrated to
occur following auxin anplication (Kohler, 1956) and this
has since been confirmed in many tiescues. The ravid effect
of auxin on cell elongation is considered to be mediated
by wall loosening, new wall synthesis and increased turgor
pressure (Cleland, 1971). There is considerable evidence
that hydrogen ions also catalyze the relaxation of the wall
in a manner similar to that catalyzed by hormones (Adams
et al., 1973%; Evans, 1967; Rayle, 1973). There is also
evidence that the hormones activate ion pumps within the
cell membrane and that these ion pumps lower the nH of the
wall (Cleland, 1971, 1973; Fisher and Albersheim, 1974).
Auxin addition produces such a rapid resvonse that de novo
protein synthesis and de novo polysaccharide synthesis
cannot particinate in this initiation. An hyvothesis based
on these considerations would suggest that the direct action
of the hormones is on the cell membrane, and that the
reactions within the cell wall, which nermit elongation
growth, take vlace more efficiently at oH 5 than at pH 7.
No bonds within the cell wall which would be non-enzymically
degraded at o¥ 5 but which are stable at pH 7 have yet been
found. However, Rayle and Cleland (1972) have shown that
the cell walls of freeze-thawed coleovntile sections are
weaker when buffered at pH 5 than at pH 7 only if the cole-
optile sections have not been subjected to treatments that
would denature enzymes. This supports the idea that the wall-
loosening vprocess is mediated by enzymes that remain active
after freezing. A critiecal catalytic function for wall
enzymes in plants is supvorted by evidence that wall

enzymes play such a role in growth of bacterial cells

(Fiedler and Glaser, 1973).
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Serious limitations have, however, been found in the
interoretations of most studies on enzyme involvement in
wall extension. For example, exogenous application of
enzyme mixtures containing B-1,3-glucanase and cellulare
which was shown to ranidly stimulate elongation of segments
of Avena coleoptile (Masuda and Wada, 1967) or Pisum evni-
cotyl (Wada et al., 1968) could not be repeated by other
workers (Cleland, 1968; Ruesink, 1969; Nevins, 1970).
Also, although Datko and Maclachlan (196€) correlated auxin-
induced swelling with the promotion of cellulase activity
in pea evicotyls, Ridge and Osborne (1969) failed to
observe a similar oromotion under the same conditions.
Thus results give conflicting evidence. As well, such
observations are difficult to interoret unlecss the precise
location and substrate svecificity of the enzyme is known.

1.4.3 Turnover Of Wall Components And Synthesis Of New Wall
Material

Turnover of various wall components is a possible
nechanism whereby bond breakage and therefore wall loosening
night be presumed to occur. Ray (1969) reviewed the then
existing data and concluded that the early turnover studies
were not interpretable for technical reasons related to the
presence of starch, differential solubility of various
fractions and the ill-defined nature of the wall components.

In a recent study of the effect of auxin on turnover
of wall polysaccharides in pea stem segments which had been
prelabelled with 14C—glucose, Labavitch and Ray (19742)
noted that there was no effect of the hormone on turnover
of the majority of the wall carbohydrates, but they did
note changes in a pectinase-degradable xyloglucan. They
found that auxin induced the conversion of an insoluble
wall xyloglucan into a water-soluble form. The release
of the xyloglucan was measurable within 15 min of hormone
treatment, and was dependent upon cellular metabolism but
independent of elongation (Labavitch and Ray, 1974b).
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Subseocuently Jacobs and Ray (1975 and 1976) showed that
acidification could mimic the auxin effect and cause the
release of a water-soluble xyloglucan from cell walls of
Pisum. Labavitch has since demonstrated that the xyloglu-
can turned over in peas is in fact like that revorted in
beans and sycamore (aquoted Albersheim, 1976 p270). Gilkes
and Hall (1977), using gravmetric and pulse chase studies,
demonstrated a turnover of polysaccharides in pea epicotyl
cell walls. Their studies also suggest that auxin promotes
the turnover most notably of a xyloglucan.

With monocots, auxin-induced growth of seedling sections
is accompanied by a significant decrease in a non-cellulosic
glucan component of the cell wall. This has led to suggest-
ions that the glucan is involved in extension growth.
Evidence consistent with the idea that glucan metabolism
serves some role in this process is shown by the fact that
mannitol restricts extension but not glucan metabolism
(Loescher and Wevins, 1973). The results of Masuda and
Satomur (1970) likewise indicate that glucan metabolism
is involved in auxin-induced extension, since certain
Sclerotinia glucanase prevarations appear to mimic, in part,

the action of auxin.
An examination of the B-glucans from Avena sativa,

Triticum vulgare and Hordeum vulgare showed that with

increasing vlant maturity extended turnover occurs. There
was a fall in the value of the ratio of B(1-3) to B(1-4)
linkages, a decrease in the average molecular weight and,
on a weight basis, a decreare in the amount of B-glu:z=n
present in the pnlant tissues (Buchala and Wilkie, 1973 and
refs therein cited).

In order to avoid the removal of hydrolases that are
only loosely associated with walls, glycerol has been used
as a nonagueous medium for cell wall isolation. Indeed,
when incubating cell wall fragments of corn coleopntiles
isolated in glycerol the original weight is considerably
reduced by autolysis; the analysis of the solubilized
polysaccharide has shown that at least 90% of this activity
was attributed to the release of a mixed-linkpg-D-glucan



20

which constitutes as nmuch as 11% of the cell wall
(Kivilaan et al., 1971; Huber and Nevins, 1979).
This autolysis reaction mimics processes which accom-
pany auxin-induced elongation.

These findings implicate the turnover of a B-1,3-B-1,4-
glucan in monocots. As well, Franz (1972) demonstrated
hypocotyls of Phaseolus aureus underwent dramatic decreases

in non-cellulosic glucose contents. This decline was attri-
buted to the loss of a water-soluble mixed-link glucan
(Buchala and Franz, 1974) which was absent from the water-
soluble fraction of older hyvocotyls. However, this de-
crease could also be due to the loss of a xyloglucan shown
to be present in the alkali extract of P. aureus hypocotyls
(Kato and Matsuda, 1976).

It thus appears, that specific wall components such
as this mixed-link B-D-glucan, may impart structural rigidity
to the primary cell wall. The lysis of these volysaccharides
which tskes place during cell elongation may be responsible
for the necessary wall plasticity. In pea epicotyl seg-
ments, wall synthesizing enzymes undergo an increase in
activity with auxin addition eg. B-glucan synthetase under-
goes a two-fold increase. To reconcile these results with
the release of soluble xyloglucan fractions from auxin-
stimulated pea epicotyle (Labavitech and Ray, 1974) one can
propose that wall elongation nroceeds by a "break and revnair"
mechanism. Breaks might be induced by enzymatic or chemical
means with a concomitant releace of chopped out sections.
Turgor would cause separation between breaks and these could
be repaired enzymatically.

It is also possible that cellulose deposition may
undergo a similar process. Maclachlan (1977) points to the
fact that electron microgravhs show fibril terminals readily
visible in walls of algae and bacteria but absent in volants.
Their absence raises the possibility that microfibrils in
growing multicellular tissues extend via an insertion mechan-
ism, wherby precursors are incorvorated in such a way that
breaks never appear. Several observations agree with such a
"cellulose synthetase complex" including the presence of
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potent cellulacse that have been identified bound to the
inner wall in growing regions of many higher plants.

1.5 OQutline Of Present Tnvestigation

The foregoing discussion on primary cell wall structure
and elongetion growth relates almost exclusively to angio-
sperms. Although the structures of gymnosperm wood poly-
saccharides have been fairly extensively studied, the
studies of primary cell walls of gymnosperms have been rel-
atively meagre. Thornber and Worthcote (1961a,b) studied
the monosaccharide composition of volysaccharide fractions
from Pinus ponderosa cambium and Burke et al. (1974) briefly
examined the linkage patterns of the sugar residues in cell

walls of Pseudotsuga menziegii suspension-cul tured cells.

There appear to be no detailed structural studies of primary
cell wall polysaccharides in any gymnosverm.
The growth and vegetative provagation of Pinus radiata

is being investigated in several laboratories (see eg. N.Z.
Forecst Research Institute Annual Report 1977), but in order
to understsnd the biochemical basis of growth in Pinus
radiata it is necessary to understand something of the
estructure and turnover of the nrimary cell wall. Wwith this
in mind, an investigation was initiated on the structure and
turnover of nolysaccharides in the growing hyvocotyl of
Pinus radiatas seedlings.

Since work with angiosverms has implicated a role, in the
cell elongation process, for turnover of either a2 mixed-
link B-glucan or a xyloglucan, a search for a similar poly-
mer in the elongating hyvocotyl of Pinus radiata was under-

taken. The presence of a possible xyloglucan had been
reported in the bark of Picea engelmanni (Ramalingham and

Timell, 1964) and red spruce compression wood ( Schreuder
et al., 1966). Typical xyloglucan oligocsaccharides were
obtained on enzymic hydrolysis of a glucomannan from Pinus
banksiana wood (Perila and Bishop, 1961). In addition, an
acidic B-glucan, laricinan, with 1-% and 1-4 linkages in a
linear backbone,was reported in cell walls of compression
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wood of Larix laricina and in Pinus resinosa xylem ray

parenchyma cell walls. Taricinan was renorted to have a
ratio of 1-3 to 1-4 linkages of 13 : 1 (Hoffmann and Timell,
1972) which differed from the mixed-link B-glucans of mono-
cots and Phaseolus aureus. Other non-cellulosic glucans

reported from Pinus tissues include callose (Pinus sylvestris
phloem, Fu et al., 1972; Pinus mugo pollen, Bouveng, 1963)
and starch. However, no evidence is available in the 1lit-

erature on the occurrence of Xyloglueans or mixed-link glu-
cans or any other rapidly metaboliesing polysaccharides in
elongating gymnosverm cell walls.

Concsequently the project fell into two naturasl cate-
gories. The initial phase was to identify a glucan-type
polymer showing changes in absolute levels during elongation
growth of Pinus radiata hypocotyls. It was therefore neces-

sary to monitor the proportions of glucose and other sugar
residues in pnolysaccharide fractions from hyvocotyle at
different stages of growth, and to distinguish the glucose-
containing component from starch and cellulose.

The second phase of the work was a structural charac-
terisation of the glucan found in the first phase. For thi:a,
methylation analysis, partial hydrolysis and chromium-
trioxide oxidation were all employed in determining sugar
linkages and anomeric configurations.
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MATERIALS AND METHODS

2.1 Materials

Pinus radiata certified seeds were obtained from the

Torest Research Institute, Rotoura. The seeds were sown in
trays of veat/vumice (1 : 1, v/v) potting mixture obtained
from the Plant Physiology Division, D.S.I.P., Palmerston North.

Reagents used in the vresent study were obtained from
the following sources: 2-deoxy-T—-frlucose Grade II, maltose,
N-galactose, rlucose oxidase (®.C., 1.1.3%3.4.), vperoxidase
myoe II (Horseradish) and amyloglucosidase (F.C. 3.2.1.3,
Rhiszopus) from Sigma Chemiczl Comvany, 1'.S.A.

Cetyl trimethyl ammonium bromide (cetavlion), chromium
trioxide (CIOB), (O=-dianicidine, l-arabinoce, galacturonic acid
and barium hydroxide (Be(OH)28H20) from R,T,¥, Chemicals ILtd.,
Poole, England.

Procion blue (M3¢) from I.C.I. (W.Z.) Ttd, dimethyldichloro-
gilane (Renelcote) from Honkine and Williams ILtd 2nd meta-hydro-
xydiohenyl from ®astman, Kodak To., U.S.A4.

All other reagents were obtained from ay and Baker Ltd.,
Dagenham, England or Koch-Light Taboratories Ttd., England.

P.G.0. Reagent was made up as followe:
9.8ml 0.2M sodium phosphate buffer, pF 6.0.
0.1ml 1% o-dianisidine (in 95% ethanol).
0.1ml 0.1% veroxidase (in sodium phosnphate buffer).

?.0mg rlucose oxidase.
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2.2 General Methods

2.2.1 Solvent Exchange Drying

The method uced was based on that of Green (1963).
Polysaccharide material to be dried was suspended succes-
givily in ethanol, methanol and n-hexane. The material was
stirred in two alicuots of each solvent for at least five
minutes each and recovered by centrifugation. Residual
n-hexane was removed in a vacuum descsicator over notassium
hydrovide.

2.,2.2 Gas Tiouid Chromatography

The following columns were used for gas liouid chroma-

togranhy (g.l.c.).

Column A: A stainless steel column, 2m x 2mm I,.D., containing
3% QV-225 coated on Varavort 30, mesh 100-120.

Column R: A glase column, 2.5m x 3mm I.D., containing
3% Sp-2340 coated on 100-120 supelcovnort.

Column C: A glass column, 3m x 3mm I.D., containing
3% WONSS-M (silicone-volyester covolymer) coated
on Gas rThromosorb W (AW-HMDS).

Column D: A glass fibre SCOT (support coated oven tubular)
column, of length 60-80m with 0.5mm I.M,,
containing 2 non-polar liouid phase &™ %0.

Column is Grade T with Neff 40,000+.
(Neff = effective number of theoreticzl plates).

The g.l.c. columns were fitted in the following:

Column A was used in the Varian 1400 aserogravh fitted
with a flame ionisation detector (FID).

Columns B and ¢ were fitted into the Pye 104 gas
chromatograph (FID).

Both machines used nitrogen as a carrier gas with a
flow rate of 30ml/min through the column and overated
isothermally for the sevaration of alditol acetates. For
the sevaration of psrtially methylated alditol acetates
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both temperature vrogramming and isothermal overation
were used,
Column D was used in the 7Varian 2700 serogravh (FID)
which used a carrier gas (hydrogen) flow rate of
7 ml/min and overated isothermally (?1006). Only trimethyl-
silylated derivatives were sevarated on this column.

2.2.3 Gas Liouid Chromatograohy - Mass Svnectrometry

¥or gas liocuid chromatography - mass spectrometry
(GC=MS), column A was used in a Varian 1740 gas chromat-
ograph (FID) coupled with a V.G. Micromass 12F mass
spectrometer.

2.3 Analytical Methods

2.3.1 Determination Of Total Carbohydrate

Total carbohydrate in solutions was measured by the
method of Dutois et al. (1956) as modified by Imrers (1964).
Acqueous phenol (0.5ml of 5% solution) was added to
0.5ml1 of sample, containing up to 80ug glucose or ecuivalent,

in a test-tube. Uniform test-tubes of 1.7cm internal dia-
meter were used in all tests. Concentrated sulvhuric acid
(3ml) was added ravidly from a 'Zipette' disvenser (2 x 1.5ml)
and the tubes immediately stirred in a vortex mixer for five
seconds. Tubes were then left at room temperature to cool

for twenty minutes and the absorbance measured at 490nm in

a Hitachi 101 epectrophotometer.

Rhamnose, fucose, arabinose, xylose, mannose, galactose,
glucose and galacturonic acid standards (10-100ug) all gave
linear standard curves (Fig. 11).

As there is a variation in molar absorbance between
monosaccharides, the method by itself can only be used to
give an aporoximation to totzl carbohydrate when a mixture
of sugars is nresent, as in the fractions isolated in this
project. To overcome this problem, first the individual
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Table 1: Values 0f Standard Monosaccharides

ftandard
(50ug) Rha. Fuc. Ara. Xyl. Man. Gal. Glc. GalA¥
Absorbance
Q
(490nm) 0.48 0.86 0.61 0.92 1.26 0.79 0.70 0.30

* All uronic acid found by spectrophotometric analysis wae

assumed galacturonic acid (see text).

Figure 11: Phenol-Sulphuric Standard Curves
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neutral monosaccharide percentages found by g.l.c. were
combined with the uronic acid vercentage found by smnectro-
photometric analysis and summed to 100%. The absorbance
contribution of each monosaccharide was then calculated
(multiply the absorbance found for 50ug of the standard
sugar (Table 1) by the nercentage weight of its comvosition
in the samnle) and summed. The obhserved absorbance was
then used in conjunction with the total absorbance calcu-
lated for 50ug of polysaccharide and the percentage of
carbohydrate worked out. This procedure gave a more ~ccurate
indication of total carbohydrate in the =zcsayed fractions,
resulting in good agreement with the predicted percentage
based on g.l.c. plus uronic analysis.

2.%3.2 Determination Of T"ronic Acid

Uronic acids were determined by the method of Rlumen-
krantz and Asboe-Hansen (1973).

To 0.5ml of sample containing 0.5-30ug uronic acide in
a test-tube, was added 3.0ml of sulvhuric acid-tetraborate
(0.0125M solution of tetraborate in concentrated sulphuric
acid). The tubes were refrigerated in crushed ice for five
minutes and the mixture shaken in a vortex mixer. The tubes
were heated in a water bath at 100°n for five minutes, cooled
in ice-water for two minutes and 50ul of the m-hydroxydioheny
reagent added (0.15% solution of meta-hydroxydiohenyl in
0.5% sodium hydroxide. The reagent solution can be keot in
the refrigerator covered with aluminium foil for at least a
month without effect.). Tubes were shaken and read at 520nm
after 15 minutes in a2 Hitachi 101 enectrovhotometer. A vivid
purnle colour developed and remained fairly stable for an
hour.

As carbohydrates produced a pinkish chromogen with
sulphuric acid-tetraborate at 100°C, a blank samole was run
in which the m-hydroxydiphenyl reagent was revolaced by 50ul
of 0.5% sodium hydroxide. The absorbance of the blank sample
was subtracted from the total absorbance.

A standard curve was calibrated with galacturonic acid
for each batch of samples assayed.

[
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2.%.3 Determination Of Starch

The method adapted for determination of starch was
based on that of lMesser and Dahlouist (1966).

