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ABSTRACT 

1. The changes in carbohydrate composition of elongatin g 

Pinus radiata prima ry cell wallE were investigated. 

In the hernicellulose B extracts, A large increase in 
the percentage of non-starch, non-cellulosic, glucose 

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

2. By fractionation of the hemicellulose B extracts, with 

a variety of methods involving precini tation from an 

aaueous solution, a x,ylo glucan was purified. This xylo­
glucan was the major hemicellulose of the Pinus radiata 
hypocotyl cell wall. 

3. Characterisation studies on the xylo glucan involved: 
quantitative analysis of the monosacch8 rides derived by 

nitric acid/urea hydrolysis; identification of the parti al 

hydrolysis product P derived by trifluoro a cetic acid hydrol­
ysis; quantitation of the sugar linkages using methylation 
by the Eakomori method; Rnd analysis of the anomeric con­
figura tion of comnonent sugars using chromium trioxide 

oxidation. 

4. From the results a tenta tive structure ha s been suggested 
for the xylo glucan, consisting of a back bone of ,8-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 uni ts. Galacto and fuco-1, 2-
galacto sidechains are a ttached to some of the xylose 

residues, nrobably through the C-2 of the xylo se. 
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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). ~oreover, 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 
appe arance of the cell plate. This arises t hrough f usion 

of vesicles (derived from dictyosomes and containing poly­
saccharides) deposited in the equatorial plane of the 
phragmoplast (Newcomb, 1969). These nolysaccharides, 
shown to be rich in pectic substances (Northcote and 

Pickett-Heaps, 1966), become the building materials of the 
cell plate, which will contribute significantly to the 

middle lamella of the wall deposited by ea ch 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 wa.11. The primary wall polymers will 

ultimately provide resistance in the horizontal direction 

to turgor pressure (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. Rigidity is conferred upon the wall 
by the deposition of partially crystalline cellulose 
microfibrils at all stages of their development. The 
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fibrils are embedded in matrix materials imparting 

cohesion, strength and rigidity to an otherwise potentially 

fluid structure. 
When nlant 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 deposition of most wall materials, 
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 Wall 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). Figure 1 shows 
some of the more common sugars which occur as constituents 

of the polysaccharides. Maj1)r cell wRll 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) Hernicellulose (extracted usually by 4N KOH at room 
temperature) 

(3) Cellulose (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. Lignin 
is a characteristic component of secondartly 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 
labora tory terms insofar as they indicate starting-mnterials, 
procedures, preconceptions, and objectives in relation to 

studies of pl Rn tstuffs and their polysaccharides. Wilkie 
considers polysaccharides are best described by using 
chemical terms relating to their main structural features. 
However, much information is co nveyed by the use of such 

terms a s 'hemicellulose' to describe isolated fractions 

a s it enables comparisons to be made between polysaccharides 

from various sources. These terms will be used in t h is 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. I t is a simple linear polymer of 

~-1,4-linked gluco~yranose residues. The glucose residues 
are present in the C1-chair conforma tion with the hydroxyl 
and hydroxymethyl groups all being in the more stable 

equatorial uosition. The degree of polymerisation of 
secondary-wall cellulose always remains constant and mono­
disuerse in the cell walls of higher nlants 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 ( C6t~, 1977). 

1 • 2 . 2 Li gnin 

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 phenolic oxygen. Lignin, 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 ( C6te, 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. Evidence from several sources, such as 
the extra ction of lignin-carbohydrate complexes, suggests 
that lignin is associated with or is combined with the 
matrix substances but not with the framework substance 

(Ct5te, 1977). 

1 • 2. 3 Protein 

Protein is a quantitatively important component of the 
cell wall matrix (Lamport, 1965) althoup-.h its role in cell 

wall growth is not firmly established. The cell wall pro­

tein is unusaal 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-a rabinose oli gosaccharides are 
atta ched 0-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). J. . possible structure is given in Fig. 2. 

The available evidence is in favour of the cell wall 
~olysaccharides being connected to the hydroxyproline­

containing protein through the serine residues of this pro­

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 supported 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 

Karlsnes, 1967; Ridge and Osborne, 1970; Sadava et al., 1973). 
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Figure 2: Possible Structure Of Cell Wall Glycourotein 

Segment (From Clarke et al., 1979). 
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5 . 
1.2.4 Pectic Substances 

The pectic uolysaccharides 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. Since 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 erplained solely in terms of 
pectin metabolism, which has a suecific role in new wall 
development. 

Pectic substances are dissolved from the cell wall by 
aqueous solvents containing calcium chelating agents such as 
ethylenedianiinetetraacetic acid ( RDTA ) or ammonium oxala t,e. 

They have been divided up by As~inall (1973) into three 
polymer types. 

(1) Neutral Arabinans 
These are basically highly branched polysaccharides 

with predominantly ~-L-arabinofuranose residues ~resent. 
They contain o<.( 1-5 ) and O< ( 1-3) linkages (Fig. 3). They a re 
usually in small amounts in most higher plants a ~d their 

role in seeds and plant cell walls i .~ not known. The 
arabinans hav e been isolated with arabinogalactan from lemon 

peel showin g that t he highly branched arabi nans must be 

distinct species which cannot arise from partial degradation 

of the more complex neutral polysaccharide ( Asuinall, 1973 ) . 
( 2) Neutral Galactans and/or Arabinogalactans I ( or II) 

The galactans or arabi r10 galactans which are found in 
association with pectins are most coffimonly those based on 

linear chains of ( 1-4)-linked P- ri-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 Of An Arabinan. 
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Fi gure 4: Structure Of Galactan. 

Arabinogalactans of ty-pe I are Rlso characterized by 

essentially linear chains of (1-4) linked chains of 

,9-D-galactor,yrano se residues. 
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larches where the polysaccharide is present in the lumen 
of tracheids and ray cells rather than as a wall comuonent. 
Arabinogalactans of this type contain highly branched 
structures in which ~-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, termina te some of the outer chains. The di stri-

bu tion of (1-6) linkages is largely as indicated in Fig. 5 

but not necessarily in a comuletely non-ramified comb-like 
structure. Some arabinogalactans of this type also contain 
terminal units of D-glucuronic acid (or its 4-methyl ether). 
(3) Acidic Galacturonans or Galacturonorhamnans 

Galacturonans are predominantly com~osed of linear 
chains of 4-linked ~-D-galacturonic acid in the pyranose 
form (Fig. 6). In nature a large prouortion 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 a cid contain significant amounts of neutral 
sugar substituents. The 2-linked L-rhrunnose occurs only in 

the interior chains, whereas residues of all other neutral 

sugars are encountered in the exterior chains only. Side­

chains containing ~-D-galactopyranose and L-arabinofuranose 
residues are the most characteristic (Fig. 6). Barrett and 
Northcote (1965) have shown that these sidechains in apple 
galacturonorhamnan are distributed irregularly in widely 

spaced blocks along the macromolecular chain. 
Stoddart and Northcote (1967) have demonstrated a 

temporal linkage between the various pectic fractions of 
sycamore suspension-culture cell walls. Knee ( 1978) has 
produced evidence for a spacial arrangement in a~nle 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: Renresent2tive Structure For Arabinogalactans 

Of Type II. 
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Figure 6: Structure Of Galacturonan. 
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7. 
D-xylopyranose residues alone or with appended D-galacto­
pyrano se or L-fucopyrano se uni ts 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 

ma trix is required, it seems that pectic polysaccharides are 

high in rhamnose and side-chains and that these decrease in 
the pectic substances as the cell ages ( Rees and Wight, 1969). 

Model building computations for galacturonans indicate that 

the insertion of the 2-linked L-rhamnose uni ts interrunts the 
tendency to form ordered chain conformations ( Pees and Wight, 
1971). The rhamnose causes 'kinking' of otherwise regular 
chains forming a zig-zagged structure. This along with side­
chains a '1 d 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 requirement 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 plant tissues togeth er 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 appendages of different types of 

sugars. 
Most hemicelluloses have been isolated from mature cell 

walls. We can divide these hemicelluloses into two main types 

( Time 11, 1964 and 1965): 



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

8. 

(i) The xylans make up 10 - 15% of mature softwood and 
15 - 20% of hardwood cell-wall polymers. They are generally 
quite large molecules in gymnosperm with a degree of poly­

merisation of 100 - 120. 4-linked ~-D-xylopyranose residues 

form the xylan backbone. Some of the P-D-xylose residues are 

substituted in the C-2 and/or C-3 positions by single unit 

side chains of 4-0-methyl-~-D-glucuronic a cid and/or ~-L-arab­
inofuranose residues respectively. The distribution of the 

acid side chains on the xylose re s idues is random ( Rosell 

and Sven sson, 1975). In gymnosperms the di stri bu tion of the 
o(-L-arabino se residues along the xylan backbone is probably 
also random. Xylans in hardwoods generally l a ck arabinose, 

but, instead commonly bear 0-acetyl groups at C-3 of the 
xylose residues (Timell, 1964). 

(ii) Gluco- and gal a ctoglucoma.nnans con s titute t h e bulk of the 

gymnosperm wood hemicellulose but are a minor constituent in 

angiosperms. 
The water soluble galacto glucornannans a re isolated in 

f a.irly low yields from softwoods. They a re a ho moge.!'l eous 
polymer with r a tios of galactose : glucose : rnannose of 

1 : 1 : 3. 13-D-glucose and 13-D-mannose a re link ed ( 1-4) 
to f orm the backbone, while ~-D- gRlactonyr2-nose is linked to 

the c-6 position of both mannose and glucose residues. The 
structure is the sRme as the alkali-soluble gluco mannans, 

the main difference being the increase in terminal side 

chain gal a ctose residues, which may a ccount for the water­
soluble properties of the polymer. 

The alkali-soluble glucomannans are the main polysaccha­
rides present in the cell wall of mature softwoods, account­
ing for approximately half the he micellulose fraction of 
coniferous woods. These polysaccharides Rre structurally 
s imilar to cellulose and seem to be closely associa ted with 
the cellulose molecules in the cell wall. The rnannose to 



Figure 7: General Formula For Xylans. 

• 4)-~-D-Xylp-(1~4)-fo-D-Xylp-(1-.4)-~-D-Xylp-(1~ 

3 2 3 
t t t 
1 1 1 

(4-Me)<X-D-Glc A p 

Figure 8: General Formula For Glucomannans. 

-4)-~-D-Glc -(1--+4)-~-D-Man -(1--.4)-~-D-Man -(1__.. p p p 

' f 
/ 

1 

oe-D-Gal -p 

8a 



9 • 

glucose ratio does vary but in most softwood glucoman nans 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 t h e C-2 or C-3 
position of some of the mannose residues. These ester grouns 
are lost under t h e alkaline conditions normally used for 

extraction of hemiceJ.luloses. 
Roth the xylans and the glucomannans in mature cell walls 

are arranged in pa.racrystalline array between and in the f:ame 

direction a s the cellulose microfibrils and are strongly 

adsorbed (by hydro gen handing ) onto the microfibril surface. 
The linear structures of these polymers allow as f'O ciations 
(as in the formation of microcrystallites ) which have a unitin g 

effect on wc1ll polymers. They may therefore be important 

in interactions between t h e r:: icrofibrils a nd the cell wall 
matrix. 

In so me angiosperm seeds, t he endosperm cell wall is 
greatly t h ickened by the deposition of gal a cto rnanna_r1s, 

gluco mannans or r:.annans as a reserve pol ysaccha ride. 'T'he 
galacto r'lannans and mannans resemble the galacto gluco mannans 
and gluco mannans of wood, but l a ck the glucose residues. 

1.2.6 Primary Cell w~i l 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 materi al. The use of 

young growing plants which contain predominantly a single cell 

type with little secondary thickening, together with the use 

of suspension-cultured cells, have however, enabled ran id 
progress in this area. studies have shown the presence of a 

mixed-link ~-1,3-P-1,4-glucan in monocotyledons and in a t 
least one dicotyledo n . Arabinoxylans have been demonstrated 
in monocotyledons with some results suggesting their presence 
also in dicotyledons. Xyloglucans have been found in dicot­
yledons. 

MASSEY UNIVWID 
LIBRARY 
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111wo of these uolysaccharides, the /3-glucan and the 

xyloelucan 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 

this work. 

1.2.6.1 Mixed-Link Glucan 

The non-cellulosic mixed-linked P-D-glucan of monocots 
has been identified as 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-endosperrnic tissue by alkali. They have been 

characterised a8 linear homo glycans with both P-(1-3) and 
~-(1-4) glycosidic linkages. The mean ratio of (1-3) to (1-4) 
linkages was estimated at 3 : 7 (Stone, 1976). Nevins et al., 
(1978) using the very specific Bacillus subtilis and Rhizonus 
glucanases found that the cell wall P-D-glucans of five 

different grass s~ecies had 30.4 - 30.9% (1-3) P-D-glucosyl 
linkages in the molecules. These enzymes release both 

3-0-P-cellobiosyl-D-glucose 8nd 3-0-~-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 total glucan complement. 
There was at one time some argument as to whether the 

Eiixed-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 hRs been postulated that 
this material is a storage product, not a structural wall 
component (Burke et al., 1974; Albersheim, 1976). In view of 
this criticism many workers have now given evidence for the 

~-D-glucan being a wall component and not a conseouence of 
some molecular association induced during isolation (Nevins 

et al., 1977; Wada and Ray, 1978). It is possible that the 

analysis of six suspension-cultured monocots by Burke 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 preparation is 
comtaminated by ap-D-glucanase capable of degrading only 
mixed-link glucans (~evins et al., 1977). A similar 

mixed-link ~-D-glucan has been reported from Phaseolus aureus 
- a dicot (see section 1.2.6.5). 

1.2.6.2 Arabinoxylan 

The other major hemicellulose nresent in monocot 

seedling primary cell walls is an acidic arabinoxylan 

(Darvill et al., 1978; Buchala, 1974; Wada and Ray, 1978). 
These arabinoxylans, like those of mr1ture tissues already 
discussed, always contain a linear 1-4 linked xylan backbone. 
Frequent sidechains attached mainly at the 3-posi tion ( but 

a.lso at the 2-position) comprise either: (a) single arabino­

furanosyl residues; or (b) single 4-0-rnethyl glucuronosyl 
residues, (both (a) and (b) are common); or (c) arabinose, 
xylose and/or galactose oligosaccharides; or (d) glucuronic 
and galacturonic acid oligosaccharides. Similar arabinoxylans 
are found in several species of cultured monocot c:ells (Burke 
et al., 1974) and barley aleurone cells (r,;cNeil 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). 



1.2.6.3 Xyloglucan 

The major hemicellulose reported in dicotyledons is 
a xylo glucan. Kato and Matsuda ( 1976) have isolated xylo­
gluean from the hypocotyls of three leguminosae plants; 

Phaseolus aureus (mungbean), Glycine~ and Vigna sesquined­
alis. 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 stern sections has been isolated and also found to 

have similar ratios. 
The most thorough structural investigations h ave been 

done on the xyloglucans isola ted from suspension-cultured 

cells. suspension-cultured cells have been grown as an 

homogeneous tissue possessing primary, but no secondary , walls. 
These cells also secrete into their culture medium poly­

saccharides that annear to be structurally identical to the 
noncellulosic polysaccharides of the cell wall (Albersheim, 

1976 and refs cited therein). The major isol a ted hemicell­
ulose of~ pseudoplatanus ( Bauer et al., 1973), Phaseolus 
vulgari s ( Wilder and Al bersheim, 1973) and Rosa gl auca 
( Barnoud et al., 1977) cell-suspension cultures is a 
fucog81Pctoxyloglucan of similar structure to that from 
Phaseolus aureus hypocotyl. 

The constitutions of a wide range of dicotyledon cell 
walls h ave been examined by methylation anal ysis. Cell walls 
from tomato (Lycopersicon esculentum), soybean ( Glycine ~), 
Red Kidney bean (P. vulgaris) and sycamore cell-suspension 
cultures, a s well as from 8-day-old Red Kidney bean hy-pocot­
yls, all gave gas chromatograms featuring as ma j or 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 B. w. 
Simson found similar results for ap-pen cambial cell walls 

(quoted by Albersheirn, 1976 p263). This information has 
convinced Albersheim and coworkers that such diverse dicot 



plants as beans, tomatoes and sycamore trees, have 
architecturally very sirnil8.r primary cell walls, contaiYling 
a fucogalactoxyloglucan as a major he rr, icellulose. 

Xyloglucan polymers have also been found in the seeds 
of many dicot nlants. These have been design2ted 

'amyloids' due to their blue staining prooerty with iodine. 

Two subgroups are distinguished: (a) Fucogalactoxylorlucans 
(fucoamyloids) are found in mustard seed ( Gould et al., 1971), 
rRpeseed (Brassica) hull (Aspinall et al., 1977) and raneseed 
meal (Siddiaui and Wood, 1977; Theander and .~man, 1978); 
(b) Galactoxylogluca.ns have been i~olated from the seeds of 

Tamarind us indi ca (Kooiman, 1961 ; ~ri va.stava and Sin ~h, 19 67), 
Tropaeol um majus ( Hsu and Reeves, 1967; A sninall et al. , 

1977), Annona muricata L. (Kooiman, 1967) and Sinapis albA 

( Gould et al . , 19 71 ) • 
All the xyloglucan polymers isolated have a structure 

based on a reneating henta saccharide unit which consists of 

four residues of p-(1-4)-linked glucose and three residues 
of terminal xylose linked to the 6-position of three of t he 
glucosyl residues. Fucosyl-(1-2)-xylose and galactosyl-(1-2)­
xylose side chains also Pre present in varying proportions in 
different species. A generPlized structure for this polymer 
is shown in Fig. 9. 

1.2.6.4 r,allosP 

Another polysaccharide which seems to plRy a particularly 

dynamic role in cell development is callose, a linear 
~-1 ,3-glucan. Although not generally regarded as a hemi­

cellulo8e, it is pertinent to consider it at this noint. 

Callose is widely distributed, not only in the specialised 
plasmodesmata of sieve tube pores (Mc Nairn and currier, 1968) 
but also in plaRmooesmata generally. It has also been estab­

lished as a poiymer of the pollen cell wall eg. in Pinus 

mugo (Bouveng, 1963). 
Mci8t freauently, 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 Of A FUcogalactoxyloglucan. 
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substances in nlant tisi::ues. ( r,·,cNairn and currier, 1968). 
Its dynamism is documented by the cytological studies of 
Fulcher et al. (1975). Temporary depositions of this 
~-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 tis~ues. 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 Angiosnerm Primary Cell Wall 

The overall impression emerging is that t h e matrix 
ma terial of monocot and dicot primary walls is rather 
different. P.owever, t h e generalisation that the co-occur­
rence of the mixed-link glucan and arabinoxylan is a dis­
tinctive cha r a cteristic of monocot primary cell walls while 
the xylo glucan is a component of dicot walls, must be quali­
fied by certain facts and observations. 

A water-soluble mixed-link ~-D-glucan has been renorted 
to occur transiently in the hynocotyls of Phaseolus aureus, 
a dicot (Buchal a and Franz, 1974). This glucan has ( 1-3) 
and (1-4) linked n-glucopyranosyl residues in the molar 
ratio of 1. 0 : 1.7. 

An arabinoxyloglucan has been isol a ted from rice 

(Oryza sativa) endosnerm cell walls (Shibuya and Misaki, 
1978). This monocot tissue also contains the expected 

mixed-link ,8-glucan and arabinoxylan. Labavi tch and Ray 

(1978) re~orted the fractionation of a xyloglucan from the 
coleontile of Avena, a monocot. Enzymatic degradation gave 
a pentasaccharide and a trisaccharide t hat contain xylo se 
and gluco 8e in the linkages typical of xyloglucans. 