The polysaccharide material (1-5mg) in 2ml of water
was placed in & boiling water bath for 60 minutes to
gelatinise the starch and allowed to cool. Sampnles and
standards (esoluble starch) were then incubated with 2ml
0.2M sodium acetate buffer (oH 4.5) and 1ml of amylo-
glucosidase preparation in a shaking water bath, 60 minutes
at 5500, and finally centrifuged (2,000 r.v.m. for 3 min-
utes). Solutions were transferred to test-tubes containing
charcoal ( 0.1g), stirred for 10 minutes on a vortex mixer
and centrifuged (3,000 r.p.m. for 20 minutes). The super-
natant was filtered to remove traces of charcoal. From the
filtrate, O0.1-1ml aliquots were taken for colorimetric
analysis and made uo to 1ml with water, P.G.0. reagent (1ml)
was added and the mixtures incubated 37°C for 30 minutes.
(Blank of 1ml water plus 1ml P.G.C. reagent). Addition of
iml of 50% gulphuric acid produced a magenta colour which
was stable for several hours and absorbances were read at
530nm.

2.%3.4 Zone Electrophoresis

2.%3.4.1 Unmodified Polysaccharides

The method used was that of Jarvis et al. (1977).
Preparation of electrovhoresis paner strivs: Glass-fibre
paper (Whatman G.F. A) was cut into stripns (usually 15x4cm)
and heated at 400°C for 2 hours to burn out organic material,
then immersed for 18 hours in a glass dish of carbon tetra-
chloride containing 2% dimethyldichlorosilane, rinsed in
toluene and dried. The trimethylsilylated glass fibre stripos
were wetted by floating for 18 hours in trays of the appro-
piate buffer to which Tween-20 (0.2% by volume) had been
added.
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Analytical electronhoresis: Using a 0.05¥ sodium tetra-
borate buffer, oH 9.0, strinvs were blotted only lightly and
vlaced in the electrovhoresis tank nowered by a Vokam power
vack. Jarvis et al. (1977) found it often advantageous to
nreequilibrate the strivs before sampnle application for

10-20 minutes at the running voltage. The sample, usually
1-5ug in ca 2ul of buffer, was apnlied 2t or near the mid-
voint of the strip as a2 narrow band 1-2cm long. CSeparzation
conditions involved a notential gradient of 3-10 ch-1,

a current 1-2.5 mAcm_1 strip width and a running time of

10 minutes to 6 hours. To limit evaporation, power inout
was not allowed to exceed SmWem™ 2

was very short.

unless the running time

Location of nolysaccharides: Strips were immersed in ethanol

(to immobilise the volymers) and dried in hot air. If neces-
sary, reneated so=2kings in ethanol removed the buffer. The
spray reagents used in locating the polysaccharides were:
(1) x=navhthol enray (Barrett and Vorthcote, 1965) (200mg
ot-navhthol and 1nl sulvhuric ~cid in 50ml methanol). After
heating the svrayed electrooherogram 19 minutes at 11000,
polysaccharides appesr as nurnle bands which turned brown
with time.

(2) orcinol snray (Noczar, 1973) (0.1% orcinol in 1} sul-
vhuric zcid). Polysaccharides again apvnear as purole svote
after heating 10 rinutes, 100°¢. This spray was the more
sensitive with a limit of detection 0.1-0,2ug.

2.3.4.2 Dyed Polysaccharides

This followed the method of Dudman et al. (1968).
Preparation of dyed polysaccharides: To a solution of the
polysaccharide (10mg) in water (1ml) was added 1ml of 2
freshly prepared 1% solution of the dye, Procion Blue M3G.
After 5 minutes, sodium chloride wss added, either as =
solid or as a small volume of a concentrated solution, to
five a final concentration of 2%. Thirty minutes later
sodium carbonate was added to give a final concentration of
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0.5% (Anderson et al., 1971). The coupling of the dye to
the polysaccharides is thought to be complete within an
hour, however, the mixtures were set aside for 18 hours
(overnight) to allow most of the unreacted dye to bhe hydro-
lysed. The reaction mixtures were diluted to reduce viecoes-
ity 2nd added directly to a column (21x1.1cm) of Sephadex
G-25. Elution of the columns with water produced two widely
separated zones. The dyed polysaccharides, excluded from
the gels, were eluted in the void volume; salts and unreacted
dye were retarded. To avoid contamination by inorgesnic s=lts,
which were eluted more rapidly than the unreacted dye, care
was taken to collect only the strongly coloured portion of
the polysaccharide eluate. The dyed polysaccharides were
recovered by freeze-drying.
Analytical electrophoresis: The cellulose acetate, trimethyl-
cilylated glass fibre or Whatman Number I paper strips were

soaked in the buffer solution (0.1M sodium tetraborate-
sodium chloride; pH 9.3) for 5 minutes. The strip was then
pressed between two sheets of Whatman 3IMM filter vaver to
remove excess buffer and the starting line was marked with

a pencil. Samples (1% solutions) were apvlied as thin lines
by using fine glase cavnillaries. The striv was then position-
ed in a Shandon Southern electroohoresis chamber so that

the starting line was midway between the terminale which
were 10cm avart. 7Voltage was apnlied, 250-350V, TmA, and
migration of the bands followed vieibly. When the electro-
vphorecsis was finished, the strivs were removed and dried
immediately in a stream of hot air. If this was not done,
the bands diffused »nd became distorted.

2.3.5 Monosaccharide Analysis Of Carbohydrate Fractions

2.3.5.1 Acid Hydrolysis Of Polysaccharides

This followed the method of Jermyn and Isherwood (1956).
Polysaccharides (1-5mg) were hydrolysed in 4ml of
0.5M nitric acid containing 0.5% (w/v) urea at 100°C for
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3.5 hours in stoppered glass tubes. Urea was added to
minimise the destruction of sugars during hydrolysis.
After 3.5 hours, the tubes were corled, opened and the
hydrolysates neutralised with 2.5M potassium hydroxide to
the broniothymol blue endpoint (pH range 6.0-7.6).

2.3.5.2 Prenaration 0f aAlditol Acétates

The monosaccharides released by acid hydrolysis of the
polysaccharides were analysed by g.l.c. as their volatile
alditol acetate derivatives. The method used was based on
tnat of Albersheim et al. (1S67).

A samnle of the hydrolysate containing 1-5mg of sugars
was reduced for 2 hours at room temperature with 1ml of 1M
agueous ammonia (WH4OP) containing 20mg sodium borohydride
(NaHH4}. 2-deoxy-D-glucose (0.4mg) was added 25 an inter-
nal standard. The excess borohydride was converted to bor-
ate by droowise addition of glacial acetic acid until
evolution of hvdropen ceased. (The acetate added acts as a
catalyst during subseocuent acetylation). Samples were
evaporated to drynese under an air stream ( 6000) and the
borate removed as the volatile methyl borate by five succes-
cive additions of aporoximately 4ml of methanol, followed by
evanporation to dryness each time. (It is necessary to
remove the borate comnletely otherwise the borate-alditol
complex prevents complete acetylation (Albersheim et al.,
1967))

Samples were acetylated either using;

(1) 1ml of acetic anhydride, heated 8 hours at 120°c, or
(2) 2ml of 1:1 acetic anhydride-oyridine, 8 hours at room
temperature,

2ml water was added, the mixture stirred and allowed
to stand till homogeneous. The alditol acetates were
extracted with methylene chloride (2x2ml), mixing thoroughly
each time and the bottom layers of methylene chloride
(withdrawn with a pasteur pipette) were combined, evavorated
to dryness and taken up in methylene chloride ( 0.2ml) prior
to injection (ca 1ul alicuots) in the g.l.c. column.
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2.3.5.3 Gas Licuid Chromatography Of Alditol Acetates

G.l.c. was routinely verformed on column A (0V-225).
Operating conditions (isothermal) were: column tempmerature,
20600; detector temperature, 27000; injection port temp-
erature, 240°c. Carrier gas flow (nitrogen) 30ml/minute;
hydrogen gas flow 3?0ml/minute and air flow 300ml/minute.

A good separation was achieved, under these conditions, of
all the monosaccharides encountered except rhamnose and
fucose (Fig. 12).

Column B (SP-2340), which was not initially available,
afforded good sevaration of rhamnose and fucose as well as
all the other monosaccharides (see Fig. 13). This column
was used in the Pye 104 gas chromatogranh (FID) operated
isothermally with an oven temperature 23000, and a carrier
gas flow (nitrogen) 30ml/minute.

Authentic alditol acetates of rhamnose, fucose, arabinose,
¥ylose, mannose, galactose and glucose were prepared and used
to identify the veaks of the alditol acetates of the carbo-
hydrate samples in the gas liquid chromatograoh. The method
used was based on a comparison of the retention time of the
unknown comnonent with that obtained from a known compound
analysed under identical conditions (Table 2).

2.3.5.4 Quantitation Of Alditol Acetates

As the peaks that eluted first (rhamnose/fucose, arabi-
nose, and xylose) were very narrow, it was difficult to
obtain accurate peak areas. The relative peak areas for
each sugar were thus obtained from the ratio of the peak
height of any component to the peak height of an internal
standard, 2-deoxy-D-glucitol penta-acetate, multivlied by
the ratio of the retention time of the compenent to the
retention time of the internal standard. This ratio gave
a relative peak area that was linearly provortional to the
amount of monosaccharide oresent (Fig. 14).

To enable direct comparison between the individual
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Tigure 12: The Cfeparation Ry Gas-lLiouid Chromatogravhy

Of Monosaccharides As Alditol Acetates.
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Figure 1%: The Separation Of Rhamnose And Fucose Ry
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Table ?: Retention Time Of Fully Acetylated Glycitols Relative
To 2-deoxy-D-glucoypranoside Penta Acetate

Relative Retention Time

Sample Acetylated Product V=225 SP23%40
L-—RhamnoseD Rhamnitol nenta 0.49 0.44
b acetate
L-FucoseD Fucitol penta 0.49 0.48
* acetate
L—Arabinosef Ar=abinotol venta 0.62 0.68
acetate
D-XyloseD Aylitol venta 0.80 0.92
: acetate
2-deoxy-D- 2-deoxy-D-glucitol 1.00 1.00
glucoseD penta acetate
D-manno se Mannitol hexa 1.62 1..56
p acetate
D—galactoseD Galacitol hexa 1718 155
: acetate
D-glucosen Glucitol hexa 2.00 Vol D
acetate
myo—inositolp myo-inositol hexa 2.18 2.00

acetate
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Figure 14: Pelative Pesk Area 0f Standard

Monosaccharides.
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monosaccharides, weight response factors were calculated.
Prevared standard monosaccharide alditol acetates were inject-
ed onto column A. The necessary weight response correction
factor for each standard monosaccharide was calculated to
give the same relative peak area for any varticular weight
(Table 3).

As volysaccharides were hydrolysed in nitric acid for
3.5 hours, the releaced monosaccharides always underwent
some degradation. To get 2 correction factor for this
monosaccharide degradation, prevarations of standard mono-
saccharides were subjected to nitric acid hydrolysis condi-
tions. After conversion to their alditol acetate derivatives
and injection onto column A, relative neak areas were calcu-
lated incormorating the relevant weight response correction
factors. Maximum degradation correction factors (D.C.F.)
were worked out so as to give the same relative pezak areas
for each standard monosaccharide for any weight. As noly-
saccharides release their monosaccharides at 2 decreasing
rate with time, the minimum polysaccharide D.C.F. for this
work was ascsumed as 75% of the maximum monosaccharide D.C.F.
(rable 3).

Both correction factors were combined »nd used in ~ll
g.l.c. calculations for nolysaccharide compositione.

2.3.6 Partial Hydrolysis Of Carbohydrate Fractions

2.3.6.1 Acid Yydrolyeis

The method used was baced on the method of Albersheim
et al. (1967).

Polysaccharides (1-5mg) were vartially hydrolysed in
1ml of 2F trifluoroacetic acid (T.F.A.) at 100°c for 1 hour.
The tubes were then evaporzted to dryness under a stream of
air (40—45°ﬂ) ready for sevaration by paver chromatography.



32a

Table 3: Correction Factors

Sample Weight Response Degradation Combined
Rhamno se

1173 1+ 104 1.292
Fucose
Arabinose 1.045 1.094 1% 145
Xylose 1.020 10112 1.154
Mannose 1.063% 1.034 1.099
Galactose 1.006 1057 1.063

Glucose 1o @5 1.011 1023
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2.3.6.2 Descending Paper Chromatograohy

NDescending vnaper chromatogranhy was performed on
Whatman Number I chromatogranhy paver which had previously
been washed in deionirced water. <eparation of the oligo-
saccharides was by the following solvent systems;
colvent 1: n-provanol : ethylacetate: water (7 : 1 : 2)
Solvent 2: n-vorovanot : ethylacetate: water (32 : 57 : 13)

After 48 hours oligosaccharides were cut out and
eluted with deionicsed water (T.aidlaw and Reid, 1950).
These solutions were freeze-dried and trimethyleilylated
for g.l.c. injection. Standards of the 1,3 ceries (lam-
inaribiocse, laminaritriose, etc.) were obtzined by partial
hydrolysis of laminarin with11M hydrochloric acid, (1h at
22°0), (Aronson et al., 1967).

Peducing sugars were detected with alkaline silver
nitrate according to the method of Trevelyan et al. (1950).

2.3.6.3 Prevaration And C.I..C. Of Trimethyleilyl (T.M.S.)
Derivatives

As based on the method of Sweeley et al., (1963).

A solution of the disacchz2ride eluted from Whatman
Number I chromatograpvhy paver was freeze-dried and dis-
solved in 0.1ml T.Y.S. reagent (oyridine-trimethylchloro-
silane-hexamethyldisilazane, 5 : 1 : 1) under nitrogen. The
mixture was shaken and heated for 0.5 hours a2t 60°C then
left 2t room temperature 2 hours. The T .M.S. derivatives
were evaporated to dryness under nitrogen and dissolved
in dry n-hexane for injection. <camples could be centrifuged
to get rid of the insolultle amronium chloride.

Standard samples of trimethylsilylated sucrose, cello-
biose and laminaribiose were used for co-injection with the
sample. A small voluwme (0.5ul) of the sample or standard
was injected into column € (&% 30 SCOT column) fitted into a
Varian 2700 gas chromatograph (FID) operating isothermally
with column temperature 210°¢; detector temperature 295°C,
and injection vort tempmerature 285°C with a carrier gas
(hydrogen) flow 7ml/min and nitrogen gas flow 100ml/min.
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2.3.7 Determination Of The Anomeric Configurations Of

The Glycosidic Bonds

This was verformed according to the method of Lindberg
et al. (1977).

2.3.7.1 Polysaccharide Acetylation

The polysaccharide (10mg) was dicscolved with ultra-
conication in formamide (6ml). Acetic snhydride-pyridine
(1 : 1, 6ml) was added, the solution was left at room
temperature overnight then poured into water and dialyzed
exhaustively against deionicsed water. The material was
recovered by freeze-drying.

2.3.7.2 Chromium Yrioxide Oxidation

The freeze-dried acetylated nolysaccharide was discolved
in glacial acetic acid (0.6ml) with myo-inositol hexa-
acetate (2mg) as internal standard. After withdrawal of a
zero-time samnle (0.2ml), finely nowdered chromium trioxide
(4A.R., 40mg) was added to the remainder (0.4ml) of the solution
and agitated ultrasonically at 50°C in a water bath. After
1 hour and again after 3-4 hours, further 0.2ml aliquots were
withdrawn. The 0 hour, 1 hour and 3-4 hour alicuots were
each vipetted into water (17ml) and extracted with methylene
chloride (3x3%ml). The combined organic ophases were evapor-
ated to dryness.

The residue then remaining was hydrolysed with 0.25M
aqueous sulvhuric acid (2ml) at 100°¢ overnight. Solutions
were neutralised with barium carbonate (BaCOB) and filtered
through a double layer of washed Whatman Number 541 filter
paper. The filtrate was evaporated in vacuo, then 2ml
of 1% sodium borohydride in 1M amronia added and left over-
night. Acetic acid (4N) was added droowise until effer-
vescence ceased, the sample evanorated to dryness, co-evap-
orated with methanol (5x5ml) and acetylated for 20 minutes
at 100°c with 2ml pyridine-acetic anhydride (1 : 1). Water
was added, the alditol acetates extracted with methylene
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chloride and injected into column A and column 7.
A comparison of the three analyses using relative veak
areas for each monosaccharide cshows which sugar residues
have been oxidized.

2.3.8 Methylation Analysis Of Polysaccharides

2.3.8.1 Prevaration Of Methylsulvhinyl Anion

The method used was that of Conrad, (1972).

NaH (1.5g) placed in a 250ml three-necked round-bottomed
flask containing a magnetic bar and fitted with 2 condenser
and thermometer. Throughout the oreparation, the flask was
flushed with nitrogen. The mineral oil was removed by wash-
ing with aliauots of n-hexane (3x20ml). Residual n-hexane
was removed by evavoration under nitrogen. Using a hypoder-
mic syringe 10ml dimethyl sulvhoxide was added and the mix-
ture stirred a2t avproximately 50°C until hydrogen evolution
ceased (about 1 hour) when the solution had become a dark
sea-green colour. After a further 20 minutes, the solution
was transferred to glass stonpered tubes, flushed with nitro-
gen 2nd stored frozen in this stste.

NaH was dissolved in ethanol prior to disvosal (NaH when
freed of the mineral oil is an extremely vowerful base which
will react exvlosively with water).

1ml of the methysulohinyl anion solution was mixed with
15m1 water and titrated against 0.1N HCl to the phenolvhtha-
lein endpoint. 23.0ml of HCl used meant an anion concentra-
tion of 2.3N.

2.3.8.2 Methylation

The method followed was that of Hakomori (1964) as
modified by Bjorndal et al. (1970).

Freeze-dried polysaccharides (2-20mg) were dried in
vacuo over phosphorous pentoxide for at least 48 hours.
The dried samples were flushed with nitrogen, then dissolved
in 5ml dimethyl sulphoxide, heating the mixture to 60°¢c with
ultrasonication to aid dissolution (Sandford and Conrad,
1966). 1In some cases polysaccharides were acetlyated prior
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to methylation in order to aid dissolution (Haslemore,
1974). The methyl sulphinyl anion (1ml) was added slowly
to the sample and a gel formed which gradually dispersed.
Stirring was maintained for 2 hours and then 200ul methyl-

the temnerature at 20-2500, over a pveriod of 30 minutes.
Stirring was continued for an additional 30 minutes. The
variously coloured solutions became clear and the viscosity
declined indicating that methylation of free hydroxyl groups
was occurring (Sandford and Conrad, 1966). Chloroform/methan-
ol (1 : 1, v : v, 5ml) was then added. The solutions were
exhaustively dialysed to remove dimethyl sulvhoxide and
other reagents, and then freeze-dried. 1In some cases nethyl-
ated volysaccharides were extracted into the chloroform nhase
of a water/chloroform mix (Fakomori, 1964).