Although no arabinoxylans have been isolated from dicot 
primary cell walls there are results 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 hypocotyls (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 r a tios between species. For example, the cell 
walls of the starchy endosperm of barley consist of an amor­
phous ground substance a-pproximately 75% mixed-link $-glucan 

and 25% arabinoxylan (Fincher, 1975). In contrast, the 
nrinci-pal classes of nolymers present in the Avena coleoptile 
wall matrix, glucuronoarabinoxylan and mixed-link glucan, 

comprise apuroximately 55% and 30% of the hemicellulose 
fraction respectively, with xylo plucan a minor comuonent 

(Labavitch and Ray, 1978). 

1.3 Cell Wall Models 

The nature of the bonds between the different poly­

saccharide fractions of cell walls is not clearly understood 
and the relationship between fractions is therefore not 
clear. Preston (1974) believes that the majority of bonds 
are of three tynes: (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 various 
subfractions. 
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In the emerging picture 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 ma.trix polymers 

(Monro et al., 1976). A similar arrangement has been pro­

posed for the walls of monocotyledonous plants, except 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 mixP-d-linked ~-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 urirnary cell 

wall has been reco gnised 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 (Lam~ort, 1970). 
In general terms, the mode of cell wall elongation in res­

ponse to auxin has been studied from three major points of 
view: physical changes in the wall; enzymatic 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 

extensibility 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 

(F rom 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 Rt least in nart, with the measured 
changes in the phyeical characteristics of the wall. 

1. 4. 2 F.nzymatic Or Non-enzymatic Wall Loosening 

A biphasic growth resnonse has been demonstrated to 

occur following auxin a~plication (Kohler, 1956) and this 
has since been confirmed in many tissues. The rapid effect 
of auxin on cell elongation is considered to be mediated 
by WRll loosening, new wall synthesis and increased turgor 
pressure (Cleland, 1971 ) . There is considerable evidence 
that hydrogen ions also catalyze the relaxc1 tion of t l1 e wall 
in a manner similar to that ca talyzed by hormones (Adams 

et al., 1973; Evans, 1967; Rayle, 1973). There is also 
evidence that the hormone8 activate ion pumps within the 
cell membrane and that these ion pumps lower the nH of the 

wall (Cleland, 1971 , 1973; Fi sher and Al bersheim, 197 4). 

Auxin addition produces such a rapid resnonse that de novo 
nrotein synthesis and de novo polysaccharide synthesis 
cannot participate in this initirttion. An hypothesis based 
on these considerations would suge.est that the direct action 

of the hormones is on the cell membrane, and that t he 
reactions within the cell w~ll, which uermit elongation 
growth, take place more efficiently ~t nH 5 than at PH 7. 
No bonds within the cell wall which would be non-enzymically 
degraded at nF 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 coleontile sections are 
weaker when buffered at pH 5 than at pH 7 only if the cole-

ontile sections have not been subjected to treatments that 

would denature enzymes. This supports the idea that the wall­

looseni~g process is mediated by enzymes that remain active 
after freezing. A critical catalytic function for wall 
enzymes in nlants is supported 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 

interpretations of most studies on enzyme involvement in 

wall extension. For example, exogenous application of 

enzyme mixtures containing P-1,3-glucanase and cellulaPe 
which was shown to ranidly stimulRte elongation of segments 

of Avena coleoptile (Masuda and Wada, 1967) or Pisum eni­
cotyl (Wada et al., 1968) could not be re-peated by other 

workers (Cleland, 1968; Ruesink, 1969; Nevins, 1970). 
Also, al though Datko and Maclachlan ( 1968) correlated auxin­
induced swelling with the promotion of cellulase activity 

in pea enicotyls, Ridge and Osborne (1969) failed to 
observe a similar promotion under the same conditions. 
Thus results give conflicting evidence. As well, such 
observations are difficult to interpret unless the precise 

location and substrate specificity of the enzyme is known. 

1.4. 3 Turnover Of Wall Components And Synthesis Of New '.'/all 
Material 

Turnover of various wall components is a possible 

mechanism whereby bond breakage and therefore wall loosening 
might 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 (1974a) 
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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Subsequently 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 reuorted in 

beans and sycamore (auoted 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 rnonocots, 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 f a ct that 
mannitol restricts extension but not glucan metabolism 

(Loescher and Nevins, 1973). The results of ~asuda and 

Satomur (1970) likewise indicAte that glucan metabolism 

is involved in auxin-induced extension, since certain 
Sclerotinia glucanase prenarations apnear to mimic, in part, 
the action of auxin. 

An examination of the ~- glucans from Avena sativa, 

Triticum vulgare and Hordeum vulgare showed that with 
increasing plant maturity extended turnover occurs. There 
wae a fall in the value of the ratio of ~(1-3) to P(1-4) 
linkages, a decrease in the average molecular weig~t and, 
on a weight basis, a decreaPe in the amount of ~-glu~8n 
present in the ulant 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 nonaqueous rned•ium for cell wall isolation. Indeed, 

when incubating cell wall fragments of corn coleontiles 
isolated in glycerol the original weight is considerably 
reduced by autolysis; the analysis of the solubilized 

polysaccharide has shown that at leapt 90% of this activity 

was attributed to the release of a mixed-link~D-glucan 
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which constitutes as much 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 ~-1 ,3-f3-1,A­
glucan in monocots. As well, Franz (1972) demonstrated 

hypocotyls of Phaseolus ~eus 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 FrRnz, 1974) which was absent from the water­
soluble fraction of older hypocotyls. 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 r-,atsuda, 1976). 

It thus appears, that specific wall components such 
as this mixed-link ~-D-glucan, may impart structural rigidity 

to the primary cell wall. The lysis of these polysaccharides 
which ta.kes 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. p-glucan synthetase under­

goes a two-fold increRse. To reconcile these results with 
the release of soluble xyloglucan fractions from auxin­

stimulated pea epicotyls (Labavitch and Ray, 1974) one can 

propose that wall elongation proceeds by a "break and renair" 
mechanism. Breaks might be induced by enzymatic or chemical 
means with a concomitant release 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 rnicrographs show fibril terminals readily 
visible in walls of algae and bacteria but absent in ulants. 

Their absence raises the possibility that microfibrils in 

growing multi cellular tissues extend via an insertion mechan­

ism, wherby precursors are incorporated 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 cellulaee that have been identified bound to the 
inner wall in growing regions of many higher plants. 

1.5 Outline Of Present Investigation 

The foregoing discussion on primary cell wall Ptructure 

and elong2tion growth relates almost exclusively to angio­
sperms. Although the Ptructures of gymnosperm wood poly­
saccharides have been fairly extensively studied, the 
studies of nrirnary cell walls of gymnosperms have been rel­
atively meagre. Thornber and Worthcote (1961a,b) studieo 
the monosaccharide composition of nolysaccharide fractions 
from Pinus ponderosa cambium and Burke et al. (1974) briefly 
examined the linkage patterns of the sugar residues in cell 

walls of Pseudotsuga menziesii suspension-cultured cells. 
There appear to be no detailed structural studies of primary 
cell wall polysaccharides in any gymnosperm. 

The growth and ve getative propagation of Pinus radiata 

is being investigated in several laboratories (see eg. N.Z. 

Forest Re search In Rti tu te Annual Report 1977), but in order 

to understsnd the biochemical basis of growth in Pinus 
radiata it is necePsary to understand something of the 
structure and turnover of the nrimary cell wall. With this 
in mind, an investigation was initiated on the structure and 
turnover of nolysaccharides in the growing hypocotyl of 

Pinus r ad iata seedlings. 
Since work with angiosperms has implicated a role, in the 

cell elongation process, for turnover of either a mixed-
link ~-glucan or a xyloglucan, a search for a similar poly­
mer in the elongating hynocotyl of Pinus radiata was under­

taken. The ~resence 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 oligosaccharides were 
obtained on enzymic hydrolysis of a glucomannan from Pinus 

banksiana wood (Perila and Bishop, 1961). In addition, an 

acidic ,B-glucan, laricinan, with 1-3 and 1-4 linkages in a 

linear backbone,was reported in cell walls of cornprePsion 
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wood of Larix laricina and in Pinus resinosa xylem ray 
parenchyma cell walls. Laricinan 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 ~-glueans of mono­
cots and Phaseolus aureus. Other non-cellulo sic 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 lit­
erature on the occurrence of xyloglucans or mixed-link glu­
cans or any other rapidly metaboliRing polysaccharides in 
elongating gymnosperm cell walls. 

Consequently the project fell into two natural 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 
residuee in nolysaccharide fra ctions from hypocotyls 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:3, 

rnethylation analysis, parti 81 hydrolysis and chromium­
trioxide oxidation were all employed in de~ermining sugar 
linkages and anomeric configurations. 
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CHAPTER 2 

MATERIALS AND METHODS 

2. 1 r-~a terial s 

Pinus r8diata certified sePds were obtained from the 

Forest Resea rch Institute, Rotoura . The seeds were sown in 
trays of peat/numice (1 : 1, v/v) uotting mixture obtained 

from the Plant Physiology Di vision, :!J . 2 . I. R. , Palmerston No rth. 

Reagents used in the present s~udy were obtained from 

the following sources: 2-deoxy- n- r lucose Grade II, maltose, 

~- galactose, f lucose oxidase (~.C. 1.1.3.4.), peroxidafe 

~yoe II (Horseradish) and amyloglucosidase ( E . C. 3.2.1.3, 
Rhiszopus) from Sigma Chemic2l Comnany , r: . S . A. 

Cetyl trimethyl ammonium bromide (cetavlon), chromium 

trioxide ( cr0 3 ), 0-di anisidine, 1 - arabinof'e, galacturonic acid 
and barium hydroxide (Ba(OH) 28H 20) from B.J' . R . Chemicals Ltd ., 

Poole, EngLrnd . 

Procion blue 0,:3G-) from I.C . I. ( N.Z.) Itd , dimethyldichloro­

silane ( Renelcote) from Ho"!Jkinf' and Williams Ltd and meta-hydro­

xydiphenyl from Eastman , Kodak ~o ., U.S. A. 

All other re2-.gen ts were obtained from I ,8Y and :3aker Ltd. , 

Dagenh8m, England or Koch-Li pht !.,aboratories J.tdL, England. 

P.G.O. Reagent was made up as follows: 
9.8ml 0.2M sodium phosphate buffer , pP. 6.0. 

0.1ml 1% o-dianisidine (in 95% ethanol). 
0.1ml 0.1 % peroxidAse (in sodium uhosnhate buffer). 

2.0mg rlucose oxidase. 
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2.2 General ~ethods 

2.2.1 solvent Exchange Drying 

The method U8ed was based on that of Green (1963). 

Polysaccharide meterial to be dried was suspended succep­
sivily in ethanol, methanol and n-hexane. The material wc=is 

stirred in two aliauots of each Polvent for at least five 
minutes each Md recoveren by centrifugation. Fesidual 
n-hexane was removed in a vacuum deseicator over -potaPsium 
hydro Yi de. 

2.2.2 Gas :Liauid 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% OV-225 co a ted on Varanort 30, mesh 100-120. 

Column B: A glass column, 2.5m x 3mm I .:D., containing 

3~ SP-2340 coated on 100-120 sunelconort. 

Column r,: A glaes column, 3m x 3mm I. :D ., containing 
3% ~CNSS-M (silicone-uolyester copolymer) coated 
on Gas r,hrorno sorb W ( AW-HM:DS). 

Column D: A glass fibre SCOT (support coated open tubular) 

column, of length 60-80m with 0.5mm I. ~ ., 
containing a non-polar liauid phase S~ 30. 

Column is Grader. with Neff 40,000+. 

(Neff= effective number of theoretical plates). 

The g.l.c. column s were fitted in the following: 

Column A wa.s used in the Varian 1400 aerogra-ph fitted 

with a flame ionisation detector (FI:D). 

ColumnR 3 and C were fitted into the Pye 104 gas 

chromatograph (FID). 
u.oth machines used nitro gen as a carrier gas with a 

flow rate of 30ml/min through the column and operated 

isothermally for t he se'!)ara.tion of aldi tol acetatee. For 

the separation of p::irtially methyl8ted aldi tol acet:=ites 



both temoerature programmin g and isothermal oneration 

were used. 
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Column D w~R used in the varian 2700 a.erogr:::rnh ( FI D) 

which used a carrier gas (hydrogen) flow rate of 
7 ml/min and operated isothermally (210°n). Only trimethyl­

silylated derivatives were senarated on this colurrm. 

2.2.3 Gas Liouid rhrolliatogranhy - Mass Snectrometry 

For gas liouid chromato graphy - mass spectrometry 

( GC-MS), column A was used in a Varian 1740 ga s chrornat­

ogranh (FID) coupled with a V.G. MicromRss 12F mass 
spectrometer. 

2.3 Anal ytical Methods 

2.3.1 Determination Of Total carbohydrate 

Total carbohydra te in solutions was measured by the 

method of Dubois et al. (1956) a s modified by Im~ers (19 64). 
Aqueous nhenol (0.5ml of 5% Polution) was ad0ed to 

0.5ml of samnle, conta i ni ng u~ to 80ug glucose or eouivalent, 

in a test-tube. Uniform test-tubes of 1.7cm internal dia­
meter were used in all te s ts. concentrated sulnhuric acid 
( 3rril) was added ran idly from a 'Zipette I di snenser ( 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 ~pectrophotometer. 

Rhamnose, fucose, arabinose, xylose, mannose, galactose, 

glucose and galacturonic acid standards (10-100ug) all gave 

linear standard curves (Fi g . 11). 

As there is a variation in molar absorbance between 

rnonosaccharides, the method by itself can only be used to 

give an approximation to totel 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 Of Standard Mono saccharides 

Standard 

(50ug) Rha. Fuc. ArA.. Xyl . Man. Gal. Glc. GalA~ 

Absorbance 

( 490nm) 0.48 0.86 0.61 0 .92 1. 26 0.79 0 .70 0. 30 

* All uronic acid found by snectronhotornetric 8n a.lysis wae 

assumed galacturonic acid (see text). 

Figure 11: Phenol-Sulnhuric s t andard curves 

1 • 2 /4.nno se 
D 

1 • 0 /4 -E 
~ 0.8 

0 

,/ 
er- a 
.::I-, 

/0 
..._, 

~ 
\J 
C 
j 0.6 
L 
0 A/. U\ 

A 
<C 

0.4 0/ 
'/.. 

0.2 

10 20 30 40 50 
Glucose Bo uivalents (ug) 



26. 

neutral monos2.ccharide nercentages found by g.l.c. were 
combined with the uronic acid percentage found by snectro­

photometric analysis and summed to 100%. The absorbance 

contribution of each monosaccharide was then calculated 

(multiply the ahsorbance found for 50ug of the standard 
sugar (Table 1) by the nercentage weight of its comuosition 

in the samnle) and summed. ~he observed absorbance was 

then used in con junction with the total absorbance cal cu­

lated for 50ug of polysaccharide a.nd the percentage of 
carbohydrate worked out. This procedure gave a more ~.ccura te 
indication of total carbohydrate in the aPsayed fractionP, 

resulting in good ag reement with the uredicted percentage 

based on g.l.c. plus uronic analysis . 

2.3.2 Determination Of Vronic Acid 

Uronic acids were determined by the method of 13lumen ­

krantz and Asboe-Hansen (1973) . 

To 0 .5ml of sample containing 0.5-30ug uronic acids in 
a test-tube, was added 3.0ml of sulphuric acid-tetraborate 

(0.0125~ solution of tetraborate in concentrated sulnhuric 
acid). The tubes were refrigerated in crufohed ice for five 
minutes and the mixture shaken in a vortex mi xer. The tubes 

were heated in a water bath at 100°~ for five minutes, cooled 

in ice-water for two minutes and 50ul of t he m-hydroxydiphenyl 
reagent added ( 0 .15% Bolution of meta -hydroxydinhenyl in 

0.5% sodium hydroxide. The reagent solution can be kent in 
t h e refrigerator covered with a.lurr.inium foil for at le:rnt a 
month without effect.). Tuhes were shaken and read a t 520nm 

after 15 minutes in a Hita chi 101 Pnectrouhotometer. A vivid 

purole colour developed a nd remained fairly stable for an 

hour. 

As carbohydrates produced a pinkish chrorno gen with 

8Ulphuric acid-tetrabor~te at 100°c, a blank sqmule was run 

in which the m-hydroxydiphenyl reagent was renlaced hy 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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2.3.3 Determination Of Starch 

The method adapted for determination of starch was 
based on that of IV:esser and Dahl ouist ( 1966). 

The po lys2.ccharide m;:i terial ( 1-5rng) in 2ml of water 
was placed in a boil ing water bath for 60 ~inutes to 
gelatinise the starch and all.owed to cool. Sarrmles and 
standards (soluble starch) were then incubated with 2ml 

0.21\ sodium acetate buffer (pH 4.5) and 1ml of amylo­
glucosida.se pre-pa.ration in a shakin g water bath, 60 minutes 
at 55°c, and finall y centrifuged (2,000 r.n.m. for 3 min­
utes). Solutions were transferred to test-tubes cont8ini~g 

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, 0.1-1ml aliquots were taken for colorimetric 
analysis and made up to 1ml with water, P.G.O. reagent (1ml) 
was added and the mixtures incuba ted 37°c for 30 minutes. 

("9lank of 1ml water plus 1nil P.G.O. reagent). Addition of 
1ml of 50% sulphuric acid -produced a magenta colour which 
wa~ 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 Jarvi8 et al. (1977). 
Preparation of electrouhoresis paner strins: Glass-fibre 

pa-per ( Whatman G.F. A) was cut into strins (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 strins 
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, pH 9.0, strins were blotted only lightly and 

nlaced in the electrophoresis tank powered by a Vokam power 
p;:ick. Jarvis et al. (1977) found it often advantageouf! to 

~reequilibrate the strips before samnle application for 

10-20 minutes at the running voltage. The sample, usually 

1-5ug in ca 2ul of buffer, was a-pnlied 2t or near the mid-
noint of the 8trip as a narrow band 1-2cm long. 

conditions involved a notential gradient of 3-10 
a current 1-2.5 mAcm- 1 strip width and a running 

Senaration 
-1 

Vern , 

time of 
10 minutes to 6 hours. To limit evaporation, power innut 

was not allowed to exceed 8mWcm- 2 unless the running time 

was very short. 
Location of uolysaccharides: strips were immersed in ethanol 

(to immobilise the nolymers) and dried in hot air. If neces­

sary, reneated so r=i.kings in ethanol removed the buffer. The 
spray reagents used in loc;:,ting t he polysaccharides were: 

(1) ~-naphthol snr8y (Barrett and Northcote, 1965) (200mr 

o<--nanhthol and 1ml sulphuric ;:, cid in 50ml methanol). After 

hea tin~ the snrayed electro-pherogram 10 minutes at 110°c, 

polysacrh~rides apne Pr as uurole bandA which turned brown 

with time. 

(2) orcinol spray (Jv:oczar, 1973) (0.1a.< orcinol in n · sul­

phuric acid). Polysaccharides ;::igain annear 8S nurole i:,nots 
after he?. ting 1 () r.inu te s, 100° C. rnhi s snray was the more 
sensitive with a limi t 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 a 

freshly prepared 1% solution of the dye, Procion Blue l'-j3G. 

After 5 minutes, sodium chloride was added, either as 8 

solid or as a small volume of a concentrated solution, to 

f ive a final concentration of 20.: . rnhirty minutes later 

sodium carbonate was added to give a final concentration of 
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0.5% (Anderson et al., 1971). ~he 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 be hydro­

lysed. The reaction mixtures were diluted to reduce vi~coP­

ity Rnd added directly to a column (21x1.1cm) of Sephadex 

G-25. Elution of the columns with water nroduced 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 inorganic sRlts, 
which were eluted more rapidly thRn the unreacted dye, C8re 
was taken to collect only the strongly coloured portion of 
the polys~ccharide eluate. The dyed polysaccharides were 

recovered by freeze-drying. 

Analytical electrophoresis: The cellulose acetate, trimethyl­
silylated 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 t~en 

pressed between two sheets of Whatman 3MM filter -paner to 

remove excess buffer and the starting line WAS marked with 

a nencil. Samnles (1 ~ solutions) were applied as thin lines 

by using fine e.lasP canillaries. The strin was then position­

ed in a Shandon Southern electronhoresis chamber so that 

the starting line was midway betwePn the terminals which 
were 10cm an;::irt. VoltAge was apnlied, 250-350V, 7mA, and 
migration of the bands followed visibly. When the electro­

-phoresis was finished, the strins were removed and dried 
immediately in a stream of hot air. If this was not done, 
the b;::inds diffused Pnd became dietorted. 

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 etoppered glass tubes. Urea was added t o 

mi nimise the destruction of sugars during hydrolysis. 

After 3.5 hours, the tubes were co oled, opened and the 
hydr olysates neutralised with 2 .5M potas s ium hydroxi de to 

the bro :-,1othyrnol blue endpoint (pH range 6.0-7 .6). 

2 . 3 .5.2 Prenaration Of Alditol A~e t ates 

The mon osacchari des released by acid hydrolysis of t h e 

polysacchari de s we re analyse d by f .l.c. as their volatile 

alditol acetate de riva tives. The meti.1 od used was based on 

t nat of Al bershe im et al. (1967 ). 

A samnle of the hydrolysate conta ining 1-5mg of sugar8 
was reduced for 2 hours at room temnera ture with 1ml of 1M 

aqueous ammonia (NH40H) containing 20mg sodium borohyd ride 

(NaBH 4 ). 2-deoxy-D-glucose (0.4mg ) was added as an inter­
nal standard. The excess borohydride was converted to bor­

a te by drouwise addition of glaci al acetic acid until 

evolution of hydro gen ceased. (The acetate added acts ;:i_ s a 

C8talyst duri ng su bseouent acetylation). Samples were 

evaporated to dryne8 P under an a :L r stream ( 6o0 c ) and the 

borate re moved as the volat i le m1?thyl borate by five succes­

sive additions of apuroximr1. tely ,[ml of methanol, followed by 

evaporation to dryness each time. (It is necessary to 

remove the borate co rnuletely otherwise the borate-al di tol 

complex prevents complete rt Cetylation ( Albersheim et al., 

1967)) 
Samples were a cetylated either using; 

(1) 1ml of acetic anhydride, heated 8 hours at 120° c , or 

(2) 2ml of 1:1 acetic anhydride-uyridine, 8 hours at room 
temperature. 

2ml water was added, the mixture stirred and allowed 
to stand till homo geneous. The alditol acetates were 

extracted with ~ethylene chloride (2x2ml), mixing thoroughly 

each time and the bottom layers of methylene chloride 

(withdrawn with a pasteur pipette) were combined, evauorated 

to dryness and taken un in methylene chloride ( 0.2ml) prior 

to injection(~ 1ul aliquots) in the g.l.c. column. 
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2.3.5.3 Gas Liouid Chromatography Of Alditol Acetates 

G.l.c. was routinely performed on column A (OV-225). 
Operating conditions (isothermal) were: column te muerature, 

206°c; detector temperature, 270°c; injection port temp­
erature, 240°c. Carrier gas flow (nitro p.en) 30ml/minute; 

hydrogen gas flow 30ml/minute and air flow 300ml/minute. 

A good separation wa8 achieved, under these conditions, of 

all the monosaccharides encountered except rhamnose and 

fucose (Fig. 12). 

8olumn B ( SP-2340), which was not initially available, 

afforded good senaration of rhamnose and fucose as well as 
all the other rnonosaccharides (see Fig . 13). This column 

was used in the Pye 104 gas chrornatogranh (FI D) operated 

isothermally with an oven temperature 230°c, and a carrier 
gas flow (nitrogen) 30ml/minute. 

Authentic alditol acetate s of rhamnose, fucose, arabinose, 

xylose, mannose, galactose ~n d glucose were prepared and used 
to identify the ueaks of t h e alditol acetates of the carbo­
hydrate samples in th e gas liouid chromatograuh. Th e method 

used was based on a comnarison of the retention time of the 
unknown component with t hat ohtained 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 rel a tive 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, multiplied by 
the ratio of the retention time of the comp0nent to the 

retention time of the internal standard. This ratio gave 

a relative peak area that was line~rly proportional to the 

amount of monosaccharide uresent (Fig. 14). 
To enable direct comparison between the individual 
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Figure 1? : The 9eparation Py Gas-l iouid Chromatogranhy 
Of Monosaccharides As Alditol Acetates. 
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Figure 13: rrihe Senaration Of Rharnno se And Fuco se By 

Gas-Liouid Chromatograuhy. 
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Table 2: Retention Time Of Fully Acetylated Glycitols Relative 

To 2-deoxy-D-glucoypranoside Penta Acetate 

Relative Retention Time 
Sample Acetyl2.ted Product OV-225 SP2340 

L-Rhamnosep Rhamni tol nenta 0.49 0.44 
acetate 

L-Fucosep Fuci tol pen ta 0.49 0.48 
acetate 

L-Ara.bino se f Arabinotol nenta 0.62 0.68 
aceta te 

D- Xylosep Xylitol penta 0.80 0.92 
acetate 

2-deoxy-D- 2-deoxy-D- glucitol 1.00 1.00 
glucose 

"P 
penta acetate 

D-mannose Mannitol hexa 1.62 1.36 p aceta te 

D-gala cto sen Galaci tol hexa 1. 78 1.53 
acetate 

D- glucoseD Glucitol hexa 2.00 1.75 
acetate 

rnyo-inositol myo-ino sitol hexa 2 .18 2 .00 
1) acetate 



Figure 14: Relative P eak Area Of s t andard 
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monosaccharidei=,, weight response factors were ca lculated. 

Prepared standard monosaccharide alditol acetates were in~ect­

ed onto column A. The necessary weight response correction 
factor for each standard monosa.ccharide was calculated to 

give the same relative peak area for any particular weight 

(Table 3). 
As nolysaccharides were hydrolysed in nitric acid for 

3 .5 hours, the releaPed monosaccharides always underwent 

some degra dation. To get a correction factor for this 

monosaccharide degradation, preparations of standard mono­

saccharides were sub j ected to nitric acid hydrolysis condi­

tions. After conversion to their alditol acetate derivatives 

and injection onto column A, relative neak areas were calcu­

lated incornorating the relevant weight response correction 

factors. Maximum degradation correction factors (D.C.F.) 
were worked out so as to e i ve the same relative pe::i.k area P 

for each st2~dard rnonosaccharide for any weight. As noly­

saccharides release t heir monosaccharidep at a decre as ing 

rate with time, t he mini mum polysaccharide D. C. F . for this 
work was assumed as 75% of the maximum monosaccharide D.C .F. 

( Table 3). 
Both correction factors were combined And used in All 

g .l.c. calcul a tions for nolysaccharide compositions. 

2 .3.6 Partial Hydrolysis Of Carbohydrate Fractions 

2.3.6.1 Acid uydrolysis 

The method used was baPed on the method of Albersheim 

et al. (1967). 
Polysaccharides (1-5mg) were nartially hydrolysed in 

1ml of 2r,r. trifluoroacetic acid (T.F.A.) at 100°c for 1 hour. 

The tubes were then evaporated to dryness under a stream of 

air (40-45°r.) ready for senaration by paper chromatography. 
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Table 3: Correction Factors 

Sample Weight Pesponse Degradation Combined 

Rhamnose 
1 . 173 1 • 101 1. 292 

Fucose 

Arabinose 1 .045 1 .094 1.143 

Xylose 1. 020 1 • 1 1 2 1.134 

Mannose 1 .063 1 .034 1 .099 

Galactose 1 .006 1 .057 1. 063 

Glucose 1 • 013 1 • 011 1.023 
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2.3.6.2 Descending Paner Chromatography 

Descending naper chromato grauhy waP performed on 
Whatrr:an Number I chromato granhy paper which had nreviously 
be P.n wa shed in deion i Ped water. ~enarPtion of the oligo­

s a ccharides wa s by the following solvent systems; 

Solvent 1 : n-propanol : ethyl acetate: w~ t er ( 7 : 1 : 2 ) 

Solvent 2: n-uropanot : ethylacet~te: water (32 : 57 : 13) 

After 48 hours oli gosaccha rides were cut out an d 

eluted with deionised water ( Laidl qw and Reid, 1950). 
These solutions were freeze-drie d an d trimethylsilyl a ted 
for g .l.c. injection. Standards of the 1,3 Peries (lam­

inaribiose, laminaritriose, etc.) were obta ined by partial 

hydrolysis of 1 8.rnin :=irin with 11 M hydrochloric acid, ( 1h Rt 

22° c ), (Aronson et :=il., 1967). 
:- educin g sugars were detected with alkalin e f>il ver 

nitra te accordin g to the method of Trevelyan et al. (1950) . 

2.3.6.3 Prenara tion And G.L .C. Of Tri methyl s ilyl (T. M. 8 .) 
DerivRtives 

As based on the metho d of Sweele ,y et al., (1963). 
A solution of t he disacch2 ride eluted fro m 1•!hatman 

Number I chromato graphy pa-per was freeze-dried a nd dis­
solved in 0 .1ml T. r-1 . s . r eagent (nyri dine-trirnethylchloro­

s ilane-hexamethyldisilazane, 5 : 1 : 1) under nitro g en. The 

:ri ixture wa s shaken and hePted for 0.5 hours at 60°c then 
left at room temnerature 2 hours. The T. M.S. derivatives 
were evaporated to dryness under nitrogen and dis8olved 

in dry n-hexane for in j ection. ~amples could be centrifuged 

to get rid of the insolu ~le a ffi~onium chloride. 

standard samples of trimethylsilylated sucrose, cello­

biose and larn inaribiose were used for co-injection with the 

sample. A small volume (0.5ul) of the sample or stF1ndarc 

was injected into column C (8"; 30 SCOT column) fitted into a 
Varian 2700 gas chromatograph ( FID) operating isothermally 

with column temperature 210°0; detector temperature 295°c, 

and injection nort temperature 285°c with a carrier gas 

(hydrogen) flow ?ml/min and nitrogen _gas flow 100ml/min. 



2.3.7 Determination 0f The Anomeric Configurations Of 

The Glycosidic Bonds 

34. 

This was uerformed according to the method of Lindberg 

e t al . ( 1 9 7 7 ) . 

2.3.7.1 Polysaccharide Acetylation 

The polysaccharide (10mg) was disPolved with ultra­
sonication in formamide ( 6ml). Acetic ::inhydride-pyridine 
( 1 : 1, 6ml) was added, the solution was left at room 

temperature overni gh t then poured into wRter and di8.lyzed 

exhaustively against deionised water. The material was 

recovered by freeze-dryin[. 

?.3.7.2 Chromium Trioxide Oxid8tion 

The freeze-dried acetylated nolysaccharide was disPolved 

in glacial acetic acid (0.6ml) with myo-inositol hexa-
acetate ( 2mg) as internc=il PtandRrd. ..\f ter withdrawal of a 

zero-time sam~le (O.?ml), finely nowdered chro mium trioxide 
( A.R. 40mg) was added to the re maind er (0.4ml) of the solution 
an d agitated ultrqsonically at 50°c in a water bath. After 

1 hour and again after 3-4 hours, further 0.2ml aliquotP were 

withdrawn. The O hour, 1 hour and 3-4 hour aliauots were 
each 1Jipetted into water ( 10r.il) and extracted with methylene 

chloride ( 3x3ml). The co mbined organic uhases were evanor­
ated to dryness. 

The residue t hen remaining was hydrolysed with 0.25M 

aqueous sulnhuric gcid (2ml) at 100°c overnight. Solutions 

were neutralised with barium carbonate (Baco3 ) and filtered 

through a double layer of washed Whatman Number 541 filter 

paper. The filtrate was evanorated in vacuo, then 2ml 
' ----

of 1% sodium borohydride in 1M arn:,· onia added and left over-

night. Acetic acid (4N) was added drouwise until effer­
vescence ceased, the saIIr9le evaporated to dryness, co-eva~­

orated with methanol (5x5rnl) and acetylated for 20 minutes 

at 100°c with 2ml nyridine-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~. 

A comnarison of the three analyses usin f relative neak 
areas for each mono Raccharide shows which sugar re r::i dues 

have been oxidized. 

2.3.8 Methylation Analysis Of Polysaccharides 

2.3.8.1 Prenaration Of Methylsulnhinyl Anion 

The method us ed was that of Conrad, (197?.). 
NaH (1.5g) placed in a 250ml three-necked round-bottomPd 

flask containing a magnetic bar and fitted with 8 condenser 

and thermometer. Throughout the l)reparation, t h e flask was 

flushed with nitrogen. The mineral oil was removed by wash­

ing with aliouots of n-hexane (3x20ml). Residual n-hexane 

was removed by evanora tion under nitrogen. Using a hynoder­

mi c syrinee 10ml dimethyl sul nhoxide was c1dded and the mix­
tu re s tirred at anproximately 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 elass stonpered tubes, flushed with nitro­
gen and stored frozen in this state. 

WaH was dissolved i n ethanol prior to disuosal (NaH when 
freed of the mineral oil is an extremely nowerful base whi~h 

will react exnlosively "'' i th water). 
1ml of the methysulnhinyl anion solution was mixed with 

15ml water and titrated against 0.1N HCl to the l)henolnhtha­

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). In some cases polysaccharides were acetlyated prior 
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to methylation in order to aid dissolution (Haslemore, 

1974). The methyl sulphinyl anion (1ml) WRS added slowly 
to the sample and a gel formed which gradually dispersed. 

Stirring was maintained for 2 hours and then 200ul methyl­

iodide (B.D.H.) was added slowly, taking care to maintain 
the temnerature Rt 20-25°c, over a neriod of 30 minutes. 

Stirring was continued for an additional 30 minutes. The 
variously coloured solutions became clPar and the viscosity 

declined indicating that methylation of free hydroxyl groups 

was occurring (Sandford ;:i_nd Conrad , 1966). Chloroform/me than­

ol ( 1 : 1 , v : v, 5ml) was then added. The solutions were 

exha,ustively dialysed to remove dimethyl sulnho xide and 

other reagents, and then freeze-dried. In some cases methyl­

ated polysaccharides were extracted into the chloroform nhase 

of a water/chloroform mix (Hakomori, 1964). 
1olhere g. l. c. revealed that methylation was incomplete 

a second methylation was performe d . All me thylation~ were 

found to be in comnlete with 2. sint:l e HRkomori me thyla tion, 
so multiple methylations were performed without isol a tion 
of the intermedi2te methylated nroducts using the method of 

sweet et al • , ( 19 7 5) • 

2.3.8.3 Hydrolysis 

The method was modified after Lindberg et al . (1972 ). 
A 2-5mg sample of methylated polysaccharide was treated 

with 2ml 90% (w : w) formic acid for 1 hour at 100°c. 
Formic acid was removed under a strewn of nitrogen and the 

residue dissolved in approximately 1r.!l 0.25M sulphuric acid 

and held at 100°c for 16 hours. The hydrolysate wa s neutra­

lised with bHrium carbonate and the insoluble barium 

sulphate removed by filtration. 

Reduction: The method of Albersheim et al. (1967) was used. 

The filtr~tes from the neutralisation were dried in vacuo 
and reduced for 4 hours at room temperature in ~ml of a 1% 

(w: v) solution sodium borohydride in 1M ammonia. The 

excess sodium borohydride was destroyed by adaing 4N acetic 
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acid until hydrogen evolution ceased. The samples were then 

evauorated in vacuo at 35°c (rotary evaporation) and the 
borate removed by 5 washes with 10ml of methanol followea 

by evaporation in vacuo ?.t 35°c of the volatile methyl 

borate. 
Acetylation: 
hydride for 1 

The samples were ace tyla ted in 1 ml acetic an­
hour Rt 100° r, . The addition of pyridine a s 

a catalyst wns found unnecessa ry for complete acetylation. 

2.3.S.4 G.L.C. Of Partially ~ethylated Alditol Acetates 

The acetic anhydride was hydrolysed with 2m::1 water 

(removal of acetic anhydride by evaporR.tion under nitrogen 

can also remove vol 8tile methylated components). The partially 

methylated 8ldi t ol acetates were extracted into methylene 

chloride for g.l.c. injection. Columns A, B and r, were used 
under the following conditions: 

r.olumn A fitted into a Varian 1400 (FI D) waf onerated 
isothermn lly with a column temperAture 1F0°c, injection port 

temperature 230° r• , detector temper? ture 260° c , a cp,rrier gas 

(nitrogen ) flew rate of 30ml/minute and a hydro gen gas and 

air flow rate of 300ml/minute. 
Column B fitted into a Pye 104 gas chromatograph (FI I' ) 

operated with an i nitial temperature 1so0 c, temperature 
prograrnned 2°c per minute rise to 200°c, held 10 • inutes 
and then 2°c per minute rise to 230°c. It had a carrier 

gas (nitrogen) flow rate of 30ml/minute. 

Column C fitted into a Pye 104 ga s chromatogranh (FID) 
operated isothermally with 81l oven temperature 150°c and a 

carrier gas (nitrogen) flow rate of 30rnl/minute. 

Gas Liquid Chromatography - Mass Snectrometry: Column A was 
fitted into a Varian 1740 gas chromatogranh and temperature 

programmed from 130°c to 160°c (1°/min), held 70min, then 

1°/min to 210°c. The V. G. Micromass 12F mass snectrometer 
was o-perated at an inlet temperature of 230°c, an ionization 

potential of ?OeV, and an ion source tempera ture of 250°c. 
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2.3.8.5 Identification And Quantitation Of Peaks 

Peaks were identified by co-chromatograohy with stan­

d2.rd -partially methylated ald i tol acet8tes and comp aring the 

measured retention times relative to 1,5-di-O-acetyl-2,3,4,6-

tetra-O-methyl-D-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 al., 

1970; Talmad ge et al., 1973) and this was used to identify 
standards derived ~y partial methylation of soluble starch 
as well as 2, sample of the methylated xyloglucan. 

Quantita tion of t h e nartially methyl a ted alditol ace­
tates was based on measuring t h e relative neak areas by the 

triangular method ( eee Mefferd et al., 1968). 

2.4 Growth And Harvesting rf Plants 

Certified Pinus radiata seed was germinated on moist 

filter pRper and t hen grown in numice-neat mix at 22-?.5°~ 

in the dark with daily watering. Growth ceased a bout 2-3 

weeks after germination by which time the etiolated hYl)o­

cotyls averaged 7cm in length. 