Where g.l.c. revealed that methylation was incomplete
a second methylation was performed. All methylationes were
found to be incomnlete with & single Hakomori methylation,
so multiple methylations were verformed without isolation
of the intermediste methylated nroducts using the method of
Sweet et al., (1975).

2.3.8.3 Hydrolysis

The method was modified after ILindberg et al. (1972).

A 2-5mg sample of methylated polysaccharide was treated
with 2ml 90% (w : w) formic acid for 1 hour at 100°cC.
Formic acid was removed under a stream of nitrogen and the
residue dissolved in approximately 1rl 0.25M sulphuric acid
and held at 100°c for 16 hours. The hydrolysate was neutra-
lised with barium carhonate and the insoluble barium
sulphate removed by filtration.
Reduction: The method of Albersheim et al. (1967) was used.
The filtrates from the neutralisation were dried in vacuo
and reduced for 4 hours at room temperature in ?ml of a2 1%
(w : v) solution sodium borohydride in 1M ammonia. The
excess sodium borohydride was destroyed by adding 4N acetic
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acid until hydrogen evolution ceased. The samples were then
evanorated in vacuo at 35°C (rotary evavoration) and the
borate removed by 5 washes with 10ml of methanol followed
by evaporation in vacuo =2t 3590 of the volatile methyl
borate.
Acetylation: The samples were acetylated in 1ml acetic an-

hydride for 1 hour at 100°0. The addition of pyridine as
a catalyst was found unnecessary for complete acetylation.

2.3.8.4 G,1L.C. Of Partially Methylated Alditol Acetates

The acetic anhydride was hydrolysed with 2ml water
(removal of acetic anhydride by evaporation under nitrogen
can alsco remove volatile methylated components). The partially
methylated alditol acetates were extracted into methylene
chloride for g.l.c. injection. Columns A, R and C were used
under the following conditions:

nolumn A fitted into a Varian 1400 (FID) was operated
isotherm=2lly with a column temperature 18000, injection port
temperature 2300“, detector temperature 26000, a carrier gas
(nitrogen) flcw rate of 30ml/minute and a hydrogen gas and
air flow rate of 300ml/minute.

folumn B fitted into a Pye 104 gas chromatograph (FIT)
overated with an initial temperature 18000, temperature
programmed 2°%¢ per minute rise to 20000, held 10 minutes
and then 2°C per minute rise to 230°C. It had a carrier
gas (nitrogen) flow rate of 30Oml/minute.

Column C fitted into a Pye 104 gas chromatogravh (FID)
operated isothermally with an oven temperature 150°C and a
carrier gas (nitrogen) flow rate of 30ml/minute.

Gas Tiouid Chromatography - Mass Spectrometry: Column A was

fitted into a Varian 1740 gas chromatograoh and temperature
programmed from 130°C to 160°¢ (1°/min), held 70min, then
1°/min to 210°C. fThe V... Micromass 12F mass spectrometer
was operated at an inlet temperature of 23000, 2n ionization
potential of T70eV, and an ion source temperature of 25000.
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2.%3.8.5 Tdentification And Quantitation Of Peaks

Peaks were identified by co-chromatogravhy with stan-
dard partially methylated =21ditol acetates and comparing the
measured retention times relative to 1,5-di-0O-acetyl-2,3%,4,6-
tetra-0O-methyl-n-glucitol using the values given by lonn-
gren and Pilotti (1971). Combined g.l.c. - mase spectro-
metry is often used for identification (Bjorndal et 2al.,
1970; Talmadge et al., 1973) and this was used to identify
standards derived "y vartial methylation of soluble starch
as well as & sample of the methylated xyloglucan.

Quantitation of the partially methylated alditol ace-
tates was based on measuring the relative peak areass by the
triangular method (cee Mefferd et al., 1968).

2.4 Growth And Harvesting Cf Plante

Certified Pinug radiata seed was germinated on moist

filter veper and then grown in pumice-peat mix at 22-25%0
in the dark with daily watering. Growth ceased ahout 2-3
weeks after germination by which time the etiolated hypo-
cotyls averaged 7cem in length.

Seedlings were harvested by cutting the hypocotyl at
soil level aporoximately 1-2 weeks after germination
(hypocotyls 4cm in length) or at 2-3 weeks (hyvocotyls 7cm).
The harvested vlant was divided into three zones; cotyledons
(incorporating about 1mm of stem) and the upper and lower
hypocotyl arising from division of the hypocotyl (Fig. 15).
These sections were placed in foil-wrapped, airtight contain-
ers and kept in the freezer (-14°C) until used.

2.5 Polysaccharide Extractions

2.5.1 Bxtraction 0f Needle Polysaccharides

The procedure was based on the method of Fu et al., (1972).
Mature Pinus radiata needles (5.1g) frozen at -14°C were

ground un in acetone with a mortar and pestle to give a fine
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Sections Of Pinus Radiata Seedings.
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susnension. After 3 extractions centrifuging (4000g,
5 minutes) ezch time to separate the ground material, the
residue was extracted once with cold water (room temner-
ature, 30 minutes, 50ml) and then once with hot water (10000,
60 minutes, 50ml). Both water extracts were centrifuged
4,000g for 5-10 minutes and the supernatant combined with a
water washing of the residue left. After the hot water
extraction the residue was further extracted in order with:
0.5% ammonium oxalate (50ml, 7500, 60 min); 10% sodium
carbonate (50ml, room temperature, 60 min); 10% potassium
hydroxide (50ml, room temperature, 60 rin); and 25% vpotassium
hydroxide (50ml, room temverature, 60 min).

T™he sodium carbonate and potassium hydroxide extraction
supernatants were neutreslised with glacial acetic acid
(added dropwise with stirring) and the precipitates centri-
fuged off. To each neutral supernatant (i.e. from the cold
water sunernatant through to the 25% potascium hydroxide
supernatant) was added, dropwise and with stirring, four
volumes of ethanol. The precipitates were then dried by
solvent exchange (section 2.2.1) and stored in a vacuum
dessicator over vnotassium hydroxide. A summary of the
needle extraction oprocedure is given in Fig. 16.

2.5.2 Bxtraction Of Hypocotyl Polysaccharides:

Procedure A

Preparation of cell-wall fraction: Frozen hypocotyl or

cotyledon sections were placed in liouid nitrogen (oxygen
free) and ground up. The ground tissue was extracted with
acetone (OOC), three to six times, and the residue centri-
fuged off (4,000g, 10min).

Ammonium oxalate extraction: The extracted material was

suspended in hot 0.5% ammonium oxalate (10ml/g fresh weight,
75°¢, 60 min) and stirred constantly. The extraction mix-
ture was centrifuged and the insoluble material washed with
0.5% ammonium oxalate. These washings were combined with
the extraction supernatant and to this was added, dropwice
and with stirring, four volumes of ethanol. The
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Figure 16: Pine Needle Extraction.
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40.
precipitated material was dried by solvent exchange and
stored in a vacuum dessicator over potassium hydroxide.
Potassium hydroxide extraction: The ammonium oxalate res-

idue was extracted with 10% votassium hydroxide containing
0.5% sodium borohydride (10ml/g fresh weight), 60 minutes

at room temperature, with constant stirring. The insoluble
material (e;x-cellulose) was wasched with 10% potassium hydrox-
ide and dried by solvent exchange. The combined potassium
hydroxide extract and washings were neutralised with glacial
acetic acid to give a precipitate (hemicellulose A). The
supernatant on addition of four volumes of ethanol, also
formed a precipitate (hemicellulose B) and both precipi-
tates were dried by solvent exchange and stored in a vacuum
dessicator over potassium hydroxide. (Fig. 17 gives summary)

2.5.3 ®xtraction Of Hypocotyl Polysaccharides:

Procedure E

In this orocedure, based on the method of English et al.,
(1971) a 'cell-wall' fraction was first prepared as follows.
(Initial steps were performed in the cold room at 0-400.)

Frozen seedling sections were ground in liquid nitrogen
(oxygen free) to a fine powder. The ground material was then
extracted with cold 100mlM potassium phosvhate buffer pH 7.0
(4ml/g fresh weight) twice in a Waring Blender for five
minutes. After centrifugation (2,000g, 10 min), the resi-
due was washed (by suspending in one volume of cold distilled
water for five minutes and recentrifuging) and the washed
residue was extracted with three volumes of a cold 1 : 1
chloroform/methanol mixture for five to ten minutes in a
Waring Plender. The insoluble material was collected by
centrifugation.

( Subseouent overations were conducted at room tempera-
ture. )

The residue was twice more extracted with two volumes of
chloroform/methanol by continual stirring and the suvernatants
discarded. The residue was now put through two acetone washes
with stirring and the insoluble material ('cell-wall' fraction)
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Figure 17: Hynocotyl And Cotyledon Extractions.
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air dried and placed in a2 vacuum dessicator over potassium
hydroxide. (See Fig. 17 for summary)

Roth the water and buffer extracts were concentrated
by rotary evavnoration, dialysed, freeze-dried and stored
in the vacuum dessicator over potassium hydroxide.
Ammonium oxalate extraction: The 'cell-wzll' preparation

was extracted twice with 0.5% agueous ammonium oxalate
(10ml/g fresh weight) and the combined supernatants con-
centrated by rotary evanoration, dialysed and stored in the
refrigerator in airtight containers with 0.02% sodium azide
(NaNS) as an anti-bhacterial agent.

Potassium hydroxide extraction: The residue after ammonium

oxalate extraction was then extracted twice with 5% potassium
hydroxide containing 0.5% sodium borohydride (10ml/g fresh
weight) and the insoluble material (o-cellulose), dried by
csolvent exchange and stored in vacuo over nhosvhorous pent-
oxide. The combined extracts were adjusted to pH 5.5 with
glacial acetic acid and left 18 hours at 0°c. After centri-
fugation on the bench centrifuge, the precipitate (hemicell-
ulose &) was dried by solvent exchange and stored in vacuo
over phosphorous pentoxide. The supernatant (containing
hemicellulose RB) was concentrated by rotary evavoration,
dia2lysed and stored in 0.02% =sodium azide. DNry nolysaccha-
ride material was recovered by freeze-drying.

2.6 Fractionation Of Polysaccharides

Tarious extracted pnolysacchnaride fractions were frac-
tionated with the following procedures:

2.6.1 Barium Eydroxide

The procedure used followed the method of Neier, (1965).
To a 1% solution of the hemicellulose (15ml) was added,
dropwise and with stirring, a saturated agueous solution of
barium hydroxide octahydrate. The resulting precipitate
was washed with a 5% potassium hydroxide solution (containing
0.25% =odium borohydride), acidified with acetic acid, and
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added to 150ml of ethanol. After stirrirg 10 ninutes the
material was centrifuged, washed on the centrifuge twice
with 80% aoueous ethanol, dried by solvent exchange and
stored over phosnhorous pentoxide.

The barium hydroxide suvernatant and votassium hydrov-
ide washings were combined, neutralised with glacial acetic
acid, precipitated with four volumes ethanol, dried by sol-
vent exchange and stored over phosphorous pentoxide.

2.6.2 Cetyl Trimethyl Ammonium Bromide And Borate

The method used was that of Barker et al., (1957).

A 5% cetyl trimethyl ammonium bromide solution was
added slowly, with stirring to an equal volume of a 1%
hemicellulose solution at room temperature. codium sul-
phate (Ma2804) was added to give a concentration no more
than 0.02M to aid flocculation of the orecivitate. The
aocueous solution was left at least five minutes standing
and then centrifuged on a bench centrifuge to separate
the precipitated acidic volysaccharides.

A 5% boric acid solution (eoual in volume to the orig-
inal volume of the 1% hemicellulose solution) was then added
and the solution adjusted first to oE 8.0 and then to pH 10.0
with 2W sodium hydroxide. After each addition of sodium
hydroxide any orecivitate formed was collected by centri-
fugation and the supernatant cooled to 4°¢ (refrigerator)
for further vrecipitation of bor=te complexes (collected by
centrifugation). Adcéition of four volumes of ethanol to the
final borate sunernatant czused vprecinitation of most of
the remaining polysaccharide in solution.

All oprecipitates were dissolved in 2N acetic acid to
decomnose the cetyl trimethyl ammonium complexes and the free
nolysaccharides renrecinitated with four volumes of ethanol.
Precipitates were washed with acidified ethanol and then
ethanol, disversed in deionised water and freeze-dried.
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2.6.3 Jodine-Potassium Todide

The method of Gaillard, (1965) was used.

The polysaccharide nrevaration was dissolved in a
solution of calecium chloride (3.7M) to give a 1% solution,
stirred overnight, and clarified by brief centrifugation at
20,000g. A volume (15% of the calcium chloride volume) of
an aoueous solution of iodine (3%) and potascium iodide
(4%) was added. After leaving it to settle for two hours,
centrifugation gave a dark blue oprecipitate (linear polymer)
and a2 clear brown suvernztant (branched polymer).

Branched hemicellulose B: The brown sunernatant was neutra-

lised with sodium thiosulnhate =2nd noured, with stirring,

into five volumes of ethanol to oprecivitate the branched
polymer. To remove Ga++, the branched vnolymer was discsolved
in 0.1N hydrochloric acid (5ml) and revnrecipitated with ethan-
ol. The volysaccharide was washed with ethanol, dissolved

in a minimum volume of deionised water and freeze-dried.

TLinear hemicellulose R: The dark blue vprecivnitzte containineg

the linear nolymer was washed with calcium chloride solution
containing 15% iodine-potascsium iodide solution. The washed
recidue was dissolved in hot water, the iodine neutralicsed
with sodium thiosulphate and the volymer renrecinitated Tty
nouring into five volumes of ethanol. Mo remove Ca++, the
precivitate was dissolved in a minimum volume of 1V potassium
hydroxide under nitrogen, neutralised with 1M hydrochloric
and again oprecipitated with five volumes of ethanol. This
was then dissolved in a minimum amount of deionised wster and

freeze-dried.

2.6.4 Aocueous Ethanol

The procedure used followed the method of Whistler
and Sanella, (1965).

The hemicellulose was dissolved in deionicsed water to
give a solution which was adjusted to pH 7.0 by the droo-
wise addition of sodium hydroxide solution. The insoluble
substance was removed by centrifugation at 3,000 r.p.m.
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Ethanol (from a burette) was added droowise with stirring

to incivient turbidity. After standing for five minutes,
the dispersion was centrifuged. The nrecipnitate was washed
with ethanol several times then dissolved in deionised water
and freeze-dried. The procedure was repeated on the super-

natant as before until a concentration of 80% ethanol was
obtained.
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CHAPTER 3

PINUS RADIATA HEMICELLULOSE COMPOSITIONAL, CHANGES.

3.1 Introduction

Seedling hypocotyls were selected for following elong-
ating gymnosperm primary cell wall changes because they:
(a) give cell tyves that are very similar as most cells are
undifferentiated; and (b) have regions where the cell walls
are still elongating snd regions which have recently ceased
elongation, all with very little secondary wall thickening.
Since etiolation leads to greater gypocotyl growth, such
seedlings were used for cell-wall analysis. Xtiolation also
gives minimal secondary thickening and lignification of the
hypocotyl cell wall (I.G. Andrew, personal communication).

In the elongating hypocotyl of Pinus radirta seedlings,

only the upper 2cm is actively elongating (A. Laan, personal
communication). A comparison of upper and lower regions of
the elongating hypocotyl therefore, would demonstrate if there
were changes between cell walls undergoing elongation and
those which had recently ceased elongzation. 'he cotyledone,
which were also investigated, are initially green and remain
unexpanded at 1-2 weeks but within the next week have undergone
a small amount of growth so that the cotyledons are up to 2cm
in length. <Starch is present in the upver hyvocotyl and cot-
yledons but is ranidly depleted with growth (see results).

In the work reported here the etiolated Pinus radiata
hypocotyl has been divided into two equzl regions. Both
these two zones and the cotyledon were analysed for cell

wall carbohydrate. One group of seedlings was harvested
when hypocotyls were 4cm in length and another group when
7cem in length. Thus hypocotyl sections of different ages
were obtained, from the youngest upper zone of the 4cm
hypocotyl to the oldecst lower zone of the 7cm hypocotyl.
Before commencing the search for a glucan in hypocotyls,
it was considered desirable to establish optimum conditions

for fractionation by using pine needles as these were much
more readily available than the seedling hypocotyls.
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The wall composition was analysed by conventional noly-
saccharide fractionation and quantitative analysis of the
monosaccharides comprising each of the fractions taken.

3.2 Results

3.2.1 Pinus Radiata Needle Fractionation

The fractionation pnrocedure used for the needles was
based on that of Fu et al. (1972) and is described in Section
2.5.1. The results of this extraction sequence (Table 4)
cshowed that the vnolysaccharides of the hot water and ammonium
oxalate extractes contained =2 prevonderance of arabinose, mannoce
and galactose. This suggested the vrecsence of vectic material
or arabinogalactan together with water-soluble galactogluco-
mannan. Such a conclusion would agree with the work of
Brasch and Jones (1959) who isolated a cold water soluble
arabinogalactan from Pinus radiata wood mezl and Roudier and
Eberhard (1965, 1967) who isolated both an arabinan and
galactoglucomannan from maritime pine (Pinus ninaster var.
maritime) wood mezl by hot water extraction. The other two
quantitatively important extracts (sodium carbonate and 10%
potassium hydroxide) both contazined greatly increased ocuant-

itiees of xylose and glucose.