Seedlings were harvested by cutting the hypocotyl a t 

soil level apnroximately 1-2 weeks after germination 

(hypocotyls 4cm in length) or at 2-3 weeks (hY})ocotyls 7cm). 
The harvested plant 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 nlaced in foil-wrapped, airtight contain­

ers and kept in the freezer (-14°c) until used. 

2.5 Polysaccharide Extractions 

2.5.1 Extraction Of 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 



Figure 15: Sections Of Pinus Radiata Seedings. 
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susnension. After 3 extractions centrifuging (4000g, 

5 minutes) each 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 (100°c, 

60 minutes, 50ml). Both w2ter extracts were centrifuged 

4,000g for 5-10 minutes and the suuernatant combined with a 

water wae.hing of the residue left. After the hot water 
extraction the residue waP further extracted in order with: 

o. 5% ammonium oxalate ( 50ml, 75°c, 60 min); 10% sodium 

carbonate ( 50ml, room temuerature, 60 min); 1096 potassium 
hydroxide ( 50ml, room temperature, 60 r.-.in ) ; and 25% notas8ium 
hydroxide ( 50ml, room temnera ture, 60 min). 

~he sodium carbonate and potassium hydroxide extraction 
supernatants were neutrPlised 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% potasPium hydroxide 

supernatant) was added, dropwise and with stirring, four 

volumes of ethanol. The precipitates were then dried by 

solvent exch ange (section 2.2.1) and stored in a vacuum 

dessicator over potassium hydroxide. A summary of the 

needle extraction procedure is given in Fig . 16. 

2.5.2 Extraction Of Hypocotyl Polysaccharides: 

Procedure A 

Preparation of cell-wall fraction: Frozen hypocotyl or 
cotyledon sections were placed in liauid nitrogen (oxygen 
free) and ground up. The ground tissue was extracted with 

acetone (0°c), three to six times, and the residue centri­

fuged off (4,000g, 10min). 
Ammonium oxalate extraction: The extracted materi~l was 

suspended in hot 0.5% ammonium oxalate (10ml/g fresh weight, 

75°c, 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, dropwise 

and with stirring, four volumes of ethanol. The 
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Figure 16: Pine Needle Extraction. 
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precinitated mate r ial was dried by solvent excha!lge and 

stored in a vacuum dessicator over potassium hydroxide. 

Potassium hydroxide extraction: The ammonium oxalate res­
idue was extracted with 10% potassium hydroxi de containing 
0.5% sodium borohydride (10ml/g fresh weight), 60 minutes 

at room temperature, with constant stirring. The insoluble 

material (ex-cellulose) was washed 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 nrecipitate (hemicellulose A). The 
supernatant on addition of four volumes of ethanol, also 

formed a precipitate (hemicellulose B) and both precipi­

tates were dri.ed by solvent exchange and stored in a vacuum 

dessicator over potassium hydroxide. (Fig . 17 gives summary) 

2.5.3 Extraction Of Hypocotyl Polysaccharides: 

Procedure B 

In this nrocedure, ba sed on the method of English et al., 

(1971) a 'cell-wall' fraction was first nrepared as follows. 

(Initial step s were nerformed i n the cold room at 0-4°c.) 
Frozen seedling sections were ground in liquid nitrogen 

(o xygen free) to a fine powder. The ground ma terial wa s then 

extracted with cold 1 OOmM potas s ium "9hOs""9hate buffer pH 7 .O 

(4ml/g fresh wei ght) twice in a Waring Blender for five 
minutes. After centrifugation (2,000g, 10 min), the resi­

due was washed (by suepending in one volume of cold distilled 
water for five mi nutes 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 
1:laring -Plender. The insoluble material was collected by 

centrifugation. 

(Subsequent operations were conducted at room tempera­

ture.) 

The residue w~s twice more extrRcted with two volumes of 

chloroform/methanol by continual stirring and the supernatants 
discarded. The residue was now put through two acetone washes 

with stirring and the insoluble material ( 'cell-wall' fraction) 
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I<'igure 17 : I-:y-po co tyl And Cotyledon Extractions. 
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air dried and placed in a vacuum desRicator over potassium 

hydroxide. (See Fig. 17 for summary) 
Eoth the water and buffer extracts were concentrated 

by rota ry evanoration, dialysed, freeze-dried and stored 
in the vacuum dessicator over potassium hydroxide. 

Ammonium oxalate extraction: The 'cell-wall ' preparation 
was extracted twice with 0.5% aqueuus ammonium oxalate 

(10ml/g fresh weight) and the combined supernatants con­
centrated by rotary evanoration, dialysed and stored in the 

refrigera tor in airtight containers with 0.02% sodium azide 

( NaN
3

) aP an anti-bacterial agent. 

Potassium hydroxide extraction : The residue after ammonium 
oxalate extrci ction was then e xtra cted t 1,,1ice with 51½ potassium 

hydroxide containing 0.5% sodium borohydride (10ml/g fresh 

weight) and the insoluble material (()(-cellulose), dried by 

solvent exchange and stored in va cuo over nhosnhorous pent­

oxide. The combined extracts were ad justed to pH 5. 5 with 
0 glacial acetic acid and left 18 hours a t O C. After centri-

fugation on the bench centrifuge , the precipitate (hemicell­
ulose A) was dried by solvent exchange and stored in vacuo 
over nhosnhorous pentoxide. The supernatant (containing 

hemicellulose B) was concentr8ted by rotary evanoration, 
dialysed and stored in 0.02% sodium a ·z:ide. Dry polysaccha­

ride materiRl was recovered by freeze-drying. 

2.6 Fr a ctionation Of Polysacch~rides 

Various extracted polysaccha ride fractions were frac­
tionated with the following nrocedures: 

2.6.1 Rarium Hydroxide 

The nrocedure used followed the method of Meier, (1965). 

To a 1% solution of t he hemicellulose (15ml) was added, 

dropwise and with stirring, a saturated aqueous solution of 

barium hydroxide octahydrate. The resulting precipitate 

was washed with a 5% potassium hydroxide solution (containing 

0.25% Podium borohydride), acidified with acetic acid, and 
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added to 150ml of ethanol. A.fter stirring 10 n,inu tes the 

mateLial was centrifuged, washed on the centrifuge twice 
with 80% aoueous ethanol, dried by solvent exchan ge and 
stored over phosnhorous pentoxide. 

'l'h e barium hydroxide sunernatant and potasr,ium hydroY­

ide washings were combined, neutralised with glaci a l acetic 

acid, precinitated with four volumes ethanol, dried by sol­

vent exchange and stored over nhosphorous nentoxide. 

2 . 6 . 2 Cetyl Trimethyl Ammonium 3romide And Borate 

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

A 5% cetyl trirnethyl ammonium bromide solution was 

added slowly, with stirring to an equal volume of a 1% 

hemicellulo se solution at room temperature. Sodium sul­
phate ( wa 2s04 ) was added to give a concentration no more 
than 0.02M to aid flocculation of the urecipi tate. The 
aoueous solution was left at least five minutes standing 
and then centrifuged on a bench centrifuge to separate 

the nrecipita ted acidic polysa ccharides. 

A 5,% boric acid solution ( eoual in volume to the orig­

inal volume of the 15~ hemicellulose solution) was then c=i dded 

and the solution a.djusted first to nP. 8. 0 2nd then to pH 10.0 

with 21-i- sodium hydroxide. After each addition of sodium 

hydroxide any urecipi tate formed was collected by centri­

fugation and the supernatant cooled to 4°c (refrigerator) 

for further nrecinitation of bor~te complexes (collected by 

centrifugation). Ad cition of four volumes of ethanol to t h e 

final borate suuernatant caused nrecini tation of most of 

the remaining nolysaccharide in solution. 

All precinitates were dissolved in 2N acetic acid to 
decomnose the cetyl trimethyl ammonium complexes and the free 

polysaccharides renrecinita ted with four volumes of ethanol. 
Precipitates were washed with acidified ethanol and then 

ethanol, disnersed in deionised water and freeze-dried. 
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2.6.3 Iodine-Potassium Iodide 

The method of Gaillard, (1965) was used. 
The nolysaccharide nrenaration was dissolved in a 

solution of calcium 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 aqueous solution of iodine (3%) and potassium iodide 

(4%) was added. After leaving it to settle for two hours, 

centrifugation gave a dark blue nrecipitate (line8r polymer) 

an d a clear brown sunernatan t (branched polymer). 

Branched hemicellulose B: The brown sunernatant was neutra­

lised with sodium thio S'J l nhate ~nd noured, with stirring, 

into five volumes of ethanol to nrecinitate the branched 

polymer. To remove Ca++, the branched "9olyrner was dis Fol ved 

in 0.1N hydrochloric acid (5ml) and renrecipitated with ethan­

ol. The nolysaccharide was washed with ethanol, dissolved 

in a minimum volume of deionised wa ter and free7,e-dried. 

Linear hemicellulose B: The dark blue nrecinite te containin ~ 
the linear nolymer was washed with calcium chloride solution 

containing 15¾ iodine-potasFium iodide solution. The washed 
residue was dissolved in hot water, the iodine neutralised 
with sodium thiosulphate and the nolymer renrecini t2.ted 1:-,y 

nouring into five volumes of ethanol. ~o remove ca++ , the 

precipitate was dissolved in a rninirnum volume of 1r potassium 

hydroxide under nitro gen, neutralised with 1M hydrochloric 

and again nrecinitated with five volumes of ethanol. This 

was then dissolved in a minimum a mount of deionised w2ter and 

freeze-dried. 

2.6.4 Aqueous Ethanol 

The nrocedure used followed the r:1ethod of Whistler 

and Sane 11 a , ( 19 6 5 ) . 
The hemicellulose was diFsolved in deioni8ed water to 

give a solution which was adjusted to pH 7.0 by the drop­

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 dronwise with stirr i n g 

to incipient turbi dity. After standing for five minutes, 

the dispersion was centrifuged. The nrecipitate was wa shed 

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 Wr'lS 

obtained. 
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CHAPTE R 3 

PINU S RA:r)IATA HEMICELLULO SE COMPOSITIONAL CHANGES. 

3.1 Introduction 

Seedling hypocotyls were selected for following elong­
ating gymnosperm primary cell wall changes because they: 

(a ) give cell tyues that are very similar as most cell s are 

undifferentiated; and (b) have re gions where the cell walls 
are still elongating and regions which have recently ceased 
elongation, all with very little secondary wall thickening. 
~ince etiolation leads to gre P. ter gypocotyl growth, such 
seedlings were used for cell-wall analysis. Stiolation also 
gives mini mal secondary thickening and li gnific8tion of the 
hypocotyl cell wall (I.G. Andrew, personal co mmunication). 

In the elongating hypocotyl of Pinus radiRta seedlings, 

only the upper 2cm is actively elongating ( A. Laan, person al 
communication). A comparison of upper and lower regions of 
the elongating hypocotyl therefore, would demonstrate if there 

were changes between cell walls undergoi ng elongation and 
those which had recently ceased elong8 tion. 1he cotyledons, 

which were al so investigated, are i nitially green and rem2in 

unexpanded at 1-2 week s but within the next week have undergone 
a small amount of growth so that the cotyledons are up to 2cm 
in length. Starch is presen t in the upner hypocotyl 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 equ2l 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 
7cm in length. Thus hypocotyl sections of different ages 
were obtained, from the youngest upper zone of the 4cm 

hypocotyl to the oldest 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 fra ctiona tion an d quantitative analysis of the 
monosaccharides co mprising each of the fractions taken. 

3.2 Results 

3.2.1 Pinus Radiata Needle FractiJnation 

The fractionation nrocedure used for the needles was 

based on that of Fu et al. (1 97?) and is described in Section 
2 .5.1. The result s of this extraction sequence (Table 4) 

showed tha t the nolysaccharidPs of the hot wa ter and ammonium 

oxalate extracts contained a preponderance of arabinose, mannose 

and gala ctose. This suggested t he nresence of nectic material 

or arabino gala.ctan to gether with water-soluble gal2ctogluco­
mannan. such a conclusion would agree with the work of 

Brasch and Jones (1959) who isolated a cold water soluble 

a rabino galactan from Pinus radiata wood meal and Roudier and 

Ebe r hard (19 65, 1967) who isolated both an a rabinan and 

galacto glucoman nan from maritime pine (Pinus ninaster var. 

maritime) wood meal by hot water extraction. The other two 

quantitatively important extracts ( sodium carbonate and 10% 
potassium hydroxide) both con tained greatly increased auant-
i ties of xylose and glucose. 

Since the sodium carbonate and 10% potassium hydroxide 
extracts contained most of the non-starch, non-cellulosic 

nolymeric glucose and since these two fractions had very 
similar comoo si tion, it should be no ssi bl e to employ a simn-

1 ified extraction nrocedure to obtain this glucose material. 

This would involve nrior extra ction with acetone, followed by 

hot ammonium oxalate to extract pectic material, and then 10% 

notassium hydroxide to extract the required 'glucan'. The 

hot water, sodium carbonate, and 25% potassium hydroxide 

extraction steps could be omitted. such an extraction 

sequence might be equally annlicable to hyPocotyl tissue, as 

it was exnected t hat needles an d hypocotyl would h ave similar 

cornnosition excent for lower proportions of secondary wall 

components (a~a hence les s mannose) in the elongating 
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Table 4: Monosaccharide % Of Total Neutral Carbohydrate In 

Pine Needle Extracts. 

Hot Ammonium Sodium Carbonate* 10% 

f,~ono saccharide \'later Oxalate Neutral Ethanol KOH 

Rharnno se** 

Fucose*~- 1.5 15 3 8 3 

Arabinose 27 21 14 39 16 

Xylose 3 5 31 8 38 

Mannose 31 23 20 10 11 

Galactose 23 22 1 1 17 1 1 

Glucose #· 15 14 21 18 21 

starch## - - 6.3 4.5 8 .4 

Carbohydra te 
material (mg) 7 9 28 5 48 

* The frac tion h a s been divided into the preci-pi t a te obtained 

with acetic acid neutralisa tion and that obtained by the 

addition of ethanol. 

** Phamnose and fucose coul d not be se~ arated on the column u se d . 

# Includes glucose from starch. 

##% of total neutrRl ca rbohydrate (Found by decrease in glucose 

after addition of nig nancre a t i c o<- amyla se and subseouent 

dialysis of hydrolysed s amnle .). 

- Iodine negative test indicated no starch. 
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hyoocotyle. This method (nrocedure A) was therefore adopted 

in the earlier work with hyPocotyl (section 3.2.2). 

The 80% ethanol sunernatants (Fig. 16) were dialysed and 
the material recovered hy freeze-drying to ensure no major 

polysaccharide fr a ction was unprecipitated. Gas-liquid 

chromatograuhic analysis revealed only trace quantities of 
uolysaccharide of which a large nercentage was arabinose. 
Fany arabinans, for example that from Pinus ninaster var. 

maritima, are found to be soluble in relatively concentrated 

aqueous ethanol (Roudier and Eberhard, 1965). 

3.2.2 Analysis O f Hyoocot,yl (', f Different Ages 

The sugar composition of carbohydrate fractions isol a ted 

with procedure A (section 2.5.2) are given in Tables 5, 6 and 

7. The ammonium oxalate fraction consists urimarily of arab­

inose- and galactose-containing polymers ( Table 5B). These 

polymers are typical of those found in pectic fractions i~o­

lated from the cell walls of hi gher plants. Looking at the 
distribution of neutral suga rs between the oxalate and potas­

sium hydroxide fractions of two-week old ul:=mts ( Table 5A), 
t h e data shows that oxalate extracted most of the starch plus 
much of the pectic polysaccharide. Xylo se, rr,anno se and 

glucose are almost exclusively found in the alkali extrP.ct. 

As the etiolated plant sections 2.ge, the starch content 

decreases (Table 6). This starch decre 8se is matched by a 

corresponding increase in hemicellulose content. The compo­
sition of the hemicellulose fractions isolPted from hypocotyl 

and cotyledon sampleE of different age are given in Table?. 

Summarized below are the main points arising from the results 

uresented in these tables. 

(1 ) starch is ranidly depleted 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 renlenishment of the 

depleted starch reserves would be expected. 
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Table 5: HyPocotyl Fractionation 

A* B* 
Average ~ ,.a co moo si tion ( by 

Carbohydr2. te Average % extracted by weight) of oxa l 2. te fraction 

Cornnonen t Oxalate KOH ( excludin f etarch) 

Rhamno se 
35 65 7 

Fuco se 

Ara.binose 57 43 36 

Xyl o se 7 93 6 

I-iannose 10 90 2 

Galactose L19 51 42 

Glucose 6 94 7 

Total non- 25 75 100 
starch 

starch 92 8 

A Di stribution of carbohydr ates be tween ox~late and notas 2ium 

hydroxide fractions. 

B i-:ono sacch8.ride co rr.no si tion of oxal8te fraction. 

* Both A and ~ show average values for several two-week and 

older hypocotyl ,md cotyledon samples 
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Table 6: Starch, Pectin And Hemicellulose Contents* 

Eynocotyl Cotyledon 

Sample 1 week 2 weeks 1 week 2 weeks 

Unner !Jower Upner Lower 

Starch 7 .5 0.3 0.8 0. 1 8.9 1.3 

Pectin** 1 . 4 1.7 1.8 1.7 2.3 2.7 

Hemicellulose-B*** 3 .4 4.4 4.2 6.8 3 . 2 6. 1 

Hemicellulose :B/Pectin 2.4 2.6 2 . 3 4.0 1.4 2.3 

* Values are expressed as % by weight of total oxalate-plus 

alkali-extracted nolymeric ma.teri 2.l. 

** Carbohydrate extracted with aP.1IDonium oxalate. 

*** Carbohydr 2-te extracted with alkali not urecini tated on 

neutralisation. 
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Table 7: r,,,ono saccharide Comno si tion Of Hemicellulo se 

Prenarations From Plants Of Different Age* 

Hypocotyls Cotyledons 

1 week ?. weeks 1 week 2 we eks 

Upner Lower UnDer Lower 
Monosaccharide ( 107) (127) (129) 

Rhamnose 
7 5 4 4 5 5 

Fucose 

Arabinos e 15 7 8 6 26 10 

X:ylo se 42 40 36 35 20 30 

r-~anno se 6 7 1 1 16 3 12 

Ga.lactose 15 11 11 10 26 1 5 

Glucone** 16 30 29 30 21 28 

starer.*** 35 2 tr tr 37 2 

... ,,,, 
Increasing age . 

* ~xpressea as weight % of total neutral monosaccharide . 

** Excluding starch. 

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

mono saccharides. 
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(2) There is an anparent decrease in the pectic material as 

P. percentage of wall uolysaccharide with an increase in the 

hemicellulose fraction. ~his is only an apparent change 

bec8use cellulose was not auantitated. The nercentage of 

cellulose in nlant cell wa.lls typically increases with matur­

ity, particularly with the deposition 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) There is an increase, with age, of the he~icellulose/nectin 

r Rtio. It almost dou bles between young tissue and th a t tissue 

fr0m the oldeet region where secondc1ry wall thickenin g would 

h2ve pro gressed the furthest. 

(4) The differences between the upuer and lower re r ions in 

4cm hynocotyls are auite marked. ~he two regions in the 7cm 

hyoocotyls are very similar to e ach othe r and t h e lower 4cm 

sections, excep t in their mannose content. ~s the uu~er 2cm 

of hyoocotyl is t h e actively elon pating re gion only the unuer 

sections of 4cm hyoocotyls would consist of ran i dly elongat­

ing cell walls. All other hypocotyl sections would have 

non-elongating cell walls undergo ing limited secondary wall 

thickening. P s a conseauence PD especially l Ar ge difference 

is seen between the carbohydra te comnosition of hemic ellulose 

from the youngePt hypocotyl cell walls and those from other 

hypocotyl sections. 

( 5) Rharnno se/fuco Re, arabino se Pnd galacto se all decreas,~ as 

a percentage of wall polysaccha.ride in line with the decreas­

ing percentage content of pectic material. It is likely that 

a high pronortion of these mono saccharides in the hemi cell­

ulose fractions _ are components of pectic polysaccharides not 

extracted with ammonium oxalate due to covalent link age with 

hemicellulo sic polysaccharides ( Talmadge et al., 1973). 
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(6) Xylose content stays fairly constant while both the 

rnannose and non-st2 rch, non-cellulosic glucose incre ::i se 

rapidly with tissue a ge. The glucose undergoes almost all 

its increP.se ~s the cell wall ceases elon pation while the 

manno se percen tage co n tinue s increasing constantly with .a ge. 

(7) r.otyle don analysis ~hows ma r ked differences to the hypo­

cotyl data. Cotyl e do n s show much more (a) o xalate-extractebl e 

material i.e. pectic substances and ( b) arabinose 2.nd galactose 

in their alkali e x tracts. This results in a lower he micellu­

l ose B/oectin ratio. With increasing tissue a g e cotyledons 

undergo increases i n t ynical he micellulosic monomers (xylose, 

glucose ruid man nose ) and l a r ge decreases in'-pectic monomers' 

(arabi riose and g2l r> ctose ) . ':!'.b i s is expected because cotyl e don 

cell walls a re much youn ger than the hy-pocotyl tissue - un cl er­

goin g elongation only e. fter the first we ek of hypocoty1 growth. 

(8 ) The nercentage of carboh ydrate recoveracle from the iso­

lated ma teri a l was not very hi fh . The carboh ydrate content 

only r e ci che d a maxi rnu n, of a round 40% by weight of the total 

materia l extracted in the oldest hypocotyl sections. Most of 

the non-carbohydra te material may h ~ve been protein, although 

there could have been some lignin a nd non-extracted lipid 

material. The hydroxyoroline containing cell wa.11 -protein 

found in many hi gher -p l 2.nts ( I ,amport, 1970 ) conta ins both 

arabinose and gal a ctose as sidechains. This nrotein is 

sometimes extracted in the alkali fraction and could exnl a in 

nartly why these re sults show both a. low cci rbohydrate yield 

and the presence of arabinose and galactose. It is nossible 

that the extraneous material mi ght interfere with hydrolysis 

an d guantitation of the derivatives . To im'Prove on the 

ouantity of r e coverP..ble carbohydrate in the extracts an 

al tern a ti ve extraction uro cedure (-procedure :B ) was therefore 

instigated. 
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3.2.3 Procedure B Extraction Of HY!)ocotyls 

Only fully extended hy-oocotyls were extracted by 
nrocedure B ( section 2.5.3)asihe small differences between the 

upper and lower hypocotyl of 7cm seedlings (Table 7) suggested 

a longitudinal homogeneity in the hypocotyl at this stage of 

develoument. It also gave increased m2terial 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 A fractions. 

This decrease could be accounted for to some extent by a rela­
tively high yield of mannose in the initial buffer ~lus oxa­

late extracts (see Table 8 and compare Table 5B). As this 
mannose component was very difficult to seParate from the 

'glucan' with the fractionation methods used here (see 

Chapter 4), the alternative procedure provided an attractive 

route to a more homogeneous final 'glucan' fraction. 
·:re may note the co rriposi tion of the hemicellulose fraction 

of hynocotyl extracted by procedure :S is quantitatively simi­

lar to that for upper and lower segments of 7cm hy-pocotyl 

sections (see Table 7 and 8 ) . As the fractions were obtained 
using non-specific alkali extraction, this similarity in 

results demonstrates in Particular the defined nature of the 

hemicellulose cell wall Polysaccha.rides at this stage of cell 

wall development. 

3. 3 Di scuseion 

The major aim of these extractions from various aged 
tissues was to find a non-cellulosic 'glucan' fraction which 

showed •turnover', in elongating gymnosnerm primary cell walls~ 

A non-starch, non-cellulosic glucan fraction does seem to have 

been demonstrated by the results in Table 7. These 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 Comnosition Of Fractions Isolated From 

Cell Walls Pre-oared By Procedure B. 

Monosaccharide Hypocotyl Cotyledon 

l uffer Oxalate Alkali* Buffer Oxalate Alkali 

-
:?hamno se 11 ** 14 5 10 15 9 
Fucose 

Arabinose 23 25 11 21 35 18 
Xylose 4 5 36 4 4 30 
Mannose 4 9 4 6 9 5 
Galactose 42 30 1 1 30 22 16 
Glucose 15 16 33 30 1 5 24 

starch*** 1 7 tr 2 5 tr 

% carbohydra te in 31 9 40 8 8 20 i sol2ted material 

% di stri bu tion 
carbohydrate 40 9 51 37 17 47 

* Fraction U. 

** Values a re wei ght %, 

*** Starch glucose is weight % of total neutrals. 
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we can strictly sneak of •turnover' of the cell wall poly­

saccharides here when a degradation of the se 1_)olysaccharides 

has not been demonstrated although it is known that both 
synthesis and breakdown of nolysaccharides occur together and 

lead to wall turnover during elongation, ( Lamoort, 1970). 

The change in rnonosaccharide co muosition indicates only a 

change in net carbohydrate and does not tell which polymers 

are altering in level. However, the l a r ge nercentage increase 

found in the glucose content between elongating cell walls 
and those cell walls which have ceased elongating, would 

suggest a major glucose-containing -polysaccharide 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 t he glucan fr Rction here is in marked 

contrast to the rapid decrease observed, for examJ le, in 

elongating Phaseolus aureus hypocotyl ( Nevins et al., 1968; 
Franz, 1972), Avena coleontile (Loescher and Nevins, 1972), 

Hordeum (barley) coleo-ptile ( Sakurr=ii and J\':asuda, 1978 ) and 

~~a mays (corn) first leaf lamina (Nevins et al., 1968). 
It is however noteworthy that glu cose polymers undergoing 

r :i:pid gros s content changes, seem to be an attribute of 

elonga ting primary cell walls in angios-perm and a reure­

sentative gymnosnerm - Pinus radiata. 

Even though rnannose, a known secondary wall component, 

continually increases with age, 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 ma ture Pinus r adiata wood contains mainly 

glucomannan and arabino-(4-0-methyl glucurono)xylan with no 
major non-cellulosic glucan present it is guite 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 uresent in cell walls (Clarke and Stone, 1962; 

Buchal a and Meier, 1973) or it could be diluted by the 
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formation of other hemicelluloses during plant maturation. 

Further investigation was carried out to purify and ana­

lyse the ' glucan' structure in line with the aim of the thesis. 

Although the experiments were not designed to study the whole 

picture of carbohydrate 'turnover' some pertinent points can 

be raised. 

Nevins et al. ( 1968) found large changes in the pronor­

tion of various monosaccharides Hccomoanying hypocotyl cell 

wall elongation. After cesPation of elongation however, there 

was little change in the rel a tive pronortions of sugars. 

Consistent with the results found for Pinus radiata hyno­

cotyl cell wall changes, previous workers have found a decrease 

in arabinose with wall maturation ( Nevins et al., 19 68; Reid 
and \•.r ilkie, 1969) and established clearly that mannose and xy­

lo se become nredominant in the secondary wall (Northcote, 1969). 

This has been essentially what has been found with Pinus 

radiata hynocotyl and confirms that the changes occurring in 
etiolated tissue mimic those in normal growing tis Pue . 

r,:annose is usually an indicator of secondary wall growth 

(see, for examnle, Thornber and Northcote, 1961). With regard 

to seedling hypocotyls, Albersheim (1976) using me t hylation 

analysis, comnared the cell walls of 8-day-old hypocotyls of 

Red Kidney bean with those of Red Kidney be8n cell-susnension 

cultures. The major difference between the two resulting 

chro m? to gr~ms is a large 4-linked mannose peak nresen t in the 

hypocotyl tissue. AF cul tured cells can be grown as a homo­

geneous tissue nosFessing nrimary, but no secondary, walls 

( Albersheim, 1976) the 4-linked mannose would ori gina te from 
s econdary wall thickening. The Pinus raa:·ata hypocotyl mannose 

p robably ori ginates from an alkali-soluble glucomannan similar 

to that present in mature wood (Harwood, 1973) and :9osPibly 
more significantly, a water-soluble galacto glucomannan (com­

pare with that isol 2. ted from the wood of Pinus ninaster var. 

maritima by Roudier and ~berhard, 1967), As extraction proced­

ure B removed a large nronortion of the mannose in the buffer 

and oxalate extracts. 

In Pinus radiata hynocotyl the glucomannan ( or galacto­

glucomannam) and xylr1n are only a r.1inor proportion of the 
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total hemicellulose. The 'glucan' is the major nolymer present 

with greater than 60% of the hemicellulo~e content (see Chapter 

4). However, in Pinus radiata wood only the glucomannan and 

arabino-(4-0-methyl glucurono) -xylan seem nresent in large 

auentities - the 'glucan' has either been degraded or 'diluted 
out' by the formation of other hemicelluloses. These two 

results combined gi're a simulified an8lysis of the hemicellu­
lof:e changes from the Pinus radiata hynocotyl primary cell wall 

through to the highly secondarily-thickened cell wall of wood. 
Thornber and Northr:ote ( 1961a and b) working on Pinus ponderosa 
analysed the hemicellulose changes during develonment of a 
cambial cell into a mature second 2ry-thickened heartwood cell. 

As found with Pinus ra.diata hypocotyl, p. lucose and xylose were 

dominant in cambium wood hemicellulose fractions. From cambium 

to heartwood, glucose decreased greatly, together with arab­

inose and galactose, while xylose, uronic acid and esuecially 

manna se increased. Thus , in concordance with the nrouo sed 

'disannearance' of the Pinus radiata nrimary cell wall glucan, 

Pinus ponderosa also undergoes a similar he micellulose change. 
Other changes are also in line with those expected fro m the 

develop rnent of Pinus radiata -primary cell wall to secondarily­

thickened cell wall. 
The nectic polymers of all higher nlants contain predom­

inantly rharnnose, galactose and arabinose as neutral sugar 

comnonents. It is likely theee monomers present in the oxa­
late and alkali fractions, mainly arise from pectic polymers 

nresent in the Pinus radiata hypocotyl as very little secondary 

wall growth has occurred. In this work, rhamnose (and/or fuc­

ose), arabinose and galactose all decrease as a nercent2ge of 

extracted carbohydrate with increasing tissue age. Similarly, 

Thornber and Northcote (1961) found pectic substances are 'lost• 

during Pinus uonderosa cell-wall secondary thickening. 
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3.4 Anpendix: niscussion Of Polysaccharide Analysis 

3.4.1 Polysaccharide Extr2ction 

Two aoueous extractants were used on the Pinus radiata 
hYPocotyl tisc-ue for examining the cell w2-ll constituents: 

a mmo n ium oxal~te and Dotassium hydroxide. 

In the cell wall ca++ neutralizes t he negative charges 

and .ci llows association of acidic polymer chains. Aoueous 
ai :irno nium oxalate is a ca++ chel a ting agent and therefore causes 

mutual coulombic renulsion of Rdjacent gal 2cturonic acid con­

taining polymers resultin r in their solubilisa tion. Using 

amr:.oniun. oxalate cauE"es 'salt' co n tamination of the residue 

and therefore extracts in this work were dialyse d exhaustively 
when auan ti ta ting mp. terial. The ammoniu rr, oxalate fraction 

contains mostly pec t ic materi al. Solutions of oxalic acid, 
amu,oniurn citra te, fluorides, arsena tes, p.hosnh 2. tes an d ethy­

lenediaminetetraacetic a ci d have all been em~loyed as extrac­

tants for pectic substances. 
Alkaline extraction solu ~ilises carbohydrates in wha t is 

usually termed t ne h eraicellulose fraction. Alkali is known 

to cause degrada tion of he i:.iicelluloses ( Whistler and BeHiller, 

1958). One reac t ion, that of alkaline hydrolysis of glyco­

si dic bonds, was found to be only significant at elevated 

temoerature s (Hansson and Hartl er, 1968). The mo re imoortan t 
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 contaL1ed sodium 

borohydride for this reason. 

This extraction scheme using mild extractants was used to 

isolate the structural polymers with the minimum of modifica­

tion or degradation. In order to avoid oxidation and the 
onset of 'horniness', the residues after ea ch extraction steu 

were not air-dried. Instead a solvent-exchange procedure was 

used (section 2.2.1). 



55. 
3.4.2 Polysaccharide Hydrolysis 

Analysis of the va.rious nolysaccharide extracts were 

carriect out as described in Hateri:::ils and Methods. The hy­

drolytic step has been considered the main source of l os s in 

carbohydrate analysis. Since glycosinic bonds vary gre2tly 

in their stability to acid hydrolysis (e.g. C.onrac. et al. 

( 1966) calculated that the L-fuco-pyranosyl bond is hydrolysed 

300x faster than the D-glucosyluronic bond in 0.5M sulnhuric 

at 100°c) and different monosaccharides are destroyed at 
different rates, the conditions chosen for the hydrolysis of 
complex -polysaccharides are inevi t ;:ibly a comnromise between 

destruct i on of the less stable sugars ::ind inco mplete hydrolysis 

of the Hiore re si stan t glyso sidi c bonds. 

The acid hydrolysis of intact cell walls nresents partic­

ularly severe -pro bl ems, which have led to the development of 

combined enzymic-acid hydrolysis ~rocedures (Jones and Alber­

sheim, 1972) and methods UPing concentrated mineral acid at 

low temperatures (Mares and Stone, 1973). They are renorted 

to be efficient nrocedures al t ho u gh J) . R. Fenernor found them 

inefficient on Pinus radiata hy-pocotyl tissue (personal com­

munic;:ition). Dilute aci d can be used -provided t hc.t correction 

f a ctors are established for t he decomoosi tion of E·ach mono­

saccharide under the conditions of hydrolysis used (see Dutton, 

1973). 
Wh en nolysaccharides containing uronic acids are hydrol­

ysed, a further ambiguity is introduced, in that only nartial 
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 renorted to give nearly quanti­

tative conversion to monosaccharides for soluble neutral 

mono saccharides. 
A degradation correction factor was worked out for each 

mono saccharide 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 adeauately quantitated in the 
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unhydrolysed nolysaccharides by a snectrophotometric assay 

using m-hydroxydi~henyl (section 2.3.2), and (2) the xylo­

glucan fraction, with which a structural investigation was 

carried out, contained very little, if any, uronic acid. 

3.4.3 Gas Liauid Chromatogranhy 

3.4.3.1 Prenara tion Of Vol a tile Derivatives 

The successful senaration by gas-liouid chromatogranhy 
of the monosaccharides formed from Dolysacch8.ride hydrolysis 

depends on two major technioue~. In one, the monosaccharides 

are converted to their trimethyl silylated derivative s quan ti­

t a ti vely (Sweeley et al., 1963). However two drawbacks to the 

use of silyl ethers are their reactivity with water ( Holliran, 
1971) and the fact that e a.ch aldose will five the 0( and S 
anomers of the nyranose and nossible furanose forms. This 

me Ei ns that where co mnlex nolysaccha rides or polysaccharide 

fractions are involved there is poing to be a large number of 

peaks with some not resolved. In the second apnroach mono­

saccharide s are converted ouan ti ta ti vely to their aldi tol 

acetate forms. This method removes the anomeric centre and 

therefore gives only one alditol for each pyranose or furanose 

form enabling co r~lex carbohydrate fractions to be eaeily 

analysed. 
As the polysaccharide fractions analysed in this thesis 

were very co mplex, monosaccha rides were converted to their 
alditol aceta tes for analysi s . The disaccharides, separated 

by paper chromato graphy after partial hydrolysis (section 

2.3.6), were converted to their silyl ethers as the double 

peaks formed gave gre Rter accura cy in identification. 
After acetylation, water wa s added to decompose the excess 

acetic anhydride (which m2y give a peak close to that of man­

nose) and both pentitol and hexitol acetates extracted into 

methylene chloride quantitAtively (Borchardt and Piper, 1970). 
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3 . 4.3.2 Monosaccharide Quantitation 

As a stationary nhase, OV-225 ( a cyano silicone nolyrner) 
wes used rather than ~CNSS-~ because of its gre~ter stability 

with high temner~tures. Later, SP234O became available and 

was used to effect separation of rhamni tol and fuci tol per­

acetates which could not be senarated on OV-225. 

The most dePirqble pronerty reauired for the internal 

standard in g. 1 . . c. is thRt it is Fl sur ar not in the i=,amnle, 

capable of beinf reduced and acetylaten, and h?ving a cl1rorna­

to granhic mo~ility be tween those of the nentose and hexose 
deri va ti ve s under the p, .1. c. conditions emnloyed. ·.H th the 

OV-225 column, 2-cleoxy-D-gluci tol-pentaacetate meets these 
criteria exactly (see Fig. 12) and was therefore used in t h is 

t hesis. 
The main errors with auantitative g.l.c., other than from 

losses during hydrolysis, a re in me a suring amount of sample, 

evaluating the neak size and determining molar (or weif~t) 
resnonse factors (~eek et al., 1969). In this work to 
minimise the errors in s~mole measuring, sam-oles were dried to 

constant weight in vacuo over notassium hydroxide or nhosnhor­

ous nentoxide. 0f the Peven methods available in determining 

neak areas ( hefferd et al., 1968) the rectangular method was 

used for thiP thesis. ThiP method was si mple and accurate 
without the need for an integrator. \.<,'eight-response factors 

were obtained for each derivative using the exact exnerimental 

conditions to be ern~loyed for subseauent analyses. 

3.4.4 Starch Analysis 

As the nrimary aim of the thesis was to investigate a 
:primary cell wall gyrnnosnerm 'glucan' it W8S very imnortant 
to monitor the nroportion of glucose derived from starch . 

The simnlest, most accurate methods of starch analysis rely 

on enzymic hydrolysis (Dekker and Richards, 1971) and this was 
the technique adonted in this work (section 2.3.3). Amylo­

glucosidase hydrolyses starch to its component glucose and 
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glucose oxidase (snecific for S-D-glucose) converts this to 

gluconic acid and hydrogen peroxide. A chromogen is oxidised 

in the presence of both peroxidase and hydro gen peroxide 

(Fales and Seligson, 1963). During the a.rnylo gluco sidase 
tre ;:i tment of starch, the ,8- :'.)-glucose produced is mutarotated 

to D(-D-glucose which is not a substrate for glucose oxidase. 

Al thou gh its mutarota tion to ,B- D- gluco se at pH 7 .0 is slow, 
this is not a pro blem as commercial glucose oxidase prenara­

tions conta in a mutarotase as an imuurity. In the nresence of 

the mutarotaf'e o<- and ,8-D- glucose are oxidised a t the s 2. me rc'>te 
( Dahlqvist, 1961). Solubilisation or gelatinisation of the 
starch nrior to hydroly s is either by boiling ( r acRae, 1971) 

or by tre a tment with alkali ( Dekker and Richards, 1971) ca n 

cause inhibition of the glucose oxidase in subseauent analyf'is. 