Since the sodium carbonate and 10% potassium hydroxide
extracts contained most of the non-starch, non-cellulosic
volymeric glucose and since these two fractions had very
similar comvosition, it should be vossible to employ a simp-
lified extraction nrocedure to obtain this glucose material.
This would involve orior extrasction with acetone, followed by
hot ammonium oxalate to extract pectic material, and then 10%
potassium hydroxide to extract the required 'glucan'. The
hot water, sodium carbonate, and 25% potassium hydroxide
extraction steos could be omitted. Such 2n extraction
seguence might be equally anplicable to hypocotyl tissue, as
it was exvected that needles and hypocotyl would have similar
composition excevnt for lower provortions of secondary wall
components (a2d hence leses mannose) in the elongating
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Table 4: Monosaccharide % Of Total Neutral Carbohydrate In

Pine Needle Extracts.

Hot Ammonium Sodium Carbonate* 10%
Monosaccharide|i’ater Cxalate Neutral Xthanol KOH
Rhamno se**

Fucoge** 1.5 15 3 & 3
Arabinose 27 21 14 29 16
Yylose 3 5 31 8 38
Mannose 31 23 20 10 11
Galactose 23 22 11 17 11
Glucose# 15 14 21 18 21
Carbohydrate

material (mg) 7 9 28 5 48

* The fraction has been divided into the vrecipitate obtained
with acetic acid neutralisation and that obtained by the
addition of ethanol.

**% Rhamnose and fucose could not be sevarated on the column used.

# Includes glucose from starch.

## ¢ of total neutral carbohydrate (Found by decrease in glucose

after addition of pig pancreatic -amylase and subseauent

dialysis of hydrolysed samole.).

- Jodine negative test indicated no starch.
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hyvocotylse. This method (orocedure A) was therefore adopted
in the earlier work with hypocotyl (section 3.2.2).

The 80% ethanol suvernatants (Fig. 16) were dialysed and
the material recovered hy freeze-drying to ensure no major
volysaccharide fraction was unprecipitated. Gas-liguid
chromatogranhic analysis revealed only trace quantities of
volysaccharide of which a large pnercentage was arabinose.
lYany arabinans, for example that from Pinus ninaster var.
maritima, are found to be soluble in relatively concentrated
agueous ethanol (Roudier and Eberhard, 1965).

3.2.2 Analysis Of Hypocotyl Of Different Ages

The sugar composition of carbohydrate fractions isolated
with procedure A (section 2.5.2) are given in Tables 5, 6 and
7. The ammonium oxalate fraction consists primzrily of arab-
inose- and galactose-containing polymers (Table 5B). These
polymers are typical of those found in pectic fractions iso-
lated from the cell walls of higher plants. Looking at the
distribution of neutral sugars between the oxalate and potas-
csium hydroxide fractions of two-week 0ld nlants (Table 54),
the data shows that oxalate extracted most of the starch plus
much of the pectic polysaccharide. Xylose, iannose and
glucose are almost exclusively found in the alkali extr=act.

As the etiolated plant sections =2ge, the starch content
decreases (Table 6). This starch decresase is matched by a
corresponding increase in hemicellulose content. The compo-
sition of the hemicellulose fractions isolated from hyvocotyl
and cotyledon samples of different age are given in Table 7.
Summarized below are the main points arising from the results
nresented in these tables.

(1) starch is ranidly devleted in line with it being a storage
polymer and not a structural polysaccharide of the cell wall.
As the plant is growing in the dark no revlenishment of the
depleted starch reserves would be expected.
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Table 5: Hypocotyl Fractionation

A% B*
Average % comvosition (by
Carbohydrate | Average % extracted by |weight) of oxzlate fraction
Component Oxalate KOH (excluding starch)
Rhamnoce
25 65 7
Tucose
Arabinose 57 43 36
Xvloce ™ 93 6
[lannose 10 90 2
Galactose 49 51 42
Glucose 6 94 7
Total non- 25 T5 100
starch
Starch g2 8

A Distribution of carbvohydrates between oxalate and notascsium

hydroxide fractions.

R lonosaccharide comnosition of oxalate fraction.

* Both 4 and B show average values for several two-week and

older hypocotyl =2nd cotyledon samples




47D

Table 6: Starch, Pectin And Hemicellulose Contents*

Hyvocotyl Cotyledon
Sample 1 week 2 weeks 1 week 2 weeks
Upner Tower Uvpver Lower

Starch TeD 0.3 0.8 0.1 8.9 143
Pectin** 1.4 17 T8 167 2B 2.7
Hemicellulose-B¥** 3.4 4.4 4,2 6.8 242 6.1
Hemicellulose R/Pectin 2.4 246 2.9 4.0 1.4 2e

* Talues are exoresced as % by weight of total oxalate-nlus

alkali-extracted pnolymeric materizl.

** Carbohydrate extracted witn ammonium oxalate.

*%% (arbohydrste extracted with alkali not nrecivitated on

neutralisation.
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Table 7: lonosaccharide Comvosition Of Hemicellulose

Prevarations From Plants Of Different Age*

Hyvocotyls Cotyledons
1 week ? weeks 1 week 2 weeks
Upper T.ower Uvpner Lower

Monosaccharide (107) (127) (129)
Rhamnoce

7 5 4 4 5 5
Fucose
Arabinose T 7 8 6 26 10
Xylose 42 40 36 G 20 30
Mannose 6 7 11 16 3 12
Galactose 12 b 11 10 26 15
Glucose** 16 30 29 20 21 28
Starch *** 25 ? tr tr %7 2

>
Increasing age.

* Txpressed as weight % of total neutral monosaccharide.

** Txcluding starch.

*%¥% Starch glucose expressed as weight % of total neutral

mono saccharides.
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(2) There is an aovarent decrease in the pectic material as
a2 percentage of wall nolysaccharide with an increase in the
hemicellulose fraction. This is only an avparent change
because cellulose was not auantitated. The nercentage of
cellulose in vlant cell walle tyvically increases with matur-
ity, pvarticularly with the devosition of secondary wall.
In etiolated tissue, the amount of secondary wall thickening
is much reduced therefore the changes in cellulose levels
cannot be predicted.

(3) T™here is an increase, with age, of the hericellulose/vectin
ratio. It almost doutles between young tissue and that tiscue
from the oldest region where secondary wzll thickening would
have progressed the furthect.

(4) The differences between the upver and lower regions in
4em hynocotyls are quite marked. The two regions in the 7cm
hyvocotyls are very similar to each other and the lower 4cm
sections, except in their mannose content. #s the uvner 2cm
of hyvocotyl is the actively elongating region only the uvver
sections of 4cm hyvocotyls would consist of ranidly elongat-
ing cell walls. 411 other hyvocotyl sections would have
non-elongating cell walls undergoing limited secondary wall
thickening. s a conseguence =n especislly large difference
ie seen between the carbohydrate comnosition of hemicellulose
from the youngest hyvocotyl cell walls and those from other
hyvocotyl sections.

(5) Rhamnose/fucose, arabinose and galactose all decrease as
a percentage of wall pnolysaccharide in line with the decreas-
ing percentage content of pectic material. It is likely that
a high pronortion of these monosaccharides in the hemicell-
ulose fractions are components of vectic volysaccharides not
extracted with ammonium oxalate due to covalent linkage with
hemicellulosic polysaccharides (Talmadge et al., 1973).
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(6) Xylose content stays fairly constant while both the
mannose and non-sterch, non-cellulosic glucose incre=se
rapidly with tissue age. The glucose undergoes almost all
its increase as the cell wall ceases elongation while the
mannose percentage continues increasing constantly with .age.

(7) notyledon analysis shows marked differences to the hyvo-
cotyl data. Cotyledons show much more (a) oxalate-extractable
material i.e. pectic substances and (b) arazbinose =2nd galactose
in their alkali extracts. This results in a lower hemicellu-
lose B/pmectin ratio. With increasing tissue age cotyledons
undergo increases in tyvoical hemicellulosic monomers (xylose,
glucose and mannose) and large decreases in'pectic monomers'
(arabinose and galrctose). ™This is expected because cotyledon
cell walls are much younger than the hypocotyl tissue - under-
going elongation only after the first week of hypocotyl growth.

(&) The nercentage of carbohydrate recovershle from the iso-
lated material was not very high. The carbohydrate content
only reached a maximun of around 40% by weight of the total
material extracted in the oldest hypocotyl sections. lost of
the non-carbohydrate material may have been oprotein, although
there could have been some lignin and non-extracted lipid
material. The hydroxyoroline containing cell wall orotein
found in many higher plants (T.amport, 1970) contains both
arabinose and galactose as sidechains. This oprotein is
sometimes extracted in the alkali fraction and could exmlain
nartly why these results show both 2 low carbohydrate yield
and the presence of arabinose and galactose. It is possible
that the extraneous material might interfere with hydrolysis
and ouantitation of the derivatives. To improve on the
ouantity of recoverable carbohydrate in the extracts an
alternative extraction orocedure (procedure B) was therefore
instigated.
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3.2.3 Procedure B Zixtraction Of Hyvocotyls

Only fully extended hyvocotyls were extracted by
nrocedure B (section 2.5.3)asthe small differences between the
upper and lower hyvnocotyl of 7cm seedlings (Table 7) suggested
a longitudinal homogeneity in the hypocotyl at this stage of
develooment. It also gave increased meterial for the isola-
tion of the 'glucan' apparent in the hemicellulose fractions.
Results in Table 8 show that the recovery of carbohydrate was
increased only slightly by procedure B. However, procedure
B did cause the mannose content present in the hemicellulose
fraction to decrease when compared with procedure 4 fractions.
This decrease could be accounted for to some extent by a rela-
tively high yield of mannose in the initial buffer olus oxa-
late extracts (see Table 8 and compare Table 5B). As this
mannose component was very difficult to sevarate from the
'glucan' with the fractionation methods used here ( see
Chanter 4), the alternative procedure provided an attractive
route to a more homogeneous final 'glucan' fraction.

Ye may note the composition of the hemicellulose fraction
of hyvocotyl extracted by procedure R is guantitatively simi-
lar to that for upper and lower segments of T7cm hypocotyl
sections (see Table 7 and 8). As the fractions were obtained
using non-specific alkeali extraction, this similarity in
recults demonstrates in particular the defined nature of the
hemicellulose cell wall polysaccharides at this stage of cell
wall development.

3.3 Discuscion

The major aim of these extractions from various aged
tissues was to find a non-cellulosic 'glucan' fraction which
showed 'turnover', in elongating gymnosverm vrimary cell walls.
A non-starch, non-cellulosic glucan fraction does seem to have
been demonstrated by the results in Table 7. Thece results
also indicate that the 'glucan' increases with age (notably
between the upper elongating zone and the older lower non-
elongating zone of 4cm hypocotyls). It is arguable whether
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Table 8: Carbohydrate Composition Of Fractions Isolated From

Cell Walls Prevared By Procedure B.

Monosaccharide Hynocotyl Cotyledon
Buffer Cxalate Alkali*]Ruffer Cxalate Alkali
Shamno se 11%% 14 5 10 15 9
Fucose
Arabinose 2% 25 11 21 55 18
Xylose 4 5 36 4 4 30
lannose 4 9 4 6 9 5
Galactose 42 30 11 30 22 16
Glucose 15 16 5] 30 15 24
Starch*** 1 7 tr 2 5 tr
% carbohydrate in
isolated material 31 ° 40 8 8 20
% distribution
carbohydrate 40 9 51 37 17 47

¥ PTraction .

** Values are weight %.

*%¥% Starch glucose is weight % of total neutrals.
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we can strictly sveak of 'turnover' of the cell wall poly-
saccharides here when a degradation of these nolysaccharides
has not been demonstrated although it is known that both
synthesis and breakdown of nolysaccharides occur together and
lead to wall turnover during elongation, (Tamvort, 1970).
The change in monosaccharide composition indicates only a
change in net carbohydrate and does not tell which polymers
are altering in level. However, the large vercentage increase
found in the glucose content between elongating cell walls
and those cell walls which have cearsed elongating, would
suggest a major glucose-containing volysaccharide intimately
involved in the elongating cell wall. Whether this 'glucan'
undergoes turnover as shown by the xyloglucan from pea epi-
cotyl (Labavitch and Ray, 1974) it is impossible to say.

The increase in the glucan fraction here is in marked
contrast to the ranid decrease observed, for examnle, in
elongating Phaseolus aureus hyvocotyl (Nevins et al., 1968;
Franz, 1972), Avena coleontile (Loescher and Nevins, 1972),
Hordeum (barley) coleopntile (Sakurai and NMasuda, 1978) and

7ea mays (corn) first leaf lamina (Nevins et al., 1968).
It is however noteworthy that glucose polymers undergoing
rapid gross content changes, seem to be an attribute of
elongating primary cell walls in angiosperm and a revore-

sentative gymnosverm - Pinus radiata.

Even though mannose, a known secondary wall component,
continually increases with are, the glucose component no
longer undergoes any gross changes in cell walls which are
not undergoing elongation. Since Harwood (1972 and 1973)
has shown that mature Pinus radiata wood contains mainly

glucomannan and arabino-(4-O-methyl glucurono)xylan with no
major non-cellulosic glucan present it is aquite clear that
the primary gymnosperm cell-wall contains a major polysacc-
haride not found in secondarily-thickened wall. This
'glucan', present in the early stages of growth could either
be degraded in the cell wall by the action of glucanases
known to be present in cell walls (Clarke and Stone, 1962;
Buchala and Meier, 1973) or it could be diluted by the
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formation of other hemicelluloses during vplant maturation.

Further investigation was carried out to opurify and ana-
lyse the 'glucan' structure in line with the aim of the thesis,
Although the exmeriments were not designed tec study the whole
picture of carbohydrate 'turnover' some pertinent points can
be raised.

Nevins et al. (1968) found large changes in the provor-
tion of various monosaccharides accompanying hypocotyl cell
wall elongation. After cesration of elongation however, there
was little change in the relative pronortions of sugars.

Consistent with the results found for Pinus radiata hyvo-

cotyl cell wall changes, previous workers have found a decrease
in arabinose with wall maturation (Nevins et 2l., 1968; Reid

and Wilkie, 1969) and established clearly that mannocse and xy-
lose become predominant in the secondary wall (Northcote, 1969).
This has been escsentially what has been found with Pinus

radiata hyvocotyl and confirms that the changes occurring in
etiolated tissue mimic those in normal growing tiscue.

Mannose is usually an indicator of secondary wall growth
(see, for examnle, Thornber and Northcote, 1961). With regard
to seedling hyvocotyls, Albercheim (1976) using methylation
analysis, comnared the cell walls of &-day-old hypocotyls of
Red Xidney bean with those of Red Kidney be=n cell-suepension
cultures. The major difference between the two resulting
chrom~togr=me is a large 4-linked mannose peak precsent in the
hypocotyl tissue. Ae cultured cells can be grown as a homo-
geneous tissue voscessing nrimary, but no secondary, walls
( Albersheim, 1976) the 4-linked mannose would originate from
secondary wall thickening. The Pinus rad:ilata hypocotyl mannose
probably originates from an alkali-soluble glucomannan similar
to that present in mature wood (Harwood, 1973) and vossibly
more significantly, a water-soluble galactoglucomannan (com-

vare with that isolated from the wood of Pinus pinaster var.

maritima by Roudier and Zberhard, 1967), as extraction proced-
ure B removed a large oronortion of the mannose in the buffer
and oxalate extracts.

In Pinus radiata hyvocotyl the glucomannan ( or galacto-

glucomannam) and xylan are only a minor proportion of the
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total hemicellulose. The 'glucan' is the major polymer present

with greater than 60% of the hemicellulose content (cee Chapter
4), However, in Pinus radiata wood only the glucomannan and

arabino-(4-C-methyl glucurono)-xylan seem vresent in large
cuentities - the 'glucan' has either been degraded or 'diluted
out! by the formation of other hemicelluloses. These two
results combined give a2 simnlified analysis of the hemicellu-
lose changes from the FPinus radiata hyvocotyl primary cell wall
through to the highly secondarily-thickened cell wall of wood.
Thornber and Yorthcote (19612 and b) working on Pinus ponderosa

analysed the hemicellulose changes during develooment of a
cambial cell into a mature secondary-thickened heartwood cell.
As found with Pinus radiata hypocotyl, glucose and xylose were

dominant in cambium wood hemicellulose fractions. From cambium
to heartwood, glucose decreaced greatly, together with arab-
inose and galactose, while xylose, uronic acid and esvecially
mannose increased. Thus, in concordance with the pronosed

'disanpearance!' of the Pinus radiata primary cell wall glucan,

Pinus ponderosa also undergoes a similar hemicellulose change.

Cther changes are also in line with those expected from the
development of Pinus radiata primary cell wall to secendarily-
thickened cell wall.

The pectic polymers of 2ll higher plants contain predom-

inantly rhamnose, galactose and arabinose as neutral sugar
components., It is likely thece monomers present in the oxa-
late and alkali fractions, mainly arise from pectic polymers
vresent in the Pinus radiata hypocotyl as very little secondary
wall growth has occurred. In this work, rhammose (and/or fuc-

ose), arabinose and galactose all decrease as a percentzge of
extracted carbohydrate with increasing tissue age. Similarly,
Thornber and Northcote (1961) found pectic substances 2re 'lost!
during Pinus ponderosa cell-wall secondary thickening.
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2.4 Appendix: Discussion Of Polysaccharide Analysis

3.4.1 Polysaccharide Extrection

T"wo aoueous extractants were used on the Pinus radi=ta

hypocotyl tiscue for examining the cell wzll constituents:
ammonium oxalate and notassium hydroxide.

In the cell wall ca*™ neutralizes the negative charges
and ~llows association of a2cidic volymer chains. Aoueous

aumonium oxalate is a2 gat?

chelating agent and therefore causes
mutual coulombic reoulsion of adjacent gelecturonic acid con-
taining polymers resulting in their solubilisation. Using
amroniun oxalate causes 'salt' contamination of the residue

and therefore extracts in this work were dialysed exhaustively
when quantitating material. The ammoniurm oxalate fraction
contains mostly pectic materiael. Solutions of oxalic acid,
amuonium citrate, fluorides, arsenates, phosph=tes and ethy-
lenediaminetetraacetic acid have all been emnloyed as extrac-
tants for pectic substances.

slkaline extraction solu"ilises carbonydrates in whet is
usually termed tne hemicellulose fraction. Alkali is known
to cause degradation of heiiicelluloses (whistler and Beliller,
1958), One reaction, that of zlkaline hydrolysis of glyco-
gidic bonds, was found to be only significant at elevated
temneratures (Hansson and Hartler, 1968). The more important
reaction is degradation at the reducing end of the carbohydrate
chain i.e. "peeling reaction". This is prevented by the addi-
tion of sodium borohydride which will convert the reducing
end monomer to an alditol (Zinbo and Timell, 1965). All alka-
line extracting solutions used in this work contaiied sodium
borohydride for this reason.

This extraction scheme using mild extractants was used to
isolate the structural pvolymers with the minimum of modifica-
tion or degradation. In order to avoid oxidation and the
onset of 'horniness', the residues after each extraction sten
were not air-dried. TInstead a solvent-exchange procedure was
used (section 2.2.1).
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3.4.,2 Polysaccharide Hydrolysis

Analysis of the various volysaccharide extractes were
carried out as described in Materisls and Methods. The hy-
drolytic step has been considered the main source of loss in
carbohydrate analysis. Since glycosidic bonds vary greatly
in their stability to acid hydrolysis (e.g. Conrac et al.
(1966) calculated that the I.-fucopyranosyl bond is hydrolysed
200x faster than the D-glucosyvluronic bond in 0.5M sulvhuric
at 10000) and different monosaccharides are destroyed at
different rates, the conditions chosen for the hydrolysis of
complex polysaccharides are inevitzbly a comoromise between
destruction of the less stable sugars =»nd incomplete hydrolysis
of the iiore resistant glysosidic bonds.

The acid hydrolysis of intact cell walls presents partic-
ularly severe problems, which have led to the development of
combined enzymic-acid hydrolysis nrocedures (Jones and Alber-
sheim, 1972) and methods uring concentrated mineral =zcid 2t
low temperatures (Mares and Stone, 1973). They are revorted
to be efficient vrocedures althouersh D. R. Fenemor found them

inefficient on Pinue radiata hynocotyl tissue (personal com-

munication). Dilute acid can be used provided thezt correction
factors are established for the decomposition of each mono-
saccharide under the conditions of hydrolysis used (see Dutton,
1973).

When volysaccharides containing uronic acids are hydrol-
yced, a further ambiguity is introduced, in that only vpartial
cleavage of the glycosiduronic acid linkage may occur. For
this thesis, nitric acid in combination with urea was used.
Nitric acid and urea has been revorted to give nearly ouanti-
tative conversion to monosaccharides for soluble neutral
monosaccharides.

A degradation correction factor was worked out for each
monosaccharide found, under the hydrolysis conditions used
(see Table 3). The problem of glycosiduronic acid hydrolysis
was not of any major significance in this thesis because
(1) uronic acids could be adecuately quantitated in the
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unhydrolysed vpolysaccharides by a spectrophotometric assay
using m-hvdroxydivhenyl (section 2.3.2), and (2) the xylo-
glucan fraction, with which a structurazl investigation was
carried out, contained very little, if any, uronic acid.

3.4.% Gas Liouid Chromatography

3.4.3,1 Prevaration Of Volatile Derivatives

The successful sevaration by gas-liocuid chromatograohy
of the monosaccharides formed from nolysaccharide hydrolysis
devends on two major technicues. 1In one, the monosaccharides
are converted to their trimethylsilylated derivatives ocuanti-
tatively (Sweeley et al., 1963). However two drawbacks to the
use of silyl ethers are their reactivity with water (Holliean,
1971) and the fact that each aldose will give the x and B
anomers of the nyranose and possible furanose forms. This
means that where comvlex nolysaccharides or volysaccharide
fractions are involved there is going to be 2 large number of
peaks with some not resolved. In the second avoroach mono-
saccharides are converted cuantitatively to their alditol
acetate forms. This method removes the anomeric centre and
therefore gives only one alditol for each pyranocse or furanose
form enabling complex carbohydrate fractions to be eaeily
analysed.

As the polysaccharide fractions analysed in this theeis
were very complex, monosaccharides were converted to their
alditol acetates for analysis. The disaccharides, separated
by paper chromatography after partial hydrolysis (section
2.3.6), were converted to their silyl ethers as the double
peaks formed gave gre=ater accuracy in identification.

After acetylation, water was added to decompose the excess
acetic anhydride (which may give a peak close to that of man-
nose) and both pentitol and hexitol acetates extracted into
methylene chloride ouantitstively (Borchardt and Piper, 1970).
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%2.4.3,2 Monosaccharide Quantitation

As a stationary nhase, 0V-225 ( a cyano silicone polymer)
was used rather than FCNSS-M because of its greater =stability
with high temner-~tures. Later, SP2340 hecame available and
was used to effect separation of rhamnitol and fucitol per-
acetates which could not be sevarated on (QV-225.

The most desirable proverty reauired for the internal
standard in g.Y.c. is that it is 2 sugfar not in the samvle,
canable of being reduced and acetvlated, and having a chroma-
tographic mobility between those of the pentose and hexose
derivatives under the g.l.c. conditions empnloyed. {ith the
CV-225 column, 2-deoxy-TD-glucitol-pentaacetate meets these
criteria exactly (see Pig. 12) and was therefore used in this
theeis.

"he main errors with ocuantitative g.l.c., other than from
losses during hydrolysis, are in measuring amount of sample,

evaluating the peak size and determining molar (or weight)
resnonse factors (To%ek et al., 1969). 1In this work to
minimise the errors in s~2mpnle measuring, samnles were dried to
constant weight in vacuo over votassium hydroxide or vnhosvhor-
ous ventoxide. O0f the cseven methods available in determining
veak areas (Mefferd et al., 1968) the rectangular method was
used for thirs thesis. "This method was simple and accurate
without the need for an integrator. Veight-response factors
were obtained for each derivative using the exact exverimental
conditions to be emvloyed for subseocuent analyses.

3.4.4 Starch Analysis

As the vrimary aim of the thesis was to investigate a
nprimary cell wall gymnosperm 'glucan' it was very impmortant
to monitor the oronortion of glucose derived from starch.
The simolest, most accurate methods of starch analysis rely
on enzymic hydrolysis (Dekker and Richards, 1971) and this weas
the technioue adopnted in this work (section 2.3.3). Anmylo-
glucosidase hydrolyses starch to its component glucose and
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glucose oxidase (specific for B-D-plucose) converts this to
gluconic acid and hydrogen peroxide. A chromogen is oxidised
in the presence of both peroxidase and hydrogen peroxide
(FPales and Seligson, 1963). During the amyloglucosidase
treatment of starch, the B-D-glucose produced is mutarotated
to X=D-glucose which is not & substrate for glucose oxidase.
Although its mutarotation to B-D-glucose at pH 7.0 is slow,
this is not & problem as commercial glucose oxidase prenara-
tions contain a mutarotase as an imourity. In the opresence of
the mutarotace - and B-T-glucose are oxidised at the same rate
(Pahlqvist, 1961). Solubilisation or gelatinisation of the
starch nrior to hydrolysis either by boiling (lacRae, 1971)
or by treatment with alkali (Dekker and Richards, 1971) can
cause inhibition of the glucose oxidase in subsecuent analyesis.
Inhibitors are removed with a charcoal wash (Dekker and
Richards, 1971) as in section 2.3.3.

In this work the starch was only in very minor amountes in
most xyloglucan fractions (less than 5% of the total glucose
(see Table 9))., Fractionations or enzyme treatment to remove
it were therefore not reocuired.
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PURIFICATION OF THE XYLOGLUCAN

4.1 Introduction

In Chavnter 3 the alkali-extracted hemicellulose B
fractions of etiolated Pinus radiata hyvocotyl cell walls,

were found to be very high in a non-starch, non-cellulocsic

glucan. In order to characterise this hemicellulose glucan
component, it was necessary to ourify it as much as nossible
The fractionation orocedures used, are described in this
chapter.

Moet hemicelluloses extracted from plant tissues zare
mixtures of different nolysaccharides which are usually
resolved into their commonents by fractional orecipitation
from an acueous solution. Several such methods were tried in
this work, initially to give a sevaration of the secondary wall
component containing mannose from the primary wall 'glucan'.

Rarium hydroxide and copper (Fehling solution) are widely
ucsed for fractionating and wurifying polysaccharides by vre-
cipvitation as an insoluble netal complex. BRBarium hydroxide
has been found ecspecially valuable for the precivitation of
nolysaccharides containing B-(1,4)-linked D-mannose residues
due to the reaction of the barium ions with the vicinal cis-
hydroxyl grouvs on carbon atoms 2 and 3 of the mannose units
(Meier, 1958). As well, gymnosperm arabinogalactans and
arabino-(4-0-methyl glucurono)-xylazns are not precipitated
(Meier, 1965) enabling a sevaration of the mannose polymers
from the xylans (Timell, 1961). This was particularly import-
ant in relation to this work. The use of copper as a precip-
itating agent (Jones and Stoodley, 1965) did not seem to
offer this same degree of specificity and was therefore not
used.

Cetyl trimethyl ammonium bromide (Cetavlon) was used
in conjunction with borate for sevaration of neutral vpoly-
saccharides from those polysaccharides with high proportions
of uronic acid residues. Cetavlon is a ocuaternary ammonium
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salt with a long lipovhilic tail which forms insoluble salts
with acidiec polysaccharides (Jones, 1953). Neutral vpolysace-
harides do not react except as borate complexes. The precio-
itation of the neutral volysaccharides as borate complexes is
dependent on pH and the configuration of the glycol group.
Cis-glycols precinitate at a PH< 8.5 (Scott, 1965).

faillard (1961) showed that when hemicellulose B wes
dissolved in acueous calcium chloride and then iodine/potassium
iodide solution added, a precipitate resulted which contains
all those linear species including glucans, which did not enter
the hemicellulose A fraction. The supernatant contsins all the
short chain or branched polysaccharides. PResults from angio-
sperm cell wall fractionation showed most of the uronic acid
was unorecinitated (Gaillard, 1965). This procedure was adop-
ted on the hypoocotyl fractions extracted by pnrocedure R because
of their already low mannose content (see section 3.2.3).

The homogeneity of polysaccharide mixtures can be deter-
mined by such methods 2s ultracentrifugation (Adame, 1960) and
zone electrovhoresis (Northcote, 1965) or by continual fraction-
ation until no further change in comvosition occurs. In this
work, two electrophoresis methods were tried to monitor homo-
geneity of ourified fractions. If the polysaccharide is
homogeneous, ethanol fractionation precipitates it as a single
peak over a relatively nerrow ethanol concentration range.
Ethanol fractionation, carried out at oH 7.0 where the voly-
saccharides are most stable and the carboxyl grouvs, present
in the hemicelluloses containing uronic acids, are in the
form of ionised salts, was used here to test the glucan homo-
geneity as well as a general fractionation procedure.

Hemicelluloce extracts to be fractionated were selected
for their high glucan and low starch content. A4lkali extracts
were divided into two fractions by neutralization; hemicell-
ulose A and RBR. Hemicellulose A are those vpolysaccharides
precivitated by acidification of the alkali extract. They are
usually long chain xylans presumably precivitated due to oro-
tonation of the uronic acid side grouvs allowing intra- and
inter- chain alignment. No major hemicellulose A fraction
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was obtained with Pinus radiata hynocotyl in any of the work

described here. This may be related to the lack of secondary
wall development. Hemicellulose B was that carbohydrate which
remained in solution. All further fractionations were performed
on hemicellulose B extracts.

4,2 Results

Pinus radiata hynocotyl hemicellulose R fractions con-

tained opredominantly glucose 2nd xylose as neutral components
(Table 7) with galacturonic acid the dominating acidic sugar

(I. G. Andrew, personal communication).

Barium hydroxide: Hemicellulose B extracts '107' and '127!

(Table 7) were pooled to give fraction 'A' and fractionated with
barium hydroxide (section 2.6.1). lost of the carbohydrate was
nrecipitated (84%) with only 16% isolated from the supernatant
(Table 9). There was an accumulation of xylose and arabinose

in the supernatant, while the nrecivitate contained nredominant-
ly glucose and xylose. As exvected most of the mannose (> 96%)
was precipitated. (f specisal note was the finding that 96% of
the non-starch glucose precipitated with 70% of the total xylose.
As the arabino-(4-C-methyl glucurono)-xylan from gymnosnerm

wood is not precipitated by barium hydroxide and the high xylose
content (67%) together with a fairly high arabinose content
(14%) in the supernatant indicated that any hypocotyl xylan
vpresent remained in solution, the results suggest the 'glucan'
may be a xjyloglucan. Evidently the xyloglucan orecivitates with
barium hydroxide Jjust as glucomannan does and is therefore not
separable. In the literature (see Barker et al., 1957), some
glucans and mannans are separable as their borate complexes by
selective cetavlon precinitation therefore this method was

used on a further hemicellulose R extract.

Cetavlon and borate: Hemicellulose B cotyledon extract '129!'
(Table 7) referred to as Fraction 'R' was fractionated with
the use of cetavlon and borate (section 2.6.2). Cetavlon,

which forms insoluble salts with acidic polysaccharides,



Table § : Composition Of Hemicellulose B Fractions

61a

(Mole %) % Dist.
Sample Uronic Neutral
Fraction|Rha. Fuc. Ara. Xyl. Man. Gal. Glc.| acid' Starch' CHO
A1 4T 3.9 32.2 13.0 9.4 36.8 - 0.9 84
A2 (+) (+) (+) (+) (+) (+) & - 0
A3 4.8 13T 66,9 2.5 5.3 6.7 - 4.8 16
A1-1 2:0 149 13.% 27.0 15.2 13.0 276 1.6 0.4 g
A1=2 0.5 3.7 4.3 33.2 12.9 9.4 %6.0 56 0.9 26
A1=-3 T»28 Feh Mol D7 1.3 9.9 39.3 2.1 0.6 52
A1-4 0.0 3.4 4.1 45.9 6.8 6.4 33.4 18 045 13
B1 5.7 279 14.3 121 186.39 15.3] 36.6 1.0 13
P2 6.0 4.6 271 159 2.6 55.7 o R 0.8 62
B3 4.1 9.1 45.9 4.1 9.8 27.0] 5.4 Bl 25
c1 1.2 1.5 39.9 18.7 15.8 40.1 14.9] 6.2 1.2 9
02 0.3 4.7 6.6 42.8 2.8 9.9 32.9 s (+) i
B5] 1.3 1.4 15.1 56.7 2.8 8.3 14.3] 17.2 0.6 20
c2-1 2 3 19 21 3 12 30 12 (+) 2
c2-2 1 4 15 32 ) 14 29 11 C+) 6
ce-3 0 6 3 26 4 11 40 2 0 69
C2-4a 0 4 2 4% 1 6 A4 - - 4
C2-4v 0 2 i 72 1 4 15 6 0 12
C2-4c 0 1 11 70 1 3 13 4 0 7
02-3a 0 8 2 37 4 10 40 - 0 86
c2-3b 0 7 4 38 3 11 S - 0 14

' Uxoressed as % of neutral carbohydrate.
(+) Negligible values.

- 0ot determined.




Scheme 1

: Fractionation Of Femicelluloses

Fraction 'A' (46.6mg)*

+ Ba(0H), A1
+ HOAc — DH 5 A2
+ Bt0H — 80% A3

Fraction 'A1' (20.9mg)

+ Cetavlon Yo
+ RBorate — pH 8 A=
+ Rorate — pH 10 Al-
— 80% Al-

+ BtOH

Fraction '3' (20.4mg)

+ Cetavlon B1
+ Borate — pH 8

+ Borate — pH 10 R2
+ EtCH — 80% B3

Fraction 'C' (89mg)

Insoluble CaCl, o1
+ I,/XI 02
+ BtOH - 80% c3

Fraction '¢2' (59.9mg)

+ Cetavlon 02=
+ Borate — pH 8 02-
+ Rorate — DH 10 02~
+ B1t0H -— 40% 02-
+ %tOH -— 50% c2-
+ EtOH — 80% c2-

(27.2mg)
{ miL )
( 4.8mg)

1
2

3
A

1.8mg)
4.5mg)
9.0mg)
2.2ng)

e T e B i T

%3.5mg)
nil )
9.1mg)
5.0mg)

P e T e T ]

( 7.9mg)
(59.9mg)
(19.4mg)

1 ( 1.3%mg)
2 ( 3.3mg)
3 (32.7mg)
4a( 1.9mg)
4b( 5.7mg)
4ec( 3.2mg)

Fraction 'C2-3' (28.7mg)

+ BtOH
+ BtOH

— 40% C2-
— 80% c2-

3a(24.0mg)
3b( 3.9mg)

Dominant**

Comnonent

Xyloglucan

Xylan

Xyloglucan
Xyloglucan
Xyloglucan

Galacturonan

Xyloglucan
Xyloglucan

Arabinan
¥yloglucan
Yylan

Yyloglucan
vyloglucan
Yyloglucan
Xyloglucan
Xylan
Xylan

Xvloglucan
Xyloglucan

61b

Other Major**
Components

Mannan

Mannan
annan
Xylan

Arabinan
Mannan

Yylan

l.iscellaneous
Yylan

Pectic
Components

* Yield of total non-starch carbohydrate shown in parenthesis.
**% Major polysaccharides deduced from monosaccharide analysis.
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precinitated 70% of the uronic acid from fraction 'B!
(Table 9). This high uronic acid fraction (B1) was analysed
and shown to be predominantly galacturonic acid (I.G. Andrew,
personal communication). The cotyledons were still elonga-
ting when extracted and some pectic components would be expect-
ed to anvear in the alkali fraction, nossibly due to covalent
bondin;z to hemicellulose polymers (Talmadge et al., 1973).
Both the borate precivitate (R2), with 62% of the neutral
carbohydrate, and the ethanol precinitate (33) had high con-
tents of glucose and xylose, although the resnective ratios
were ouite different. The high glucose and xylose content of
B2 suggests again that the 'glucan' shown in the hemicellulose
extracts of elongating hypvocotyl is a xyloglucan. The high
glucose and xylose content of B3 with a ratio of glucose to
xylose of 0.6 : 1 indicates the presence of both xyloglucen
and xylan. The xyloglucan has again copnrecivitated with most
of the mannose (77%). Fowever, results do show that most of
the glucose (68%) was orecivitated in a fraction separate from
most of the galacturonic acid, arabinose, starch =nd xylan.