Inhibitors are removed with a cha rcoal wash ( T)ekker and 

Richards, 1971) as in section 2.3.3. 
In this work the starch was only in very minor amounts in 

mo s t xylo gl u can fraction s (le ss th an 5% of the total glucose 

(see Table 9) ). Fractionations or enzyme treatment to re move 
it were therefore not rec,uired. 
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PURIFICATION OF THE XYLOGLUCAJJ 

4.1 Introduction 

In Chapter 3 the alkali -extracted hemicell ulo se B 

fractions of etiolated Pinus radiata h ynocotyl cell walls, 

were found to be very hi gh in a non-starch, non-cellulo~ic 
glucan. In order to chara cterise this hemicellulose glucan 

co mnonent, it was necessary to nurify it as much as nossible 

The fractionation urocedures used, 8re described in this 

chapter. 

Most hemicelluloses extracted from plant tis sues are 

mixtures of different polysaccharides which are usually 

resolved into t heir comuonents by fractional nrecipita tion 

from an aoueouc solution. Several such methods were tried in 

this work, i nitially to give a seuara tion of the secondary wall 

comnonent conta ining mannose from the nrime1.ry wall 'glucan•. 
Barium hydroxide a11.d copner ( Fehling solution) are widely 

used for fractionatin g and nurifying polysaccharides by ure­
cipi t :=i tion as an insolu ble netal comnlex. Barium hydroxide 

has been found especially vHluable for the preci-pi tation of 

nolysaccharides co n taining /3-( 1 ,4 )-linked D-mannose residues 
due to the reaction of t he barium ions with the vicinal ci s ­

hydroxyl grouns on carbon atoms 2 and 3 of the mannose units 

( Meier, 19 58 ) . As well, gymno sp erm arabino galactan s an d 

8.rabino-(4-0-methyl glucurono)-xylans are not precipitated 

O ieier, 1965) enabling a separation of the mannose polymers 

from the xylans (Timell, 1961 ) . This was narticularly 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 separation of neutral poly­

saccharides from those polysaccharides with high proportions 

of uronic acid residues. cetavlon is a auaternary ammonium 
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sAl t with a long lipo-philic tail which forms insoluble salts 

with acidic uolysaccharides (Jones, 1953). Neutral polysacc­
harides do not react except as borate comulexes. The preci"9-
itation of the neutral "9olysaccharides as borate complexes is 

dependent on pH and the confieuration of the glycol group. 

~is-glycols precipitate at a pH<8.5 (Scott, 1965). 
Gaillard (1961) showed that when hemicelluloee B w2 s 

dissolved in aqueous calcium chloride and then iodine/"9otassium 

iodide solution added, a precipitate resulted which contains 

all those linear species including glucans, which did not enter 

the hemicelluloee A fraction. The supernatant cont2ins all the 

short chain or branched polysaccharides. Results from angio­

sperm cell wall fra ctionation showed most of the uronic acid 

was unprecipitated (Gaillard, 1965). This procedure was adop­
ted on the hypocotyl fractions extracted by nrocedure B because 

of their already low mannoee content (see ~ection 3.2.3). 
The homogeneity of polysaccharide mixtures cA.n be deter­

mined by such methods as ultra centrifugation (Adams, 1960) and 
zone electronhoresis (Northcote, 1965) or by continual fraction­
a tion until no further change in composition occurs. In this 

work, two electrophoresis methods were tried to monitor ho;no­

genei ty of purified fractions. If the polysaccharide is 
homogeneous, ethanol fractionation preci-pitates it as a single 

peak over a relatively na rrow ethanol concentr?.tion range. 

Ethanol fractionation, ca rried out at nH 7.0 where the poly­

saccharides are most st8ble and the c2rboxyl groups, preeent 

in the hemicelluloses containing uronic a cids, are in the 

form of ionised salts, was used here to test the glucan homo­

geneity as well as a general fractionation procedure. 

Hemicellulose extracts to be fractionated were selected 

for their high glucan and low starch content. Alkali extracts 
were divided into two fra ctions by neutralization; hemicell­

ulose A and B. Hemicellulose A are those -polysacch~rides 

preci"9itated by acidification of the alkali extract. They are 
usually long chain xylans presumably precipitated due to pro­

tonation of the uronic acid side groups allowing intra- and 

inter- chain alignment. No major hemicellulose A fraction 
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was obtri.inea with Pinus radiata hynocotyl in a ny of the work 
descri bed 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 nerformed 
on hemicellulose B extracts. 

4. 2 Results 

Pinus radiata hypocotyl hemicellulose ~ fractions con­
tained uredorninantly glucose a.nd xylose as neutral components 
(Table 7) with galacturonic 2.cid t ,.,1e do minating acidic sugar 

(I. G. Andrew, personal co mmunication). 

:Sari um hydroxide: Hemicellulose B extracts '107' 2.na '127' 

(Table 7) were pooled to give fraction 'A' and fractionated with 
barium hydroxide (section 2 .6.1). 1-.ost of the ca rbohydr2,te wa s 

nrecipitated (84 5-h ) with only 16% isolated from the supernatant 

(Table 9). There was an accumul a tion of xylose and ar2binose 
in the supernatant, while the preciuitate conta ined -predominant­
ly glucose and xylose. As expected most of the mannose (> 96%) 

was precipita ted. 0f speci al note was the finding that 96% o.f 
the non-starch glucose precipitRted with 70% of the total xyl1)se. 

As the arabino-( 4-0-methyl glucurono )-xyl R.n from gymnosuerm 
wood is not precipitated by barium hydroxide and the hi gh xylose 
content ( 67 %) together with a f a irly high arabinose content 

(14 %) in the supernatant indicated that any hypocotyl xylan 

present remained in solution, the results suggest the 'glucan' 
may be a xylo

0

glucan. Evidently the xyloglucan :))recipi tates with 
bA.riurn hydroxide just as glucomannan does and is therefore not 

se~arable. 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 B extract. 

Cetavlon and borate: Hemicellulose B cotyledon extract '129' 

(Table 7) referred to as Fraction 'B' was fractionated with 
the use of cetavlon and borate ( secti'on 2. 6. 2). cetavlon, 

which forms insoluble salts with acidic polysaccharides, 



Table 9 Comnosition Of Hemicellulose B Fractions 

(~ole %) 
Sample 

Fr8ction Rha. Fuc. Ara. Xyl. Man. Gal. G1 c. 

A1 4.7 3.9 32.2 13.0 9.4 36.8 

A2 ( +) ( +) ( +) ( +) ( +) ( +) 

A3 4.8 13.7 66.9 2.5 5.3 6.7 

A1-1 2.0 1.9 13.3 27.0 15.2 13.0 27.6 

A1-2 0.5 3.7 4.3 33.2 12.9 9.4 36.0 

A1-3 1. 2 3.5 1. 7 30.7 14.3 9.3 39.3 
A1-4 0.0 3.4 4. 1 45.9 6.8 6.4 33.4 

B1 5.7 27.9 14.3 1 2. 1 16. 1 15.3 
? 2 6.0 4.6 27.1 13.9 12.6 35.7 
B3 4. 1 9. 1 45.9 4. 1 9. 8 27.0 

C1 1.2 1.5 39.9 18.7 13.8 10. 1 14.9 
C2 0.3 4.7 6.6 42.8 2.8 9.9 32.9 
C3 1.3 1 • 4 1 5. 1 56.7 2.8 8.3 14.3 

C2-1 2 3 19 31 3 12 30 
C2-2 1 4 15 32 5 14 29 
C2-3 0 6 3 36 4 11 40 
C2-4a 0 4 2 43 1 6 4,1 

C2-4b 0 2 7 72 1 4 15 
C2-4c 0 1 11 ?O 1 3 13 

r,2-3a 0 8 2 37 4 10 40 
C2-3b 0 7 4 38 3 11 37 

' T~xoressed as % of neutral carbohydrate. 
(+) Wegligible values. 

- TTot determined. 

Uronic 

acid' 

-
-
-

1 . 6 

3.6 
2 • 1 

1 . 5 

36.6 

3.5 
5.4 

6.2 

3.9 
17.2 

12 
11 

2 

-
6 

4 

-
-
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96 Dist. 
Neutral 

Starch' CHO 

0.9 84 

- 0 
4.8 16 

0.4 9 

0.9 26 
0.6 52 
0.3 13 

1 . 0 13 
0.8 62 
6.7 25 

1. 2 9 

( +) 71 
0.6 20 

( +) 2 

'+) 6 
0 69 

- 4 
0 12 
0 7 

0 86 
0 14 
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Scheme 1 Fractionation Of Hemicelluloses 

Dominant** Other Major** 
Comnonent Components 

Fraction 'A' (46.6mg)* 

+ Ba( OH 2 2 A1 (27.2mg) Xylo glucan Mannan 

+ HOAc pH 5 A.2 ( nil ) 

+ :StOH 80% A3 ( 4.8mg) Xylan 

Fraction 'A 1 ' (20.9me;) 

+ Cetavlon A1-1 ( 1.8mg ) 

+ Borate EH 8 A1-2 ( 4.5mg) Xylo glucan Mannan 

+ PorFJ.te EE 10 A1-3 ( 9.0mg) Xylo glucan Lannan 
+ EtOH 80% A1-4 ( 2.2mg) Xyloglucan Xylan 

Fraction ' :g t (20.4mg) 

+ Cetavlon B1 ( 3.5mg) Galacturonan Arabinru1 

+ Bora te nH 8 ( nil ) 

+ Borate EH 10 P2 ( 9. 1 mg) Xylo glucan Mannan 
+ Et OH 80% B3 ( 5.0mg) Xyloglucan Xylan 

Fraction 'C' (89mg) 
Insoluble CaC1 2 r,1 ( 7.9mg) Arabinan Liscellaneous 

~/KI C2 (59.9mg ) Yyloglucan Xylan 

+ EtOH - 80% C3 (19.4mg) Xylan 

Fraction 'C2' (59.9 mg) 
+ Cetavlon C2-1 ( 1 . 3mg ) Yylo r,lucan { Pectic 
+ Borate pH 8 C2-2 ( 3.3mg) ?ylo glucan Components 
+ Borate EH 10 C2-3 (32.7mg) Xyloglucan 
+ EtOH 40% C2-4a( 1.9mg) Xylo glucan 
+ -r._;toH 50% C2-4b( 5.7mg) Xylan 
+ EtOH 8096 C2-4c( 3.2mg) Xylan 

Fraction 'C2-3' ( 28. 7mg) 

+ "StOH 40% C2-3a(24.0rng) Xyloglucan 

+ EtOH - 80% C2-3b( 3.9mg) Xyloglucan 

* Yield of total non-starch carbohydrate shown in parenthesis. 

** Major polysaccharides deduced from rnonosaccharide analysis. 
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precinita ted 70% of the uronic acid from fraction 'B' 

(Table 9). This hi gh uronic acid fraction (B1) wa s analysed 

and shown to be predominantly gal2cturonic acid (I.G. Andrew, 
personal communication). The cotyledons were still elonga ­

ting when extra cted and some nectic components would be expect­

ed to anpe ar in the a lkali fraction, nossibly due to covalent 

bon din;s to hemi cellulose l)Olymers ( Talmadge et al. , 197 3 ). 
:Soth the bora:te precipita te ( B2), with 62% of the neutral 
carbohydrate, and the ethanol precipita te ( 33) ha d high con­

tents of glucose and xylo se, although the resnective ratios 

were quite different. The high glucose an d xylose conten t of 

B2 sugge s ts a gain that the ' glucan' shown in the he micellulose 

extract s of elongating hyp ocotyl is a xylo glucan. The hi gh 
glucose and xylose content of B3 with a ratio of gluco se to 

xylose of 0.6 : 1 indica tes the presence of both xylo gluc 2.n 

and xylan. The xylo glucan h a s aga in conreci ni t a te d with mo st 

of the mannose (77%) . Eowever, results do show t h a t most of 

t he glucose (68%) was ureciuita ted in a fractio n senarate fro m 

mo s t of the gal a cturonic a ci d , arabinose, s tarch ~nd xylan. 
Owin g to the limited succ Fs s of this fra ctionation, the 

barium hydroxi de p recipita te d carboh ydrate (A1) was subjected 

to a C<~ tavlon/bor2 te fr a ctiona tion ( Scheme 1 ) . However, 

fractionation of the bora te nreciu i t 8te betwe en pH 8 an d pH 10 
could not achieve any further separation of the m?nnan and 

glucan polymers (Table 9) . 
At t h is stage of t h e project, he micellulose ~ extracts had 

been obtained from the whole hypocotyl by procedure B and found 

to conta in low mannose contents. Thus a suecific fr actionation 

nrocedure to separa te the mannose comnonent was not as i mpera­

tive. The nrocedure of Gaillard and Bailey (1968) offe red a 

very snecific senaration by io dine-complex precipitation of 

any line c1 r 1,4-linked -polymers from the hemicellulose B 

extra cts. If the Pinus radiata hypocotyl xylo glucan was indeed 

like those isolated from other species it would be precipitated, 

with highly branched polymers and pos sibly uronic acid contain­

ing polysaccharides remaining in solution (see results of 

Gaillard, 1965). 
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Iodine and pota.ssium iodide: Hemicellulose B obtained from 

v,ho le hyuocotyls (fraction 'C', Table 8) was fractionated 

with iodine and uotassium iodide (section 2.6.3). Results 
uresented in Table 9 show th a t the xyloglucan was preciu-

i tated as a dark blue nrecipi t a te leaving most of the xylan 

component in solution to gether with a large nronortion of 

uronic a cid. Ratios of glucose : xylose in nrecipitate C2 

suggest that some xylan has also courecipitated with the Yylo­

glucan, to gethe r with most of the mannose. Starch contami­
nation was very minor, with most remaining in the sunernatant 

(C3) with a negligible amount present with the xylogluc~n. 

The material insoluble in anueous calcium chloride, con­

t a ining 9% of the total carbohydrate, had a large pronortion 

of arabinose. As arabinans are very soluble polymers, it is 

possible that t h i s precipit2ted arabinose arises from a rabi­

no se oli go saccherides bound to a hydroxyproline containing 
u rotein s imilar to that found in many higher nlants and 

known to a ccumulate in cell walls which h 2ve cea sed elongating 

(Sadava et al ., 1973). D. R. Fenemor (personal communication) 
has found a high content of hydroxyproline in purified cell 

wall ~ from Pinus radiata callus tissue-cultures. 

~thanol : Further fractionation to achieve an homogeneous 

xyloglucan was carrie d out on C2 using the cetavlon-borate 
method in combination with ethanol nrecinitation (Scheme 1). 
Fraction C2 gave six nreciuitates on fractionation (Table 9). 

The first two precipitates contained all the rhamno se and high 

ouantities of arabino se 8.nd uronic acid, indica ting the precin­
i ta.tion of mostly pectic m;:i_terial. Fairly high proportions 

of xylose and glucose show some glucRn coprecipitation. 

Fractions C2-3 and C2-4a hoth show the precipit8tion of a 

glucan with a com-position closely rese mbling that exoected from 

a purified xyloglucan. The absence of rhamnose and negligible 

amounts of mannose and arabinose provide evidence for a fuco­

galactoxyloglucan. The two remaining ethanol precipitates 

contained the xylan found in most hemicellulose B extracts. 

To test the homogeneity of the xyloglucan isolated in 
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fraction C2-3, further fr;:i_ctionation was carried out by eth­

anol preciui t a tion ( Scheme 1). Tv:ost of the polysaccharide 

-precipi ta.tea over a narrow ethanol concentration (<40% ethanol) 

with little change in monosaccharide comoosition occurring . 

The higher r a tio of xylose to glucose in fraction C2-3b still 
indicates the uresence of a xylan but the content is very 

small. 

Electrouhoresis: Electrouhoresis was carried out to monitor 
-polysa ccharide homo geneity during the glucan nurifica.tion. 

Although standard polysaccharides such as an arabinoxyl an 
(wheat flour), a galactomannan (c ~rob bean) and laminarin were 

separated into seuarate bands no extracted Pinus radia t e mat­
erial showed senarRtion into definable b~nds. A sin gle wide 
diffuse b2nd was usuall y observed . As results gave no in<'lica­

tion of a ouick reliable method of monitoring the polysP.ccha­
rides during their fr2ctionation, the electrophoresis proced­

ures were abandoned. 

4.3 Liscussion 

Results -presente d in this chauter sugges t th P. t the major 

hemicellulosic -p ri mary cel·L wall 'glucan' of etiolated Pinue 

radiata seedling s is a. xyloglucc=m r 8ther than a mixed-link 

0luc8n. The presence of high contents of both fucose ~nd 
galactose conreciui t ating throughout the purification procedure 

with the xyloglucan suggest a fuco galactoxyloglucan similar 

to that isolated fro m dicot tiseue such as Phaseolus aureus 
hypocotyl (Ka to a.nd Matsuda, 1976). 

~he evidence so far availabl e for the homogeneous nature 

of the xyloglucan rests on its constancy of composition on 

repeated fractionation, an admittedly unsatisfactory situation. 

Howeve r , the r8tios of the sugars fucose, galactose, xylose 

and glucose remain fairly high and constant under all the 

different fra ctionation nrocedures. The other sugars vary 

constantly in ratio and in the r.1ore nurified fractions either 

disappe2r (as with rhamnose) or are only uresent i n minor 

amounts ( such as arabinose, mannose and uronic acid), 



* ose and fi-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-gluco-pyranose 
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indic?ting they are probPbly not a ssoci ~ted with the 

xylogluc;:,n. 

Although the nitric acid hydrolysis procedure used here 

enables the auantitative dete ~mination of the monosaccha ride 

cornpo si tion of isolated carbohydr8te fractions, there is a 

contribution from contaminating nolysaccharides h a rd to sen­

arate from the xylo glucan. This results nartly from the ure­

sence of both primary and secondary cell wall hemicelluloses 

(which annear to be different polymers) and ri ~rtly from the 

fractionation technioues used. ~he results in Table 9 indi­

cate the nrePence of a t le a st t h ree hemicellulosic nol y s e cc­

haride s, one the xylo {!lucan and the other two, simila.r poly­

mers to t h ose found in mature Pinus radiata wood; a xylan a nd 

a 'rnannan'. The xylo gluc2.n is easily separated from the xyl 8n 

and from pectic comoonents (methylation analysis also g 2.ve a 

senaration between an arabinan a n ~ the xylo glucan (see Chanter 

5)), but less easily senareted from the 'mgnnan' component. 

Mannose is a known seconda ry wall comnonent a nd a s such, 

the mannose resi dues are probably dirivea from either a water­

soluble galacto glucomanna n or a n a lkali-soluble glucomannan 

(Harwood, 1973). The glucomannans in the xylem of all gymno­

Pnerms consist of a framework of ( 1-4 )-linkea 8-D-mannonyran-

* residues (see Chapter 5), and the mannan co mponent. 

Further, Gould et al., (1971) have suggested that xylo glucan­

iodine complex formation involves the inter.::i.ction of iodine 

within the interstices between aggregated xyloglucan chains 

2nd xylo glucans h ave be en d emonstrated to hydrogen-bond with 

cellulose (Valent and Albersheim, 1974). OelluloPe and pluco­

mannan h a ve very similar structures. It seems lo gical to 

exnect glucomann~n to also interact with the xylop.lucan by 

hydrogen-bonding and therefore aggregate, leading to diffi­

culties in se-paration when using fractional nrecipi t;,tion 

from aqueous solvents. It is of note that Perila and Bishop 

(1961) on their enzyrnic hydrolyPis of a purified glucomannan 

from Jacknine obtained presumed xylo gl ucan fragrnen ts in the 

nroducts. 