Owing to the limited success of this fractionation, the
barium hydroxide precipitated carbohydrate (A1) was subjected
to a2 cetavlion/borate fractionation (Scheme 1). However,
fractionation of the borate precivitate between vH € and pH 10
could not achieve any further sevaration of the msnnan and
glucan polymers (Table 9).

At this stage of the project, hemicellulose R extracts had
been obtained from the whole hyvocotyl by procedure B and found
to contain low mannose contents. Thus a svecific fractionation
procedure to separate the mannose commonent was not as impera-
tive. The nrocedure of Gaillard and Bailey (1968) offered a
very spnecific sevaration by iodine-complex precivitation of
any linesr 1,4-linked polymers from the hemicellulose B
extracts. If the Pinus radiata hyvocotyl xyloglucan was indeed
like those isolated from other species it would be vrecipitated,

with highly branched volymers and possibly uronic acid contain-
ing pvolysaccharides remaining in solution (see results of
Gaillard, 1965).
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Jodine and potassium iodide: Hemicellulose R obtained from
whole hyvocotyls (fraction 'C', Table 8) was fractionated
with iodine and potassium iodide (section 2.6.3). Results

presented in Table 9 show that the xyloglucan was precin-
itated as a dark blue vprecipitate leaving most of the xylan
component in solution together with a large nronortion of
uronic acid. Ratios of glucose : xylose in precipitate C2
suggest that some xylan has also conrecipitated with the xylo-
glucan, together with most of the mannose. Starch contami-
nation was very minor, with most remaining in the suvernatant
(03) with a negligible amount present with the xyloglucen.

The material insoluble in aonueous calcium chloride, con-
taining 9% of the total carbohydrate, had a large vprovortion
of arabinose. As arabinans are very soluble polymers, it is
possible that this precivitzted arabinose arises from arabi-
nose oligosaccharides bound to a hydroxyoroline containing
nrotein similar to that found in many higher plants and
known to accumulate in cell walls which have ceased elongating
(Sadava et al., 1973). D. R. Fenemor (personal communication)
hae found a high content of hydroxynroline in purified cell
walle from Pinus radiata callus tissue-cultures.

®thanol: Purther fractionation to achieve an homogeneous
xyloglucan was carried out on C2 using the cetavlon-borate
method in combination with ethanol orecipitation (Scheme 1).
Fraction €2 gave six vrecinitates on fractionation (Table 9).
The first two precinitates contained all the rhamnose and high
ouantities of arabinose 2nd uronic acid, indicating the precin-
itation of mostly pectic material. Fairly high proportions
of xylose and glucose rchow some glucan covorecipitation.
Fractions C2-3 and C2-4a hroth show the precipitetion of a
glucan with a composition closely resembling that exvected from
a purified xvloglucan. The absence of rhamnose and negligible
amounts of mannose and arsbinose provide evidence for a fuco-
galactoxyloglucan. The two remaining ethanol vprecinitates
contained the xylan found in most hemicellulose B extracts.

To test the homogeneity of the xyloglucan isolated in
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fraction €2-3, further fractionation was carried out by eth-
anol precivitation (Scheme 1). VNost of the volysaccharide
vrecipitated over a narrow ethanol concentration (<40% ethanol)
with little change in monosaccharide composition occurring.

The higher ratio of xylose to glucose in fraction (C2-3b =till
indicates the vpresence of a xylan but the content is very
small.,

Electrovnhoresis: Electronhoresis was carried out to monitor

volysaccharide homogeneity during the gluczn vpurificstion.
Although standard polysaccharides such as an arabinoxylan
(wheat flour), a galactomannan (cerob bean) and laminarin were
separated into sevarate bands no extracted Pinus radiata mat-
erial showed sevaration into definable bands. A eingle wide

diffuse bsnd was usually observed. :is results gave no indicae-
tion of a guick relisble method of monitoring the volys=zccha-

rides during their frzctionation, the electrovhoresis proced-

ures were abandoned.

4,3 Tiscussion

Results presented in this chavnter suggest that the major
hemicellulosic orimary cell wall 'glucan' of etiolated Pinue
radiata seedlings is & xyloglucan rather than a mixed-link
glucan. The presence of high contents of both fucose and
galactose coprecinitating throughout the purification procedure
with the xyloglucan suggest a fucogalactoxyloglucan similar
to that isolated from dicot tiscue such as Phaseolus aureus
hypocotyl (Kato and Matsuda, 1976).

T™e evidence so far available for the homogeneous nature

of the xyloglucan rests on its constancy of composition on
repeated fractionation, an admittedly unsatisfactory situation.
However, the ratios of the sugars fucose, galactose, xylose

and glucose remain fairly high and constant under all the
different fractionation procedures. The other sugars vary
constantly in ratio and in the tore purified fractions either
disappesr (as with rhamnose) or are only oresent in minor
amounts (such as arabinose, mannose and uronic acid),



ose and B-D-glucopyranose residues. Probably owing to this
structural feature, it has meant little separation has been
achieved between the xyloglucan, with a linear backbone of
(1-4)-linked 8-D-glucopyranose
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indicating they zre vrobsbly not associsted with the
xyloglucan.

Although the nitric acid hydrolysis procedure used here
enables the ousntitative determination of the monosaccharide
composition of isolated carbohydrate fractions, there is a
contribution from contaminating pnolysaccharides hard to sevn-
arate from the xyloglucan. This results partly from the vore-
sence of both primary and secondary cell wall hemicelluloses
(which anpear to be different volymers) and nartly from the
fractionation technioues used. The results in Table 9 indi-
cate the presence of at least three hemicellulosic polyszscc=-
harides, one the xyloglucan and the other two, similar poly-
mers to those found in mature Pinus radiata wood; a2 xylan and

a 'mannan'. The xyloglucsn is easily separated from the xylan
and from pectic commonents (methylation analysis also gzve =2
sevaration between an arabinan and the xyloglucan ( see Chanter
5)), but lese easily sevarated from the 'm2nnan' component.

Mannose is a2 known secondary wall component and 2s such,
the mannose residues are probably dirived from either a water-
csoluble galactoglucomannan or an alkali-soluble glucomannan
(Harwood, 1973). The glucomannans in the xylem of all gymno-
soerms consist of a framework of (1-4)-linked B-D-mannovyran-
¥ recidues (see Chavter 5), and the mannan component.
Purther, Gould et al., (1971) have suggested that xyloglucan-
iodine complex formation involves the interaction of iodine
within the interstices between aggregated xyloglucan chains
end xyloglucans have been demonstrated to hydrogen-bond with
cellulose (Valent and Albersheim, 1974). fellulore and gluco-
mannan have very similar structures. It seems logical to
exnect glucomann=sn to also interact with the xyloglucan by
hydrogen-bonding and therefore aggregate, leading to diffi-
culties in separation when using fractionzl precipitation
from aqueous solvents. It is of note that Perila and Bishop
(1961) on their engymic hydrolyesis of a purified glucomannan
from Jackvine obtained presumed xyloglucan fragments in the
vroducts.

Poscibly due to the above reasons, in this nroject the
xyloglucan and mannan were both orecipitated with barium
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hydroxide - a compound known to form an insoluble metal com-

vlex with gymnosverm glucomannan. Similerly, a 'galactoxylo-
glucan' was precinitated by Schreuder et al. (1966) in their

fractionation with b=srium hydroxide of an alkali extract from
comnression wood of red snruce (Picea rubens Sarg.).

It was 2also found that the Pinus radiata xyloglucan and

'mannan' could not be sevmarated as 2 borate comoplex over two
pH values, that both formed an insoluble complex with iodine/
potessium iodide and that both precivitated together over a
narrow ethenol concentration range. Ramalingam and Timell
(1964) in an attemnt to effect a better resolution of their
glucan from Picea engelmanni bhark, used numerous fractionation

methods similar to those used in these studies. While the
composition of galactose, xylose and glucose remained remark-
ably constant, contaminants such as mannocse, arabinose and
uronic acid were always nresent.

'hatever the reason for the lack of success in sevaration,
one fraction (C2?-4a) shows 2 very low mannose content strongly
suggesting that mannose is associated with a different volymer
and is not an integral part of the xylogluean.

Ae it turned out, the use of extraction orocedure ®,
initially used to increase the carbtohydrate puarity cf samoles,
led to a good separation of the xyloglucan from the mannose
component, no longer making it imperative to sepnarate the two
volymers., No further technigues were attemnted to give 2
separation because (a) time did not vermit, and (b) the small
mannose content would not interfere too much in the structural
determination.

Realising that the Pinus radiata primary wall hemicellu-
lose is a xyloglucan, future work could incormorste further
fractionation on hemicellulose R extracts by ion-exchange
chromatogranhy on DEAE-sevhadex (see Bauer et al., 1973) in
order to separate the neutresl xyloglucan from those polysacc-
harides which contain significant amounts of uronic acid.

(The cetavlon procedure, used here for the same purpose, does
not seem to be as selective.) The xyloglucan thus obtained
would be further nurified by column chromatogranhy on cellulose
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(to make snecific use of its hydrogen-bonding ability) as
described by Asvinall et al., (1969).
Monosaccharide analysis of the Pinus radiata hemicellu-

lose materisl alsc demonstrated the presence of a xylan

in several frzctions similar to that isolated by Harwood

(1972) 2nd Haslemore (1974) from mature Pinus r=diata wood.
Bvidence for a similarity between the supernatant hyvocotyl xy-

lan and the wood xylan comes from the xylose to arabinocse
ratios. R. Haslemore and V. Harwood obtained ratios of 4.8

and 5.3 respectively, which is in good zgreement with the

ratio of approxim=2tely 5 obtained from the hypocotyl xylan
(Table 10). Similarly, as found with the hyvocotyl xylan,

the arabino-(4-0-methyl glucurono)-xylan from mature wood is
not precinitated with barium hydroxide. The xylose to uronic
acid ratio would not give such a reliable comparison as Thornber
and Northcote (1961b) found the xylans formed during secondary
thickening of Pinus nonderosa anpeared to contain greater

amounts of uronic anhydride than that denosited in the bprimary
cell wall.

It is of note that the xylan orecipitated by iodine/votas-
sium iodide (C2-4b 2nd C2-4c) with low arabinose : xylose
ratios, was evidently more linear (i.e.with fewer arabinocse
sidechains) than the 'average' xylan from the hypocotyl.
wilkie et al., (1979) and others, have found that the arabino-
xylan from monocot primary cell walls can be separated into
fractions with wideranging arabinose to xylose ratios.

The lack of good separation found with electrophoresis is
not inconsistent with a nurified xylogiucan. *“ide and contin-
uous variation in the structure of vplant polysaccharides is an
established fact, even if in many cases it results from partial
degradation during the extraction process. This posrcibly was
the underlying reason for unsatisfactory results i.e. a wide
diffuse band.

Mnelysis of the hemicellulose B fractions from whole
hypocotyls (C1, C2 ...etc) has shown that greater than 60%
of the hemicellulose carbohydrate is composed of xyloglucan.
This makes it a major hemicellulosic polymer in the Pinus
radiata elongating primary cell wall.
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Table 10: ole Ratios Of Xylan Fractions

Uronic
Fraction Rha. Tuc. Ara. Xyl. Man. Gal. Glc. Acid
A3 7 20 100 4 9 10 nd
o3 2 3 27 100 5 15 24 25
c2-4b 0 2 9 100 1 5 21 7
C2=-4c o) 2 15 100 2 5 19 5

Arabino-(4-0-methyl glucurono)-xylan from Pinus radiata wood.

Uronic
T iterature Rha. Fuc. Ara. xyl. Man, Gal. Gle. Acid
Harwood (1972) 19 100 17
Yaslemore (1974) 21 100 i

nd %ot determined.
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CEAPTER 5

CHARACTERISATICON CF THH XYLCGLUCAN

5.1 Introduction

Structural cstucies on the xyloglucan from etiolated Pinus

radiata hypocotyl cell-walls have involved four major methods:
ouantitative uonosaccharide analysis, partial hydrolysis, meth-
ylation analysis and chromium trioxide oxidation.

(1) Monosaccharide analysis has involved cuantitation of the
neutral monosacchzrides in purified xyloglucan fractions.
The method gives accurate cuantitation comrined with quick
analysis of isolated fractions.

(2) Partial hydrolysis is a strong tool in analysing monosacc-
haride linkage within = polysaccharide. The main effect of
partial acid hydrolysis of a volysaccheride is to randomly
cleave a few of the glycosidic bonds to produce low molecular
weight oligomeric fragrents. If these oligomers can be iso-
lated and identified, the information derived from the proced-
ure is a series of tuilding bricks contributing to a major
structural feature. Tor fine detailed structural analysis, the
use of specific hydrolytic enzymes is profitable (Talmadge

et al., 1973).

(3) Methylation analysis is probably the most important method
for polysaccharide structural analysis. The process involves
exhaustive methylation of polysaccharides by etherification of
the hydroxyl groups. The methylated polymer is then hydrolysed,
and the methylated monomers sevnarated, identified and ouantita-
tively analysed commonly after conversion to alditol acetates.
Free hydroxyl grouvs in the partizlly methylated sugars are
acetylated and corresnond to linkage vositions of glycosidic
bonds in the original nolysaccharide. TFor examole, full methy-
lation of émylose will give 1,4,5-tri-0-acetyl-2,3%,6-tri-0-
methyl-slucitol indicating linkages through carbon atoms 1 and 4.
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The technique contributes no information as to =2nomeric config-
urations or their order along a pnolymeric chain but does deter-
mine the vpronortions of constituent sugar residues with various
flycoesidic linkages.

T™he method of Hakomori (1964) involving the use of the
strongly basic sodium methyl sulvhinyl carbanion for carbo-
hydr~te methylztion has been used in the present work. The
conjugate base of dimethylsulvhoxide is nrenared by the action
of sodium hydride on dimethyl sulphoxide under nitrogen at
65° - 70%.

0 0
—g—GH3 + NaH = (CH,-8=C", e CH_-

CH - 3 _.2

3

The strong bzse catalyses the formation of polysaccharide
alkoxides and oushes the eouilibrium in the following reaction
almost completely to the right.

R-OH + O0OV_-g0-CH-Nvat — R-c"Nat +« CH 5= S0~ CH

3 2 3

The advantage of this procedure over other methods is that
the methyl sulvhinyl carbanion in dimethylsulvhoxide is a much
stronger base than acueous hydroxvl ions. Once alkoxide forma-
tion is comnlete, ranid alkylation follows with methyl iodide
forming the methylated ornduct.

R-0"Na¥ 4+ OH.I -» R-0CHz + NaI

3
The review of Rjorndal et 2l., (1970) notes the vossibil-
ity of undesirable side reactions with uronic acid residues.
Small pronortions of uronic acid were found in the ourified
xyvloglucan fractions from Pinus radiata hynocotyl =2nd these

would not contribute significantly to any error in cuantitation.

The impurities: non-nolysaccharide materials such as salts,
condensation vroducts and lignin and also part of the volysacc-
haride th=st is less completely methylated, can be removed by
fractionation between chloroform and water. WNon-methylated
products extract into the acueous phase.
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(4) chromium trioxide oxidation enables investigation of the
anomeric configuration of the glycosidic linkages in vpoly-
csaccharides. Those residues oxidized will bte where the agly-
cone (in a fully acetylated aldoyoyanoside) is eouatorially
disposed in the most stable cheir form - generally the B-anomer.
The ¢-form is only slowly oxidized. Comparison of oxidised
nolysaccharide with the unoxidised shcows which sugar residues
are *Xor B.

5.2 Resultse

5.2.1 lonogaccharide Analysis

Mole ratios of all fractions with greater then 30% glucorce
are nresented in Table 11. 4ll fractions contain major propor-
tions of glucose and xylose together with constant minor pro-
vortions of fucose and galactose, suggesting a fucogalacto-
Xyloglucan is nresent in Pinus radiata primary cell walle.

In those fractions wnere the xylose content is higher than
the glucose content, it anpears that a xylan is oresent 2along
with the xyloglucan. This has been confirmed in some instances
by further ourification which separates out a xylan component
and the ratio of xylose to glucose in the subsecuent xyloglucan
fraction drons below 1.0. The xylan has an arabinose to xylose
ratio of zround 5 (Table 10) which compares favourably with
that revorted by Harwood (1972) and Faslemore (1974) on the ara-
bino-(4-0-methyl glucurono)-xylan from Pinus radiata wood.

The mannose content probably arises from a glucomannan
similar to that isolated by Pee (1973%) and Harwood (1973) from
Pinus radiata wood. An estimate of the glucose derived from

this nolymer can be made if it is assumed the Pinus radiata

hyvocotyl and wood glucomannans are similar. Using an esti-
mated glucose : mannose ratio of 1 : 3.5 (A. X. Pee and

V. Harwood obtained 1 : 3.33 and 1 : 3.7 resvectively), the
glucose residues arising from the glucomannan would be 20% of
the mannose content. Table 12 thus gives the monosaccharide
ratios of all the xyloglucan fractions corrected for their
glucomannan content.



Table 11: Mole Ratios 0Of Yyloglucen Fractions Hoa

Uronic
Fraction|] Rha. Fuc. Gal. Iyl. Glc. Ara. WNan. Acid
B2* 16 29 75 100 15 38 9
41 9 25 74 100 9 24 7
A1=2 1 11 27 95 100 12 24 12
A1=3 3 9 24 9 100 4 37 6
L1-4 0 11 19 140 100 13 21 9
Cox* 1 14 30 151 100 20 9 10
n2=3 0 16 21 90 100 i 9 4
C2-=3%a 0 20 25 93 100 5 10 nd
c2-3%b 0 18 30 102 100 11 9 nd
f2-4a 0 9 13 99 100 4 2 nd

* B2 avvarently contained arabinan + glucomannan (see methy-
lation analysis).