PosRibly due to the above reasons, in this '!_)reject the 

xyloglucan and rn;mnan were both precini tated with barium 
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hydroxide - a comnound known to form 3n insoluble metal com­
plex with gyrnno suerrn glucornannan . Simil a rly, a 'gal?..ctoxylo­

glucan' was preciuitated by Schreuder et al . ( 1966) in their 
fracti onation with b~rium hydroxide of an alkali extract from 

comnression wood of red snruce (Picea rubens Sarg.) . 
It was al so found that the Pinus radiata xyloglucan a11.d 

'mannan' could not be senarated as a borate co mulex over two 

pH values, that both formed an insoluble co m1)lex with iodine/ 

pot2ssium iodide a rid U1a t both nreciuit2ted together over a 

n a rrow eth2nol concentration range. Ramalingam ana Timell 

(1964) in an attemut to effect a better resolution of their 

glucan from Pice 2 eng elmanni bark, used numerou s fractionation 

methods similar to those used in these studies. ,,!hile the 
comoosi tion of g~lactose, xylose and glucose remained remark­
Ably constant, contaminants su ch as mannoee, a rabinose 8nd 

uro nic acid were always nresen t. 
~~atever the reAson for the l a ck of success in separation, 

one fraction (C2- 4a) shows a very low mannose content strongly 

sug gesting that mannose is associated with a different uolymer 

and is not an integral part of the xylo r.lucan. 
As it turned out, the use of extraction ·3rocedure ? , 

i n itially used to increase the carbohydra te p;1ri ty of samnles, 

1 ed to a good separation of the xyloglucan fro m the manna ee 

component, no l onger making it imnerative to separate the two 

uolyrners. No further techniques were attemnted to give a 

separation because (a) time did not permit, 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 xyloflucan , future work could i ncornorPte further 

fractionation on hernicellulose B e ytracts by ion-exchange 

chromatogranhy on DEAE-sevhadex (see Bauer et al., 1973) in 
order to separate the neutral xyloglucan from those polysacc­
harides which conta in significant amounts of uronic acid . 

(The cetavlon procedure, used here for the same purpose, does 

not seem to be as selective.) The xylo glucan thus obtained 

would be further nurified by column chromatogranhy on cellulose 
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(to make sp ecific use of its hydrogen-bonding ability) as 

described by As~inall et al., (1969). 

Monosacch2-ride analysis of the Pinus radiata hemicellu-
lo se materi 8.l also demonstrated the presence of a xylan 

in several fr 2- ctions similar to thRt isol a ted by Harwood 

(1972) and Haslemore (1974) from mature Pinus r~di a ta wood. 
Evidence for a similarity between the sunernat:ant hynocotyl xy­
lan and the wood xyl.qn comes from the xylose to arabinose 

r a tios. R. Haslemore and V. Harwood obtained ratios of 4.8 
and 5.3 resnectively, which is in good agreement with the 
r a tio of a-pproxim8.tely 5 obtained from the hypocotyl xylan 

(Table 10). Similarly, as found with the hypocotyl 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 
t h ickening of Pinus uonderosa aopeared to contain greater 

amounts of uro nic anhydri de than th a t denosited in the nrimary 

cell wall. 
It is of note that the xylan nrecipi t ated by iodine/ootas­

sium i odide (C2-4b and C2-4c) with low arabinose : xylose 

r a tios, was evidently more linear (i.e.with fewer arabi nose 

sidechains) than t he 'average' xylan from the hy-pocotyl. 

':.'ilkie et al., (1979 ) and others, have found th ~t the arabino ­
xylan from monocot nrima.ry cell vm.lls can be separated into 

fractions with wideranging arabinose to xyl ose ratios. 

The lack of good separation found with electrophoresis is 

not inconsistent with a uurified xylo glucan. '•fide and contin­

uous vari a tion in the structure of plant polysaccharides is an 

established fact, even if in many ca ses it results fro m partial 
degradation during the extra ction process. This nosPi bly was 

the underlying re c1 son for unsa ti sfa ctory re f'Ul ts i.e. a wide 

diffuse band. 

An2.lysis of the hemicellulose ::3 fractions from whole 

hypocotyls (C1, C2 ... etc) has shown that greater than 60% 

of the he lliicellulose carbohydrate is composed of xylo glucan. 

This makes it a major he micellulosic polymer in the Pinus 

radiata elongating primary cell wall. 
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Table 10: Vole Ratios Of X.zlan Fr actions 

Uronic 
Fraction Rha. Fuc. Ara. Xyl. l\'.an . Gal . Glc. Aci c'l 

A3 7 20 100 4 9 10 nd 

C3 2 3 27 100 5 15 24 25 

C2 - 4b 0 2 9 100 1 5 21 7 

C2-4 c () 2 1 5 100 2 5 19 5 

Arabino - (4 - 0 - methyl glucurono) - xylRn from Pinu8 radiata wood . 

. r onic 
J -i te r ature Rha . Fuc . Ara. i yl. ~an . Gal . Glc. ~cid 

Harwood ( 1972) 

::-:a fol erno r e ( 197 4) 

nd Wot deter~ined . 

19 100 

21 100 

17 

17 
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CHAPTER 5 

CHARACTERISATION CF 'l'H:2 XTIOGLUCA"t-1 

5. 1 Introduction 

structural stucies on the xylo glucan from etiolated Pinus 

radiata hypocotyl cell-walls have involved four major methods: 

ouan ti ta ti ve lilono sac charide analysis, uartial hydrolysis, meth­
yl a tion analysis :=ind chromium trio xi de oxi da tion. 

( 1) Monosaccharide analysis has involved ouanti t .::i. tion of the 

neutral monosacc~2 rides in purified xyloglucan fractions. 

The method gives accura te auantitation com~ined with auick 

analysis of isolated fractions. 

( 2) Partial hydrolysis is R strong tool in anal ysing mono sacc­

haride linkage within a polysacchc1ride. 1he main effect of 

partial acid h,ydrolysis of a nolysacch 2ride is to randomly 

cleave a few of the t_: lycosidic bonds to pror.uce low molecular 

weight oli gorneric frag:.: ents. If these oli f omers c.an be iso­
late d and identified, the infor mation derive d fro m the proced­

ure is a series of building bricks contributing to a ma j or 
structural feature. For fine detailed structural analysis, the 

use of specific hydrolytic enzyme s is profitable (~almadge 
et al . , 19 7 3 ) . 

(3) Methylation analysis is urobably 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 separated, identified and auanti ta­

tively analysed commonly after conversion to alditol acetates. 

Free hydroxyl grouus in the parti2lly methylated sugars are 

acetylated and corresnond to linkage oositions of glycosidic 

bonds in the original nolysacch~ride. For example, full methy­

lation of amylase will give 1 ,4,5-tri-O-acetyl-2,3,6-tri-0-

methyl- f lucitol indicating linkages through carbon atoms 1 and 4. 
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The technique contributes no information as to 8nomeric confi g­

ura tions or their order along a ~olymeric chain but does deter­
mine the uronortions of constituent sugar residues with various 

plycosidic linkages. 
The method of Rakomori ( 1964) involving the use of the 

Ptrongly basic sodium methyl suluhinyl carba~ion for carbo­

hydr2te ~ethylation has been used in the nresent work. The 

conjugate base of d i methylsuluhoxide is ureuared by the action 
of sodium hydride on dimethyl sulnhoxide under ni tro fen at 

65° - 70°c. 

+ NaH 

0 
I 

( ("TU -~- ("f'".-1" ..... 
' ' 1' 3 .., - ----- 2 + 

The strong base catalyses the form2.tion of po lysac chari de 

a l koxi des and uushes the eouilibrium in the following reaction 
al r.io st comul etely to t he ri ght . 

R- OE + - + R-Ci 1'Ta + 

The advantape of this uro cedure over other me t hods is that 
the me thyl suluhinyl carbanion in dimethylsulnhoxide is a much 
stronger bPse than Aa ueous hydroxyl ions. Once alkoxide forma­

t i on is comnlete, ra.nid alkyl8tio n followf; with methyl iodide 

forming the me thyl ated nroduct. 

+ 

The review of ~jo rndal et al ., ( 1970) notes t he possibil­

ity of undesirabl e side re8cti ons with uronic acid residues. 

Small ~rouortions of uronic acid were found in the nurified 

xylo plucan fra ctions from Pinus r8.diata hynocotyl 2nd t h ese 

would not contribute si gnificantly to any error in ouantitation. 

The i mnurities: non-nolysaccharide materials such as salts, 

condensation uroducts and lignin and also part of the nolysacc­
haride thgt is less completely methylated, can be removed by 

fractionation between chloroform and water. Non-methylated 

products extract into the aoueous phAse. 
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(4) Chromium trioxide oxidation enables investigRtion of the 

anomeric configuration of the glycosidic linkages in noly­

saccharides. Those residues oxidized will ce where the agly­
cone (in a fully acetylated aldoypyanoside) is equatorially 
disposed in the most st2ble ch2.ir form - generally the ~-ano mer. 

The ~-form is only slowly oxidized. Comparison of oxidised 
nolys a ccharide with th e unoxidised shows which su gar residues 

are 0( or f3. 

5.2 P.esults 

5. 2. 1 r--.ono saccharide Analysis 

Mole ratios of all fractions with greater then 30% glucoPe 

are nresented in Table 11. All fractions contain major Propor­

tions of ~lucose and xylose together with constant minor pro­

nortions of fuco se and galacto se, suggesting a fucogalacto­

xyloglucan is nresent in Pinus r adiata Primary cell walls. 

In those fractions where the xylose content is hi gher than 
the glucose conte ri t, it anpears that a ~ylan is nresent along 
with t he xyloglucan. This has been cc,nfirmed in some instances 

by further purification which senarate·s out a xylan comnonent 

and the ratio of xylose to glucose in the subseouent xyloglucan 

fraction drons below 1.0. The xylan has an arabinose to xylose 
ratio of around 5 (Table 10) which co mpares favourably with 

that reuorted by Harwood (1972) and Haslemore (1974) on the ara­

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

The mannose content probably arises from a f lucomannan 

similar to that isolated by Pee (1973) and Harwood (1973) from 

Pinus radiat2 wood. An estimate of the glucose derived from 

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

hypocotyl and wood glucomannans are similar. Using an esti­

mated glucose : mannose ratio of 1 : 3.5 (A. K. Pee and 

V. Harwood obtained 1 : 3.33 P~d 1 : 3.7 resnectively), the 

glucose residues arising from the glucomannan would be 30% of 
the rnannose content. Table 12 thus gives the monosaccharide 

ratios of all the xyloglucan fractions corrected for their 

glucomannan content. 



Table 11: Mole Ratios Of Xyloglucan Fractions 
70a 

Uronic 
Fraction Rha. FUCo Gal. ::yl . Glc. Ar?.. f'.1an. Acid 

B2* 16 35 75 100 13 38 9 

A1 9 25 74 100 9 34 7 

A1-? 1 1 1 27 95 100 12 37 1 2 

A1-3 3 9 24 79 100 4 37 6 

A1-4 0 11 19 140 100 13 21 9 

C2** 1 14 30 131 100 20 9 10 

C2-3 0 16 27 90 100 7 9 4 

C2-3a 0 20 25 93 100 5 10 nd 

C2-3b 0 18 30 102 100 1 1 9 nd 

f;2 -4 a 0 9 13 99 100 4 2 nd 

* B2 a-ol)aren tly contained ara bin an + gl ucornannan ( see methy-

1 ation analysis). 

** C2 contRined a xyl::m ( senRra ted by further fractionation). 

nd Not determined. 
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Table 12: Mole Ratios Of HyPocotyl Xyloglucan* Compared '·'' i th 

Literature Xylo?lucans 

Fraction 
TJronic 

Rha. Fuc. Gal. Xyl. Glc. Ara. Acid 

B2 

A1 

A1-2 

A1-3 

A1-4 

C2 

C2-3 

C2 -3a 

82-3b 

C2-4a 
~;stima ted 

Value 

18 

10 

1 12 

3 10 

0 12 

1 14 

0 16 

0 20 

0 18 

O 9 

0 15 

39 84 100 

28 82 100 

30 106 100 

27 88 100 

20 149 100 

31 134 100 

28 9 2 100 

26 95 100 

31 105 100 

13 99 100 

25 8 5 100 

15 

10 

13 

4 

14 

21 

7 

5 
11 

4 

10 

8 

13 

7 

10 

10 

4 
nd 

n d 

nd 

Literature Fuc. Gal .. (yl. Glc. Ara. Refe r ences 

Gymno snerrn 

Red s-oruce com­
nres pion woo d 
En g elmann 
spruce bark 

Cell-culture 

Sycamore 
Sycamore 
Rosa glauca 

Eypocotyl 

nd 

nd 

13 
12 
14 

Phaseolus aureus 10 

Seeds 

Raneseed meal 
Raneseed meal 
Rapeseed meal 
Rapeseed meal 
~aueseed meal 
Rapeseed hull 
Nasturtium 
Nasturtium 
Tamarind us 
Tamarind us 

14 
19 
1 3 
14 
14 
15 

0 
0 
0 
0 

21 

25 

15 
28 
17 

25 

21 
23 
26 
26 
16 
25 
40 
32 
33 
25 

9 2 

75 

100 

100 

85 100 
56 100 
95 100 

70 100 

71 100 
8 6 100 
91 100 
81 100 
54 100 
48 100 
69 100 
48 100 
75 100 
50 100 

Schreuder et al. , 1966 

r:amalingham and 
Timell, 1964 

3 Bauer et al., 1973 
4 As Dinall et al., 1977 

Barnaud et al., 1977 

Kato & Matsuda, 1976 

Siddioui & Wood, 1977 
3 Theander &, Aman, 1978 
3 Theander & Aman, 1978 
5 Theander & Aman, 1978 

Asninall et al., 1977 
4 Aspinall et al., 1977 

Asninall et al., 1977 
Hsu & ReeveP, 1967 
Kooiman, 19 6 1 

12 Srivastava & Singh, 1967 

* Values have been corrected for the nossi ble nresence of a 

glucoman~an (see te xt). 

nd Not determined. 
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Rhamnose has disappeared in sever;::i.l xylo r luci=rn fr;:::ictions, 

ruling it out ;:is a part of the xyloglucan . 
The ar~.binose comnonent hPs not been separated off com­

pletely but in several fractions is of minor content. ?urther 
fractionation is needed to analyse whether it is ~ minor com­

nonent of the xylo glucan. I.e t hylation analysis (section 5.?.3) 

has sugge8ted an arabinan is present in fraction 132. Vost of 
the arabinose in xylo plucan fractions therefore, would arise 

from the arabinan and/or a rabinoxylan present . 

These results indicate the presence of a fucofalactoxylo­

gl-ucan with a ratio of fucose : galactose : xylose : glucose of 

15 : 25 : 85 : 100. 

5.2.2 Partial Hydrolysis 

µy drolys i s of fractions A1 and B3 (Table 9) with trifluoro­

acetic acid for 1 hour, 100°c , gave ouantitative recovery of all 

monosaccharides excent glucose. ~euara tion of the tri fl uoro­

acetic acid hydrolysis uroducts by 11aner chromatopra"9hy indic2-

ted the presence of a disaccharide. r o-chro mato granhy with 
st ;::i ndara glucose nisaccharides showed this disaccharide tote 

cello biose (Fi f . 18). To confirm this, the disaccharide nro­

ducts of hydrolysis were eluted from Whatman Number I paner 

and trimethylsilyl ated (s ee Pection ? .3. 6 . 3 ). Se~aration by 
gas chrornatogranhy of the pertrimethylsilyl ethers (Fig. 19) 
gave two peaks with relative retention times identical to t h e 

()(.and fi anomer neaks of authentic cellobiose. No other disacc­
harides were found either by n aper or gas chromatography . 

Especially irnnortant is the absence of laminaribiose. Cello­

biose is co ,::rposed of two glucose residues linked by a {3( 1-4) 

glycosidic bond . This sugf ests there are /3-1 ,4-linked glucose 

chain co mponents as part of the xyloglucan. 

5. 2. 3 Determination Of sugar Linkage Cornnosi tions 

A preliminary single Hakomori rnethyl 2- tion was carried out 

on a sarnule of soluble starch. The resulting chromato gram 

showed several peaks including tri-0-methyl and di-C'-methyl and 



Figure 18: Separation Of Disac charides By Paner 

Chromatogranhy. 
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Figure 19: Cellobio s e And sucrose senaration As 

Their T. M.S. - Ethers. 
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mono-0-methyl-glucitol as well as the unmethylated glucitol­

hexaacetate . These peaks, initially identified by relative 

retention ti mes and confirmed by mass spectrometry, showed that 

a hi gh degree of undermethylation had occurred with the one 
Hakomori starch methylation. r•ajor neaks in order of decreas­

ing si~e included 2 , 3 ,6-tri-C-methyl, 2,6-di-O- methyl, 

2- mono - O- me thyl, 3,6-di-O- ~ethyl, 2,3-di-O-methyl, 6- mono - 0-
methyl , 2 , 3,4,6- tetra- O- methyl and the unmethylated glucitol 

( Fig. 20) . 
:i'raction B2 (Table 9) wa s then chosen fo r methylation 

analysis of the Pinus radiata xylo glucan . This was initially 

to be a preliminary :xylo pluca.n methylation but due to lack of 
time caused by undermethyl a tion uro blems and the future unavail­
ability of a mass s ue ctrorneter no further frP.ctions were methy­

l a ted. Fraction B2 was sub jected to .one E.ako mori methylation 

(section 2.3.8). The chloroform- solubl e porti on was hydrolysed 
and derivatised and gave the chromatogram (on OV-225) as shown 

in Fig . 21 . The presence of such neaks as unmethyl a ted xylose, 

gal a ctose and glucose showed that either undermethylation or 

demethylation or bo th were occurring . The chloroform-insoluble 
uortion was subjected to a second Hakomori methylation, hydro­

lysed and derivatised and the resulting chromatograms nn rV-225 

and ECNS S- F are shown in Figs. 21 and 22, respectively. A'2 

t hese chromatograms had far fewer neaks than the single methy­
l a ted chromato gr am, it indica ted that undermethyl a tion rather 
than demethylation was causing most of the proble ms. 

Separation of the 32 partially methylated alditol aceta tes 

showed 24 peaks. Twenty-three of these ~eaks were shown to con­
tain carbohydrate derivatives by combined gas-liquid chromato­

graphy and mass s~ectrometry (GC-MS ). Peak 24 was identified 
as a phthalate ester, urobably nresent due to contamination in 

one of the solvents used. Identified peaks arising from OV-225 

separation are given in Table 13. 