*% (02 contained a xyvlan (sevarated by further fractionation).

nd Not determined.
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Table 12: Mole Ratios Of Hypocotyl Xyloglucan®* Compared With
Literature Xyloglucans

Tronic

Fraction Rha. Fuc. Gal. Xyl. Glc. Ara. Acid
R2 18 39 84 100 15 10
41 10 28 82 100 10 8
£1-2 1 12 20 106 100 13 13
A1=3 3 10 27 88 100 4 T
Al-4 0 12 20 149 100 14 10
c2 1 14 31 134 100 21 10
c2-3% 0 16 28 92 100 7 4
C2=3a 0 20 26 95 100 5 nd
n2-3b 0 18 7 105 100 T nd
C2-4a 0 9 13 99 100 4 nd
setimated

Talue 0 15 25 85 100 ? ?
Literature Fuc. Gal. {yl. Glc. Ara. References
Gymnosoerm
Red spruce com- Schreuder et al., 1966
prescion wood nd 21 92 100 -
Engelmann i s ramalingham and
gpruce bark mg 23 P We Timell, 1964
Cell-culture
Sycamore 13 15 85 100 % Bauer et al., 1973
Sycamore 12 28 56 100 4 Asninall et al., 1977
Rosa glauca 14 gl 85 100 Rarnaud et al., 1977
Eypocotyl
Phaseolus aureus 10 25 70 100 ¥Yato & Matsuda, 1976
Seeds
Rapeseed meal 14 21 71 100 Siddioui & Yood, 1977
Rapeseed meal 19 23 86 100 %2 Mheander & Aman, 1978
Rapeseed meal 13 26 91 100 3 Mheander & Aman, 1978
Rapeseed meal 14 26 81 100 5 Theander & Aman, 1978
Raveseed meal 14 16 54 100 Aspinall et al., 1977
Rapeseed hull 15 25 48 100 4 Aspinall et al., 1977
Nasturtium 0 40 69 100 Asvinall et al., 1977
Nasturtium 0 32 48 100 Hsu & Reeves, 1967
Tamarindus 0 35 75 100 Kooiman, 1961
Tamarindus 0 25 50 100 12 Srivastava & Singh, 1967

¥ Valuees have been corrected for the possible nresence of a

glucomannan (see text).

nd Not determined.
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Rhamnose has disappeared in several xylorlucan fractions,
ruling it out as a nart of the xyloglucan.

The arabinose commonent has not been separated off com-
pletely but in several fractions is of minor content. Further
fractionation is needed to analyse whether it is 2 minor com-
vonent of the xyloglucan. lethylation analveis (section 5.2.%
has suggested an arabinan is present in fraction B2. Lost of
the arabinose in xyloglucan fractions therefore, would arise
from the arabinan and/or arabinoxylan present.

These results indicate the presence of a fucopalactoxylo-
glucan with a ratio of fucose : galactose : xylose : glucose of
15 2 25 : 85 & 100,

5.2.2 Partial Hydrolysis

Yydrolysis of fractions 21 and B3 (Table 9) with trifluoro-
acetic acid for 1 hour, 100°C, gave ouantitative recovery of all
monosaccharides exceot glucose. Ceparation of the trifluoro-
acetic acid hydrolysis products by naver chromatogravhy indica-
ted the presence of a dismseccharide. Co-chromatogranhy with
standard glucose disaccharides showed this disaccharide tote
cellobviose (Fig. 18). To confirm this, the disaccharide oro-
ducts of hydrolysis were eluted from Whatman Wumber I paner
and trimethylsilylated (see section 2.3%.6.3%). Sevaration by
gas chromatogranhy of the pertrimethylsilyl ethers (Fig. 19)
gave two peaks with relative retention times identical to the
®K and B anomer neaks of authentic cellobiose. No other disacc-
harides were found either by vaper or gas chromatography.
Zepecially imvortant is the absence of laminaribiose. C(Cello-
biose is coumosed of two glucose residues linked by a B(1-4)
glycosidic bond. This suggests there are B-1,4-linked glucose
chain components as part of the xyloglucan.

5.2.3 Determination Of Sugar lLinkage Comnositions

A preliminary single Hakomori methyl=tion was carried out
on a samnle of soluble starch. The resulting chromatogram
showed several pezks including tri-O-methyl and di-C-methyl and
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mono-C-methyl-glucitol as well as the unmethylated glucitol-
hexsacetate. These peaks, initially identified by relative
retention times and confirmed by mass svectrometry, showed that
a high degree of undermethylation had occurred with the one
Hakomori starch methylation. Major peake in order of decreas-
ing size included 2,3,6-tri-C-methyl, 2,6-di-C-methyl,
2-mono-{-methyl, 3,6-di-C-iethyl, 2,3-di-C-methyl, 6-mono-C=-
methyl, 2,3,4,6-tetra-C-methyl and the unmethylated glucitol
(Fig. 20).

Traction B2 (Table 9) was then chosen for methylstion
analysis of the Pinus radiata xyloglucsn. This was initially

to be a preliminary xyloglucan methylation but due to lack of
time caused by undermethylation oroblems and the future unavail-
ability of 2 mass svectrometer no further fractions were methy-
lated. Fraction B2 was subjected to one Lakomori methylation
(section 2.3%.8). The chloroform-soluble vortion was hydrolysed
and derivatised and gave the chromatogram (on QV-225) as shown
in Fig. 21. The presence of such peaks as unmethylated xvlose,
galactose and glucose showed that either undermethylation or
demethylation or both were occurring. The chloroform-insoluble
nortion was subjected to a second Hakomori methylation, hydro-
lysed and derivatised and the resulting chromatograme on (CV-225
and ECNSS-M are shown in Figs. 21 and 22, respectively. As
these chromatograms had far fewer neaks than the single methy-
lated chromatogram, it indicated that undermethylation rather
than demethylation was causing most of the problems.

Separation of the 32 partially methylated alditol acetates
showed 24 vpeaks. Twenty-three of these neaks were shown to con-
tain carbohydrate derivatives by combined gas-liouid chromato-
graohy and mass snectrometry (GC-MS). Pesk 24 waes identified
as a nhthalate ester, nrobably nresent due to contamination in
one of the solvents used. TIdentified pezaks arising from 0V-225
separation are given in Table 13,

Peak areas are revorted in Table 13 on a semiguantitative
basis only because of inaccuracies in reliable peak area deter-
mination (due especially to losses of volatile methylated
derivetives and the large number of overlapping peaks).
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FIGURE 20: Methylation Chromatogram of Starch
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FIGURE 21 A:
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FIGURE 21
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Separation of Chloroform Insoluble Polysaccharide
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mable 1%: Identified Partislly Methvlated Alditol Acetates 7

Chloroform Chloroform

Peak Monosaccharide Soluble* Insoluble**
1 2,3,5-tri-0-methyl 2rabinose +++ i
2 2,3,4-tri-0-methyl xylose +4+ o
3 2,3,4=-tri-C-methyl fucose +4 +4
4 3,5-di-0-methyl arabinose + -
) 2,5-di-0-methyl arzbinose + -
6 2,3,4,6-tetra-0-methyl glucose + +
1 2,3=-di-0-methyl arabhinose +4 tr
84 2,%,4,6-tetra-0-methyl galactose ++ ++
8RB 3,4=(or 2,3-)di-0-methyl xylocse 44 4+
9 Inknown +4 T
10 Unknown ++ tr
11 2-0-methyl arabinose? ++ -
12 2,3,6-tri-0-methyl mannose ++ ++
13 mono-methyl xylocse + -
14 3,4,6-tri-0-methyl galactose 444 +4+
14 2,3,6=-tri-0-methyl glucose ++4 4+
15 ?2,6-di-0-methyl glucose + -
16 xylocse + @
i 3,6-3i-0-methyl glucose & =
18 2,3=-di-0-methyl rlucose +4-++ ++++
19 6-0-methyl glucose % &
20 2-0-methyl glucocse - -
21 3-0-methyl glucose + +
22 galactose? + -
23 glucose -+ +
24 phthalate ester -

4 geparsted on colummn & (0V225).

* Single methylated carbohydrate.

*%* Carbohydrate methylated twice.

- Negative.

tr Trace.

+ Relative ouantity of monosaccharide.
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However, it is clear from Tig. 21 that after a single Hakomori

methylation, the smount of arabinose derivatives relative to
other sugar derivatives (commare arabinose and xylose), is
higher compared with the neutrzl monosaccharide analysis of
Table 9, whereas the twice-methyl=ted material shows almost

a totzl absence of arabinose derivatives. These arabinose de-
rivatives consist of two major neaks; 2,3,5-tri-C-methyl and
2,3=-di-C-methyl arabinose, and two minor neaks; 3,5-di-C'-methyl
and 2,5-di-C-methyl arabinose. A fifth ouite large neak wes
tentatively identified as 2-(-methyl arabinose but due to the

close nroximity of other vesks and the small smount of material
available GC-MS could not confirm the identification*. These
results suggest an aravinsn, highly methylated after a single
methylation due to its greater solubility, has almost totelly
fractionated out with the chloroform-soluble material. Hence
the twice-methylated material is largely onurified free of
arabinan.

Mannose was found only as the 4-linked derivative as ex-
vpected, ascsuming it to be a constituent of 2 contaminating
glucomannan or galactoglucomannan.

Although 6-(i-methyl and 2-C-methyl glucose were only
present in the material subjected to a single methylation both
3-0-methyl and the unmethylated glucose were found in similar
proportions in both methylated samnles (Tzsble 13). (Glucose
vrobably derived from either undermethylation or demethylation
and esimilarly the 3-C-methyl glucose. However the 3-0O-methyl
glucose could also arise from a small proportion of doubly
branched glucose residues. The 2,4,6-1linked glucose (3=0-
methyl glucose) has been found as a component of the sycamore
Xyloglucan (Bauer et al., 1973) and Courtois et al., (1976)
also found evidence for a linkage through C-2 of the D-glucosyl
units of Balsamina xyloglucan.

* TIn the GC-MS used, the column effluent could not be snlit,
therefore there was no simultaneous flame ionisation
detection and ion measurement. The use of totel ion current
to show peaks is much more difficult to enable pinpointing
of a small obscured peak.
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A comparison of the methylation results with the data
from neutral monosaccharide analysis suggest that the volatile
tri-O-methyl pentoses =2nd tetra-C-methyl hexoses have been lost
during workup of the hydrolysed vartially methylated monomers.
This unfortunately has meant accurate ouantitation cannot be
done. To correct for the losses, the ascumption may be made
that partially methylated alditol acetates with similar reten-
tion times (as for example the 2,3,4-tri-O-methyl xylose and
fucose derivatives) undergo similar losses during workuv. As
well, the bulk of the evidence presented in this thesis suggests
that the structure of the Pinus radiata hypocotyl xyloglucan is

is similar to that of other svecies. Thus there should be

eoual moles of: 4,6-linked glucose and total xylose; 2-linked
Xylose and total galactose; 2nd 2-linked galactose and ternminal
fucose. Ueing such assumptions, the ratios of the major methy-
lzted monomers can be estimated for the twice methylated

sample (Table 14). Application of this tyve of analysis gives

a ratio of fucose : galactose : xylose : glucose of apnroximately
0 5 40 : 70 = 100.

5.2.4 Analysis Of Anomeric Configuration

A preliminary investigation was carried out using a stand-
ard galactomannan (Carob bean). Three hours of chromium tri-
oxide treatment on a sample decreased the mannose content to
10% of the original while the gslactose only decreased slightly
to 74% of the original value (Table 15). This agreed with the
known anomeric configurations:ﬁ-—linked manno ce and &X-linked
galactose.

Fractions (02-4a and C2-3b, containing a fairly pure xylo-
glucan, were combined and analysed. Results presented in
Table 15 are slightly ambiguous. Fucose has undergone no
oxidation implying an X-configuration while galactose has been
80% degraded implying a p-configuration. inalysis of the other
results do not give any clear-cut conclusions. The low level
of glucose oxidation agrees with slow oxidation of B-linked
glucose reported by Woolard et al., (1976) in certain glucans.
The anomeric configuration of arabinosyl residues in these
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Table 14: Prominent Peaks In Mass Svectra Of Hyvpocotyl

Fucogalactoxyloglucan

Peak 2 3 6 84 8B 14 14 18
sugar | t-xyl t-fuc t-glc t-gal (§;x{}) o-gal 4-glc 4,6-glec
Relative| 30 20 trace 20 40 20 30 70
m/e 43 + + + + + + + +

45 - + +

71 - +

87 - + + + + +

89 -

99 + + +

101 - -+ + + + + - +

143 +

115 -

5 iy R4 + - + + + + +

127 -

129 + + + -+

131 +

145 + +

161 + + + +

175 +

189 + +

205 - -

233 -

261 +

* Obtained as described in text.
+ Primary fragments.



Table 15: Chromium Trioxide Oxidation

T4b

Samnle Time Relative Monosaccharide Areas¥*
(hours)| Puc. Xyl. Gal. Gle. Man. FMyo-inositol

0 162 543 100
Galactomannsan

3 143 58 100
Anomeric
Configuration & B

0 46 284 120 270 T4 100
Xyloglucan

4 52 140 26 224 39 100
Anomeric

Configuration

? o
o~ ; B ;

¥ Not corrected for resnmonse factors.
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polymers was not determined since this method degrades both
«- and B-linked furanosides ecually.

5.3 Discussion

rResults presented in this thesis show that the primary
cell wall of etiolated Pinus radiata seedlings contain a fuco-

galactoxyloglucan as 2 major hemicellulose polymer. The ab-
sence of both 3-linked glucose in the methylation analysis and
laminaribiose in the partial hydrolysate indicate that no
mixed-link glucan is vpresent.

It is important to realise that the purity of the orig-
inal cell wall orevaration is often ouestionable. The frac-
tions obtained are thus ill-defined, 2nd there is considerable
overlavp, ecspecially between vectins and hemicelluloses, depend-
ing on which variation in extraction procedure is followed.
Pectic material was often separ=zted out from hemicellulose B
extracts by further fractionation (Scheme 1). Fethylation
analysis has also shown a possible pectic arz2binan to be pre-
sent, together with the hemicellulosic xyloglucan. Thue in
each polysaccharide fraction there may coexist molecules of
different structural tyne znd data analysis must always take
into account this pnossibility.

The non-cellulosic neutral sugars in the compositional
analyses in thecse studies were analysed as their alditol ace-
tates after hydrolysis in O0.5M nitric acid for 3.5 hours at
100°c. Thie allowed cuantitative determination of the mono-
saccharide comvosition of isolated Pinus radiata hypocotyl

cell wall hemicellulose B extracts which showed a major 'glucan!
to be vresent (Chapter 3). Data from fractionation of this
'glucan' has suggested it is a fucogalactoxyloglucan similar

to that found in sycamore (Bauer et al., 1973) and other dicot
tissues (Chapter 4). These observations were borne out by
detailed characterisation studies. Methylation analysis has
been the major tool from which the structure has been built
although undermethylation has been a major oroblem with this
process. This problem has been encountered by other workers;
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Seymour et al. (1979) showed that with cellulose and glucoese
dextrans, this undermethylation is not random but selectively
occurs at the 3-hydroxyl groun. Sonication emphasizes this
effect, avn2rently by oromoting methylation at non-3-hydroxyl
groups. This same effect has been observed with starch in
this work as shown by the largest veak after 2,3,6-tri-C-
methyl glucose being 2,6-di-C-methyl glucose (Fig. 20). The
3,6-di-0-methyl and 2,%-di-C-methyl glucose derivatives are
slightly less again. This agrees with an ease of methylation
C=6>0=2> (=3 as found by Seymour et al. (1979).

Two hemicellulosic volymers shown to occur in Pinus
radiata hypecotyl, are similar to those found in Pinus radiata

wood. 4An arabinoxylan has been senarated from the xyloglucan
ané shown to have similar arabinose : Xylose ratios to the
wood arabino-(4-C-methyl glucurconoc)-xylan (see Chapter 4).
Mannose, although not shown to, probably arises from a gluco-
uwannan (or galactoglucom-nnan) similar to that isolated from
Pinus radiata wood by Farwood (1973) 2nd Pee (197%). I annose

is unlikely to be a component of the xyloglucan owing to the
following observations:

(1) The changes of monosaccharides with tissue age (7Tabtle 7)
showed mannose increzssed constantly with increasing age while
the glucose increase did not continue after cessation of

elongation.

(2) In several xyloglucan fractions the mannose content is
very small, esvecially fraction C2-4a (Table 9).

(3) The vercentage of mannose in samples could be varied by
varying the extraction procedure (see section 3.2.3).

Furthermore in the literature:
(4) Mannose has only been found as a B-1,4-linked comvonent
of higher plant cell walls either as a homoglycan or as a
heteroglycan with galactose and glucose but not with xylose.
(Methylation analysis in this work reveals only 4-linked
mannose, )
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(5) Mannose is a characteristic comnonent of secondary cell
walls, not primary cell wzlls (see rcection 3.3),

(6) Xyloglucan fractions have been successfully isolated with
no mannose comnonent.

Any mannose nrecent would therefore indicate the glucose
derived from a possible glucomannan, Cther workers when iso-
lating xyloglucan pnolymers, have not had a similar oroblem =s
no gluco- or galactoglucomannan was precent in the tiscue.
The xyloglucan and glucomannan are difficult to =sevnarate
nosceibly because both hydrogen-bond well to each other due to
their similar backbone structures (see section 4.3). Complete
senaration of the two volymers might have been achieved by
D7i¥-cellulose/borate and/or cellulose column chromatogranhy
or vossibly by n»nreacetylation of the nolysacchzrides to
disrunt any hydrogen-bonds followed by chloroform/petroleum
ether fractionation.

Tt is anparent that similar polysaccharides to hoth of

the hemicellulose vnolymers found in mature Pinus radiata wood

are already vresent in hyvocotyl tiseue, nerhans arising from
cecondary-thickened cell walls, and will need to be clearly
cenarated from the xylogluczn in the future refinement of

the xyloglucan structure.

Most arabinoce is from nolysaccharides other than xylo-
fFlucan. A preponderance of fractions would contain arabinose
arising from the xylan present. As well, methylation analysis
hae shown the nrobable presence of an arsbinan in fraction
tR2', Moset of the xylan would have been removed from this
fraction as it is soluble in cetavlon-borate. The arabinan
has been demonstrated by the greatly increased vnrovortion of
arabinose in the first methylation as would be exvected for
a highly soluble volymer. Figh contents of 2,3,5-tri-C-methyl
and 2,3-di-(-methyl arzbinose along with the tentative identi-
fication of fairly high 2-0O-methyl arabinose, all indicate an
arahinan. Although 2,5-di-C-methyl arabinose was found as a
constituent of the arabinsn from Pinue ninaster var. maritima
(Roudier and Eberhard, 1965) the 3,5-di-0-methyl arabinose was
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not. The 2-linked arabinose is a comnonent of arabinans,
such as from reneseed (JTarm et al., 1975) and could be a
comoonent of the Pinus radiata aratinan.
The nrecence of both %,5-di-C-methyl and 2,5-di-C-methyl
arabinose is associated in the literature with the nresence

of oligosaccharides (usually tetra) linked to the hydroxy-
proline of the cell wall protein 'extensin'. Hydroxynroline
has been shown to be & major constituent of Pinus radiata callus

cell wzall orotein (D. R. Fenemor, nersonal communicztion) and
it is possible these methylated arabinose derivatives arise
from similar oligosaccharides in Pinus radiata hypocotyl cell

wall protein. The two arabinose derivatives may also arise
from undermethylation.

There is a vnossibility that a small content of arabinose
arisea from the xyloglucan volymer. ¢Siddicui and Wood (1°977)
have isolated rapeseed mezl xyloglucan from which arabinose is
absent but no other workers have been able to co this with
xyloglucans from other sources. TFurther investigations will
be necessary to determine whether these arabinose residues
arise from incomplete fractionation of the polysaccharide ore-
parations or from residual, covalently attached stube of
another cell wall component as suggested in the model for
plant cell wall structure provnosed by Albersheim znd his
collaborators. Albersheim (1976) has pronosed that the ara-
binose 'stubs' are due to covalent linkage between the xylo-
glucan and pectic arabinogalactan present in sycamore cell-
suspension cultures. Although he ocuotes M. McNeil as having
isolated a fragment of the wall which contains the xyloglucan
attached to the pectic galactan, no literature has appeared
to supvort this claim.

These results presented in this thesis, show that a »oly-
mer composed of fucose, galactose, xylose and glucose is
nresent in the Pinus radiata hyvocotyl cell wall. Taking into

account the glucose derived from a nossible gluco- or galacto-
glucomannan, Table 12 revorts the found monosaccharide ratios
of high xyloglucan fractions. In those fractions with low
xylose content it is assumed the xyloglucan is free of the
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more soluble xylan. This leaves a polymer with ratios of
fucose : galactose : xylose : glucose of 15 : 25 : 85 : 100.
A more accurate calculation would need the isolation of the
xyloglcuan, free of other hemicelluloses, by methods involving
a minimum of both degradation of monomers and hydrolysis of
bonds.

The following results from the characterisation studies
support the formulation of the fucogalactoxylogluczn as shown
in Fig. 23.

(a) mvidence suggesting 2 linear B-(1-4)-glucan backbone
include the following:

(1) The hydrolysis of Pinus radiata xvloglucan by the trifluoro-
acetic acid procedure gives quantitative recovery of all mono-

saccharides exceot glucose. The trifluoroacetic acid vrocedure
also fails to hydrolyse the glycosidic linkages of cellulore

(a linear B-(1-4)-glucan) and hydrolyse ocuantitatively the
B-(1-4)-glucosyl linkages present in the bsckbone of the xylo-
glucan of sycamore (Rauer et al., 1973).

(2) separation of the trifluoroacetic acié hydrolysis products
by both naper chromatogravhy and gas chromatogravhy gave only
one disaccharide, cellobiose. Cellobiose is a B-(1-4)-linked
glucocse disaccharide, indicating there are chains of linear
B-(1-4)-linked glucose residues in the xyloglucan.

(3) The polysaccharide was precinitated as a dark blue iondine

complex. Gaillard et al. (1969) have revorted that a variety

of polysaccharides having a sequence of (1-4)-linked glucose,

rylose, or mannose residues, stained blue or black ané vnrecip-
itated with iodine in the presence of celcium chloride.

(4) T™he xyloglucan was very difficult to sevarate from the
mannore-containing nolysaccharide. The mannose nrobably derives
from & linear B-1,4-1linked glucomannan (in suovort of this,
methylation analysis shows all the mannose 4-linked) which

would aggregate with a similar linear f-(1,4)-glucose chain
leading to difficult separation.
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Tipure 2%: Posescible Structure Cf Pinus Radiata Xyloglucan
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(5) All the glucose residues were shown to contain a (-4
linkare (except for trace amounts of terminal glucose) while
all other sugar residues had large provortions of terminal

derivatives, giving suonort to 2 linear 4-linked glucan chain.

(b) Evidence suggesting the fucogalactoxylogluc=n consists of
xylose, galactose and fucose attached as sidechains to a
sequence of B-1,4-1linked glucose residues through carbon-6
includes the following:

(€6) Methylation analysis has shown that 70-80v of the total
methylated glucose derivatives were 4,6-linked while the
remaining 20-30% were only 4-linked. ¥ooiman (1%961), using =n
enzyiie preparation called 'luizym', was able to hydrolyse the
tamarind xyloglucan so that almost all of the xylosyl residues
of the polymer were recovered in the disaccharide 6-0-x-D-xylo-
pyranosyl-D-glucoynranose. The ecssentially ocuantitative iso-
lation of this disaccharide clearly demonstrated, that all of
the xylosyl residues occur as monoxylosyl side-chains linked to
the 6-position of glucosyl residues in the glucan backbone.

A eimilar conclusion is suggested with Pinus radiata xyloglucan

by the very similar ratios of tot=zl glucose to the 4,6-linked
glucose (100 : 70-80) from methylation analysis (Table 14)
and total glucose to totzl xylose (100 : 85) from monosacc-
haride analyeies (Table 12).

(7) A1l the fucose was vpresent as terminal fueose while the
xylose 2nd galactose had fairly eoual orovortions of both
terminal and linked residues. The linked galactose was shown
to be 2-linked. Asninzll et al., (1977), by acetolysis of
raneseed hull fucogalactoxyloglucan derived: cellobiose,
6-0=o-D-xylopyranosyl-D-glucose and 2-0-f-D-galactopyranosyl-
D-xylose. As well, their analysis of nasturtium galactoxylo-
rlucan showed only terminal galactose to be present. Taking
into account these and other literature results, the oresence
of both terminal fucose and 2-1linked gaslactose in this work,
suggests all the fucose is bound in a 2-0-D-fucovyranosyl-
D-galactose linkage. &s all the xylose is bound to the frlucose
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and all the fucose to the grlactose, it followes all the gal-
actose must be bound to the xylose as found by ispinall et =2l.,
(1977) and others. Such assumptions by no means oroves the
linkages as set out, but, as all fucogalactoxyloglucans found
to date follow these linkages and no evidence in this work
contradicts such a structure for the Pinus radiata xyloglucan,

thece deductions are valid.

(8) Ratios of the four sugars always show the content of
glucose > xylose > galactose > fucose. Ain estimate of their
ratios gave 170 : 85 : 25 : 15. After considering the fact that
only glucose is all oresent as linked residues, indirect
supnort for sidechains of fucose, galactose and xylocse, linked
as in %ig. 23, is shown by these ratios.

Table 12 shows the monosaccharide ratios found in isolated
xyloglucans from other tiscues. All have very similar ratios
even though the tissue tynes vary considerably. '"The structure
of the Pinus radiata xyloglucan suggested in rFig. 23, is the
came as that found for all those xyloglucans icsol~ated from
dicots.

(e) The anomeric configuration of the glycosidic linkages of

Pinus radiata xyloglucan were investigated.

(©) Results of chromium trioxide oxidation suggested that the
fucosyl recidues are linked in the ot-configuration and that the
galactosyl residues exist in the B-configuration. The oxida-
tion of xylose and glucose were inconclusive. Talmadpe et al.,
(1973) found chromium trioxide oxidation gave eouivocal results
with sycamore xyloglucan.

(10) Isolation of cellobiose from the vartial hydrolysis pro-
ducts with no other glucose disaccharide indicate that the
glucoge residues are linked in the g-configuration.

From these results it may be concluded that the everall
structural features of the Pinus radiata orimary cell wall

fucogalactoxyloglucan, are similar to those of fucogalacto-
xyloglucans isolated from dicots.
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CHAPTER 6

CENERAL DISCUSSICN AND CONCLUSION

6.0 General Tiscussion

The seed xyloglucans (amyloids) which have been isolated
and invecstigated structurally, are highly branched polysacc-
harides, showing variations in many resvects. The galacto-
xyloglucang from tamarind (¥ooiman, 1961) and nasturtium seeds
(Courtois and Le MNizet, 1974) are dominating commonents in
these sources (20-50% of dry matter) and they contain no fucose
residues. Another group are the fucogal=ctoxyloglucans isola-
ted in smaller amounts from white muetard seeds (Gould et 2al.,
1971), turnio raveseed meal (Siddioui and Yood, 1977) and rave-
seed hulls (A4Aspinall et al., 1977). Smaller amounts of arabi-
nose are found in this grouv of xyloglucans, but Siddiaqui and
Wood (1977) have isolated a small fraction where arabinose was
absent.

Fucogalactoxyloglucans have now been found in the cell-
susvension cultures of sycamore (Rauer et al., 1973) Red ¥id-
ney bean (%ilder and Altersheim, 1973) 2nd Rosa glauca (Rar-

noud et al., 1977). Thecse cultured cells possess vnrimary, but
no secondary, walls, (Albersheim, 1976). Seedling tissue
(which would possess mainly primary cell-walls) of Phaseolus
aureus, Glycine mex and Vigna sesouinedalis (Kato and Matsuda,

1974) all contain a similar volymer. The xyloglucan which has
shown exclusive turnover in ne=as (I.abavitch and Ray, 1974)
resembles that reported in other tissues (Albersheim, 1976).
lost recent work has involved the study of the angio-
sperm primary cell wall polysaccharides, and no reports of
any xyloglucan from gymnosperm vrimary cell wall hzave been
publicshed. Fowever, Ramalingham and Timell (1964), as well as
echreuder et al., (1966), have presented results indicating
the presence of a xyloglucan in the bark of Picea engelmanni
and red soruce compression wood respectively. The Picea

'glucan'! contained glucose, xylose and galactose residues in
a ratio of 4 : 3 : 1. Pucose content was not renmorted.
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7vidence was obtained for the nresence of a seouence of B-(1-4)-
linked glucose residues, freouently branched through C-6. The
majority of the galactose occurred as non-reducing end grouvs.
™e red spruce 'glucan' gave, on hydrolysis, galactose, xylose
and glucose in a ratio of 1 : 4 : 5.

It is also pertinent thst Perila and Rirchop (1961), on

enzymic hydrolysis of a glucomannan from Pinus banksiana wood,
obtained both 6-0-(xX-D=xylovyranosyl )-T-glucose and 6-C-

(x-D=xylopyranosyl )-cellobiose among the products.

The analysis of Dourlas fir suspension-culture cell walls
(Purke et al., 1974) rives a monosaccharide commosition very
cfimilar to that of sycamore, verhaps also suggesting the pos-
cible presence of 2 xyloglucan in Nouglas fir nrimary cell
wall. ¢cinmilarly, the high xylose and glucose contents of
Pinus nonderosa cambium cell wall (Thornber and Northcote, 1961a

and b), together with the large depgrease in glucose from he=rt-
wood cell wall, suggest that a xyloglucan is precent in the
cambium cell wall.

411 the major features, of the xyloglucans mentioned abhove
and the Pinus radiata seedling xyloglucan, are sinilar. The
features that tiese nolysaccharides have in common include the
B-1,4-1inked glucan backbone, the xylosyl residues substituted
along the glucan backbone, =2nd the fucosyl-galactosvl side
chains substituted onto xylose residues.

The fucosyvl-1,2-galactosyl side chains, attached to the
2-position of the xylosyl residues fold bhack over the glucan
chain in a manner that allows the xyloglueczn to hydrogen-bond
strongly to cellulose on only one side (Bauer et al., 1973).
This most significant feature of the molecule may, accordéing
to vauer et al., allow it to ensheath cellulose fibrils with
only a single xyloglucan layer. The xyloglucan polymers sur-
rounding a cellulose fibril would then cross-link covalently
through the pectic polymers to xyloflucan monolayers surround-
ing other cellulose fibrils (Bauer et al., 1973).

Polysaccharides avpearing in the hemicellulose frazction
of secondary olant cell walls (xylans, mennans, glucomannans
and galactoglucomannans) and the primary eell walls (arabino-
xylan of the monocnt and the »yloglucen of the dicot) 211 have
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structures that are well suited to the formation of interchain
hydrogen tonds with cellulose chains. Several such volysacc-
harides have, in fact, been renorted to bind to cellulose in-
vitro (Albersheim, 1976). It is possible that these polysacc-
harides may belong to a single class of nolysaccharides with
the structural function to interconnect the cellulocse fibres
and the mectic polysaccharides of the wall (Bauer et al., 1973).

In view of the structural similarities between primay cell
wall xyloglucans and the seed 'amyloid' xyloglucans, it would
be of considerable interest to ascertain whether or not the
tamyloid' xyloglucans are incorporated into the structure of
the primary cell walls of the germinating seedlings. The fate
of the 'amyloid' xyloglucan from white mustard seeds has been
studied by Gould et al., (1971). These investigations found
that, before germination, two xyloglucan fractions could be
obtained from the cotyledons : a soluble xyloglucan that could
be extracted with hot IDTA solution and an insoluble xylo-
glucan that reguired further extraction with agqueous alkeli.
After germination the soluble xyloglucan fraction was not
detected, but the insoluble xyloglucan was still present.
Albersheim (1976) postulates that the difference between the
soluble and insoluble xyloglucans is the binding of the latter
to cellulose, and thet the disavpearance of the soluble xylo-
glucan after germination involves the binding of this fraction
to cellulose or ite incorporation into newly synthesized cell
walls.

A1l the xyloglucans isol=ated derive from dicotyledons that
are, in some cases, very distantly related (for example sycamore
and Red Tidney bean) yet retain very similar molecular features.
It can now be added that the primary cell wall of a gymnosverm,
Pinus radiata, also contains a2 similar polymer. Tvolution con-

cserves those features of molecules that are most important to
their function. The structure of the xyloglucan has remained
relatively unchanged during the divergence of sycamore and bean,
and possibly even between that of gymnospverm and angiosverms.
This conservation of structure indicates the importance of this
hemicellulose in cell wall structure and function.
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6.1 Nonclusion

The data oresented in this thesis has resulted from an
investigation of the composition of primary cell walls of
elongating Pinus radiata hypocotyl. The turnover studies by
Tabavitch and Ray (1974) on a xyloglucan in dicot nrimary cell
walls and the changes found in a mixed-link glucan of monocot
walls by Buchala and others, suggected the initial 2ovoroach.
This was to study, in varticular, the change with cell wall
elongation,in glucose comnosition of hemicellulose ® frzctions.
T™he non-starch, non-cellulosic, glucose was found to undergo
A major increase in cell walls on ceseation of elongation.

The identification of this glucose fraction as a fuco-
galactoxyloglucan, similar to that isolated from dicot tiscues,
is revorted here. Although this stronfly suggests a role for
this nolysaccharide in the elongating gyrmnosverm vrimary cell
wall as in the nea enicotyl, it :ust be noted that we are
dealing with an increacse with age in the orovortion of xylo-
glucan, in contrast to the decrease ascociated with turnover
in the vea evicotyl.

The increase in xyloglucan as well as other hemicellulose
polysaccharides in the etiolated Pinus radiata hypocotyl, is

clearly at the exnence of starch. Yhether the changes revorted
in Chapter 3 of this thesis bear any relation to those under
normal growth conditions is unknown. The etiolated seedlings
used here served the purnose of vnroviding greater ocuantities
of starting material, with much less secondary wall thickening
and lignification, than in light-grown seedlings. They may
thus provide a better model for orimary cell-wall structure
than light-grown seedlings, as well as providing more xylo=-
glucan for structural characterisation, without any recuire-
nent for delignification of the tissues.

However, in order to evaluate the true role of the xylo-
glucan or any other polycaccharides in hypocotyl elongation,
it will be necessary to use light-grown seedlings. Xurther,
in order to assess the turnover of these polymers, as well as
the possible hormonal control of such turnover, it will be
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necessary to use labelled nrecursors.

The basic structure of the xyloglucan revorted in this
thesis has been elucidated as similar to that found for the
dicot xyloglucans. Althoursh some of the fine detail was not
investigated, the important concent of a 8-1,4-1linked glucan
backbone to which sidechains of xylose, galactose and fucose
are linked, was proven fairly conclusively. Detailed vartial
hydrolysis studies, similar to those succescfully employed by
Asoinall et al., (1977) on raveseed xyloglucan, are needed to
confirm the suggected structure.

Cther signific=nt aspects will also require future invest-
igation; namely (i) the extraction of the radiata vpine hyovocotyl
xyloglucan free of any glucomannan, and (ii) the linkage and ano-
meric configuration of the xylose residues. Reduction of the
methylated xyloglucan with sodium borodeuteride with subsecouent
GC=MS analysis will confirm the xylose linkage as either 2- or
4- (see TLindberg, 1977).

Finally, the use of enzymes, such as the cellulase from
Penicillium notatum (Courtois et al., 1976) or the endogluca-
nase from Trichoderma viride (TFauer et al., 1973%) which cleave
snecific glycosidie bonds, used in conjunction with these other
studies, will allow reconstruction of the polyseccharide frag-

ments so that a knowledge of the whole nolysacch=ride may be
determined.
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