Peak areas are reported in Table 13 on a semiquantitative 
basis only because of inaccuracies in reliable peak area deter­

mina tion (due especially to losses of volatile methylated 

deriv2tives and the large number of overlapping peaks). 
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FIGURE 20: Methylation Chromatogram of Star ch 

C 

I I 

• A 

2n 30 

D 

40 

3o/o ov - 225 
Oven Temp . 1800C 
N2 37'/o max . flo w 

50 60 

TIME (min) 

70 80 

A. 2 , 3 , 4 , 6 - Me4 glucose 
8 . Unknown+ 2 , 4 , 6 - Me3 glucose 
C. 2 , 3 , 6 - Me3 gl ucos e 
0 . 2 , 6 - Me2 gl ucose 
E. 3 , 6 - Me3 gl ucos e 
F . 2 , 3 - Me3 gluco s e 
G. 6 - Me glucose 
H. 2 - Me glucose 
I . 3 - Me gl ucose 
J . Gluco s e 

~ 
90 100 120 130 

-.J 
I\) 
):, 



w 
(J) 
z 
0 
0.. 
(J) 
w 
a: 
a: 
w 
0 
a: 
81 1 
w 
a: 

20 

FIGURE 2 1 

2 

3 

A: Single Methylated Chloroform Soluble Palysaccharide 

7 

40 

3o/o 0V - 225 
Temp . program 130° - 21 0°c 
N2 37°/o max . flow 
See Table 13 for peak identification 

8 

13 

60 

TIME (min) 

1 i'.l 

18 

21 

20 

120 140 

23 

22 

24 

--J 
I\) 
m 



w 
U) 
z 
D 
Cl.. 
U) 
w 
a: 
a: 
w 
D 
a: 
D 

~ 
a: 

FIGURE 21 8 : Remethylated Chloroform Insoluble Polysaccharide 

2 

3 

1 

A 
20 

3o/a 0V - 225 
Temp. program 130° - 2 10°c 
N2 37°/o max. flow 
See Table 13 for peak identification 

8 

6/\ .. 9 - 10 
f- ~ 

40 60 

~ 

12 ~ 

j 
I .. ..I 

80 

TIME (min) 

~ 

18 

14 

I '-. 
I. -· - . 120 

23 

2 1 

~ 

140 

24 

"' --.-.) 
f\) 
n 



FIGURE 22: Separation of Chloroform Insoluble Polzsaccharide 
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Table 13: Identified Parti2lly Methyl a ted Alditol Ace tates# 

Pe ak Y.onosaccha ride 

1 2 ,3,5-tri-O-methyl a r abinose 
2 2,3,4-tri-O-methyl xylose 

3 2,3,4-tri-O-methyl fucose 
4 3,5-di-O-methyl a rabinose 
5 2,5-di-O-methyl arabino~e 
6 2,3,4,6-tetra-O-methyl glu cose 

7 2,3-di-O-methyl arabi no se 

8 ~. 2,3,4,6-tetra-O-rnethyl gal a ctose 

8 B 3,4-(or 2 ,3-)di-O-methyl xylose 
9 Unknown 

10 Unknown 

11 2-O-methyl arabinose? 

1? 2,3,6-tri-O-methyl mannose 

13 mono-methyl xylose 

14 3,4 ,6-tri-O- methyl g~lactose 

14 2,3,6-tri-O-methyl glucose 

15 ? ,6-oi - O-methyl glucose 

16 

17 

18 

19 
20 

2 1 

22 

23 

24 

xylo Pe 

3,6- di-0-methyl glucose 
2 , 3-di-0-methyl .r-luco se 
6-O-methyl gl ucose 
2-G- rne t hyl glu co se 

3-0-methyl glucose 

galacto se? 
glucose 

nhthalate ester 

# Separ2ted on column A (OV225). 
* Single methylated cArbohydrate. 

** Carbohydrate methylated twice. 

- Negative. 

tr Trace. 
+ Relative auantity of monosaccharide. 

Chloroform Chloroform 

Soluble* 

+++ 

+++ 

++ 

+ 

+ 

+ 

++ 

++ 

+++ 

++ 

++ 

++ 

++ 

+ 

+++ 

+++ 

+ 

+ 

+ 

++++ 

+ 

+ 

+ 

+ 

+ 

+ 

In:::-oluble** 

tr 
+++ 

++ 

+ 

tr 

++ 

+++ 

tr 

tr 

++ 

+++ 

+++ 

++++ 

+ 

+ 

+ 
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However, it is clARr from Fig. 21 that after a single Hakomori 

methyl2.tion, the 2mount of arabinose derivatives relative to 

other sug2r derivatives ( comoare arabinose and :xylose) , is 

higher comuared with the neutral monosaccharide analysis of 

Table 9, whereas the twice-methyl~tea material shows almost 

a tot2.l absence of arabinose derivatives. These a r 8binose de­

rivatives consist of two m,gjor neaks; 2,3,5-tri-C-methyl and 

2, 3- di - 0 - me thyl arabino se, and two minor -:-ieaks; 3 , 5-di-C• -methyl 

and 2,5 -di-0-methyl arabinoPe. A fifth quite large ueak w::>.s 

tentatively identified as 2- C-methyl a rabinose but due to the 

close -oroximi ty of other ne 2ks and the small 2mount of material 

avail able GC- MS co uld not confirm the identification*. These 
results suggest an arabinan, highly methylated after a single 
methylation due tn its greater solubility, has al most totally 

fr2ctionated out with the chloroform-soluble material . Hence 
the twice-methylated material is largely uurified free of 
arabinan. 

Viannose was found only as the 4- linked derivative as ex­

pected, as suming it to be a constituent of a contaminating 

glucomannan or galactoglucomannan . 

Al though 6-Ci- methyl and 2- 0 - methyl glucose were only 

present in the material subjected to a single rnethylation both 

3-0 - methyl and the unmethylated glucose were found in similar 

proportions in both methylated sa mnles (Table 13). Glucose 

~robably derived from either undermethylation or de methylation 

and similarly the 3-C' - iTi ethyl glucose . However the 3-O- methyl 
glucose could also arise from a small uroportion of doubly 

branched glucose residues. The 2,4,6-linked glucose (3-O­
methyl glucose) has been found as a component of the sycamore 

xyloglucan ( ~auer 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. 

* In the GC:-MS used, the column effluent could not be snli t, 
therefore there was no simultaneous flame ionisation 
detection and ion measurement. The use of total ion current 
to show peaks is much more difficult to enabl e pinpointing 
of a small obscured peak. 
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A comnarison of the methylation results with the data 

from neutral monosaccha ride an alysis suggest that the volatile 

tri-0-methyl pentoses and tetra-0-methyl hexoses have been lost 
during workup of the hydrolysed partially methylated monomers. 
This unfortunately has meant accurate ouantitation cannot be 
done. To correct for the losses, the assumotion may be made 

that partially methylated aldi tol acetates with similar reten­

tion times ( as for example the 2, 3, 4-tri-O-rne thyl xylo se and 

fucose derivatives) undergo similar losses during workun. As 

well, the bulk of the evidence presented in this thesis Auggests 

that the structure of the Pinus radiata hypocotyl xyloglucan is 

is siIT-ilar to thnt of other snecies. ~hus there should be 

equal moles of: 4,6-linked glucose and total xylose; 2-linken 

xylose and total gal a ctose; and ?-linked galactose and terminal 

fucose. Using such assumptions, the r 2tios of the ma jor methy­

lated monomers can be estima ted for the twice ~ethylate a 
sample (Table 14). Application of t his tyne of analysis gives 

a ratio of fucose : pa.lactose : xylose : gl ucose of approximately 

? 0 : 4 0 : 7 O : 1 00 • 

5.2.4 Analysis Of Anomeric Configuration 

A preliminary investi gation was carried out usin g a stand­

a rd galactomannan ( Carob bean). Three hours of chromium tri­
oxide tre atment on a samnle decreased the mannose content to 

10% of th e original while the g2lactose only decre a sed slightly 

to 74% of the original value (Table 15). This a greed with the 

known anomeric configurations: /3-linke d mannof'e c1nd o<-linked 
galactose. 

Fractions C2-4a and C2-3b, containing a fairl y pure xylo­

glucan, were combined 21nd analysed. Results presented in 

Table 15 are slightly ambiguous. FUco se has undergone no 

oxidation implying an o<-configuration while galactose has be en 

80% degraded implying a p-configuration. ~nalysis of the other 

results do not give any clear-cut conclusions. The low level 
of glucose oxidation agrees with slow oxidation of fl-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 Suectra Of HyPoco tyl 
Fucogalactoxyloglucan 

Peak 2 3 6 8A 
Sugar t-xyl t-fuc t-glc t-gal Ii ink age 
Rela tive 30 20 trace 20 Moles* 

m/e 43 + + + + 

45 + + 

71 + + 

87 + + + 

89 + 

99 
101 + + + + 

113 
1 1 5 + 

117 + + + + 

127 

129 + + 

131 + 

145 + + 

161 + + + 

175 + 

189 + 

205 + + 

233 
261 

* Obtained as described in text. 

+ Primary fragments. 

8B 14 14 18 

2-xyl 2-gal 4- glc 4,6-glc (or 4-) 

40 20 30 70 

+ + + + 

+ + 

+ + + 

+ + + 

+ + + + 

+ 

+ + + 

+ 

+ + 

+ 

+ 

+ 

+ 
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Table 15: Chromium Trioxide Oxidation 

Sarr,ule Time RelRtive JV:ono saccharide Areas* 
(hours ) Fuc. Xyl. Gal. Glc. J\': an. r-·yo-inosi tol 

0 162 543 100 

Gal a ctomann ==i.n 

3 143 58 100 

Anomeric 

Configura tion ex ~ 

0 4 6 284 120 270 74 100 
:Xyloglucan 

4 52 140 26 224 39 100 

Anomeric 

Confi gur2. tion (X ? fJ ? 

* Not corrected for resnonse factors. 
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polymers was not determined since this method degrades both 

oc- and ,B-linked furanosides eoually. 

5. 3 Discussion 

Results uresented in this thesis show that the primary 

cell wall of etiolated Finns radiata seedlings contain a fuco­

gal8ctoxyloglucRTI as a major hemicellulose polymer. The ab­

sence of both 3-linked glucose in the methylation analysis and 
laminaribiose in the partial hydrolysate indicate tha t no 
mixed-link glucan is present. 

It is important to realise that the purity of the orig­
inal cell wall ureparation is often ouestionable. The frAc­

tions obtained are thus ill-defined, 2,nd there is considerable 

overl ap, esuecially between uectins and hemicelluloses, depend­

ing on which variation in extraction procedure is followed. 
Pectic material was often separPted out from hemicellulose B 

extracts by further fractionation ( Scheme 1). Viethylation 

analysis h a s also shown a possible pectic ar2binan to be pre­

sent, together with the he micellulosic xylo glucan. Thus in 
each polysaccharide fractic1n there may coexist molecules of 

different structura l tY9e c:.nd data analysis must always t ake 

into account this possibility. 

The non-cellulosic neutral suge.rs in the compositional 
analyses in these studies were analysed as their alditol ace­
tates after hydrolysis in 0.5M nitric acid for 3.5 hours at 

100°c. This allowed ouantitative determination of the mono­
saccharide composition of isolated Pinus radi a. ta hY9ocotyl 

cell wall hemicellulose B extracts which showed a ma jor ' glucan' 

to be uresent (Chapter 3). Data from fr actionation of this 
'glucan' has suggested it is a fucogalactoxyloglucan similar 

to thBt 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 

al though undermethylation has been a major problem with this 

process. This problem has been encountered by other workers; 
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Seymour et al. (1979) showed that with cellulose and glucose 
dextrans, this undermethylation is not random but selectively 
occurs at the 3-hydroxyl group. Sonic~tion emphasizes this 

effect, apn;:,rently by promoting methylation at non-3-hydroxyl 

groups. This same effect has be en observe d with starch in 
this work as shown by the largest Deak after 2 , 3 ,6-tri-C­

methyl glucose being 2,6-di-O-methyl glucose (Fig. 20). The 

3 ,6-di-O-methyl and 2,3-di-C' - niethyl glucose derivatives are 

slightly less again. Thi~ agrees with an ease of methylation 

c-6 > C-2 :> C-3 as found by Seymour et al. ( 1979). 

Two hemicellulosic uolymers shown to occur in Pinus 

radiata hypocotyl, are si~ilar to tho8e found in Pi nus r ad iata 

wood. An arabinoxylan has been separated from t he xyloglucan 
and shown to have similar arabino se : xylo se ratios to the 

wood ara.bino-( 4-C- me thyl glucurono )-xylan ( see 8ha:p ter 4). 
Mannose, although not shown to, "()robably arises from a gluco­
i11annan ( or galactof,lucom, nnan) similar to that isolated from 

Pinus ra ciata wood by Farwood ( 1973) an d Pee ( 1973). r-;:; nnose 

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

( 1) The changes of monosaccharides with tissue are (Tahle 7) 

showed mannose increased con8tantly with increasing a ge while 

th e glu cose increase did not continue after cessation of 

elongation. 

( 2) In several xyloglucan fractions the mA.nnose content is 

very small, esneci ally fraction C2-4a (Table 9). 

(3) The percen t2 ge of mannose in samples could be varied by 
varying the extraction procedure (see section 3.2.3). 

Furthermore in the literature: 

(4) ~annose has only been found as a,8-1,4-linked comnonent 

of higher plant cell walls either as a ho moglycan or as a 
heteroglycan with galactose and glucose but not with xylose. 

( Eethylation analysis in this work reveals only 4-linked 

mannose.) 
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(5) r-~annose iR a ch<'lracteristic comuonent of secondary cell 

walls, not nrimary cell walls (see ~ection 3.3). 

(6) Xylo r-lucan fractions have been succesPfully isolated with 

no rnannose comnonent. 

_t:,,_ny manno se nre sent would therefore indi c?. te the gl uco S8 

derived from a no ssi ble glucomannan . r·ther workers when iso­

lating xyloglucan polymers, have not had a similar nroblem ~s 
no gluco - or galactoglucomannan WRS nresent in the tisPue. 

The xylop.lucan and glucomannan are niffi cult to separate 

nosRibly because both hydrogen-bond well to e8ch other due to 

their similar backbone structure s (see section 4.3). Cornnlete 

senaration of the two nolymers might have bePn achieved by 

D~~~-cellulose /borate and/or cellulose column chromatogranhy 

or nossibly by nreacetylation of the nolysacch 2rides to 

di srunt any hydrogen- bo nds followed by chloroform/petroleum 

ether fractionation. 

Jt is anparent that similar nolysaccharides to both of 
the hemicellulose nol ymers found in mature Pinus r aniata wood 
are already nresent in hyoocotyl tisPue, nerha.ns a risin g from 

secondary-thickened cell walls, and will need to be cle :=t rl y 

Penar;::i ted from the xylogluc:=m in the future refinement of 

the xyloglucan structure. 

Most arabinoPe is from uolysaccharides other than Yylo ­

plucan. A preponderance of fractions would contain arabinose 

arising from the xylan -present. As well, rnethylation analysis 

has shown the probable presence of an arabinP...n in fraction 
1 B2 '. Mo ~:t of the xylan would have been removed from this 

fracti on as it is soluble in cetavlon-borate. The ara binan 

has been demonstrated by the ~reatly increased proportion of 

arabino se in the first me thyla tion as would be exne cted for 

a highly soluble nolyrner. P i gh contents of 2,3,5-tri-r· -methyl 

and 2,3-di-n-methyl arabinose along with the tentative identi­

fication of fairly high 2-0-methyl arabinose, all indicAte an 

arahinan . Although 2 ,5-di-C• -methyl arabinose was found as a 
constituent of the arabin?n from Pinus ninaster var. maritima 

( Roudier and Eberhard, 1965) the 3, 5-d i.-O-methyl arabino se was 



78. 
not. The 2-linked arabinose is a comnonent of arabinans, 

such as from repeseed ( T:arm et al. , 1975) and could be a 

conmonent of the Pinus radi 2ta arabinrui. 

'.!1he nreeence of both 3, 5-di-C'• -methyl and 2, 5- di-C' -methyl 
arabinose is associated in the lite r ature with the nresence 
of oligosacrharides (usually tetra) linked to the hydroxy­
uroline of the cell wall protein 'extensin'. Hydroxynroline 

has been shown tote a major constituent of Pinus radiata callus 

cell w2ll nrotein ( D. R. :F'enemor, nersonal communication) and 

it is possihle these methylated arabinose derivatives arise 
from si milar oligosaccharides i n Pinus radiata hy-pocotyl cell 

wall p r otein. ~he two arabinose derivatives may al~o arise 
frnm undermethylqtion. 

There is a possi bility tha t a s mall content of arabinose 

arisee from the xyloglucan nolymer. ~iddiqui and Wood (19 77) 

hP-ve isolated rapeseed meal xyloglucAn from which arabinose is 

absent but no other workers have been able to c:o this with 

xyloglucans from other sources. Further investigations will 

be necessary to determine whether t hese arabinose residues 

arise from incomplete fractionation of the polysaccharide nre­
parations or from residual, covalently attached stubs of 

another cell wall component as suggested in the model for 

plant cell wall structure prouosed by Albersheim and his 

collaborators. Albersheim (1976) has nro uosed th2t the ara­
binose 'stubs' are due to covalent linkage between the xylo­

glucan and pectic arabinoga.lactan nresent in sycamore cell­
susnension cultures. Although he ouotes ff:. McNeil as having 

isolated a fragment of the wall which contains the xyloglucan 
attached to the uectic galactan, no literature has appeared 

to supuort this claim. 

These results presented in this thesis, show that a uoly­
rner composed of fucose, galactose, xylose and glucose is 

present in the Pinus radiata hypocotyl cell wall. Taking into 

account the glucose derived from a nossible gluco- or galacto­

glucomannan, Table 12 reports 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 le Bves a polymer with ratios of 

fucose : galactose : xylose : glucose of 15 : 25 : 85 : 100. 

A more a ccurate calculation would ne ed the isolation of the 

xyloglcuan, free of other hen~icelluloses, by methods involving 

a minimum of both degradation of monomers and hydrolysis of 
bonds. 

The following results from the characterisation studies 
support the formul ation of the fuco galacto xyloglucan a s shown 

in Fig. 23. 

(a) P.vidence sugge sting a linear fi-(1-4)- glucan backbone 
include the followin g : 

(1) The hydrolysis of Pinus radi a t 8 xyloglucan by the trifluoro­
acetic a cid procedure gives quantitative recovery of all mono­

saccharides exce~t glucose. The trifluoro a cetic a cid p rocedure 

also f ails to hydrolyse the glyco sidic linkages of cel lulo Pe 

(a linecir ,9-(1-4)-glucan) and hydrolyse auantitatively the 

~-(1- 4) - glucosyl linkages uresent in the bPckbone of the xylo ­

glucan of sycamore (u.auer et al ., 1973). 

( 2) Separation of the trifluoroacetic a ci d hydrolysis uroducts 

by both uaper chro matography and gas chromatoeraphy gave only 

one disaccharide, cellobiose . Cellobio se is e E-(1-4 )-linkeo 
gluco s e disacchari de , i ndi ca ting there are ch a ins of linear 
~-(1-4)-linked glucose re s i dues in the xyloglucan. 

( 3) The polysaccharide was precini tate d as a darl( blue i od ine 

co mplex. Gaillard et al. (1 9 69) have reported tha t a variety 
of polysaccharides h aving a sequence of (1-4)-l inked glucose, 

Yylose, or mannose residues, stained blue or black and nrecip­

i t a ted with iodine in the -presence of calcium chJ:oride. 

(4) The xyloglucan was very difficult to seuara te from the 

manno Pe-containing nolysaccharide. The manno se nro bably derive e 

from a linear /3-1 ,4-linked glucom,mnan (in supnort of this, 

methylation analysis shows all the mannose 4-linked) which 

would aggregate with a similar line 2.r fi-( 1,4)-glucose cha in 

leading to difficult separation. 
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( 5) All the glucose residues were shown to contain a C-4 

linkar e (except for trace amounts of terminal glucose) while 
all other sugar residues had large proportions of terminal 

derivati ves, giving sunnort to a linear 4-linked glucrm chain. 

(b) Evidence suggesting the fucogalactoxylo gluc~n consists of 

xylose, galac ~ose ana fucose a t t a ched as sidechains to a 

seauence of /3-1,4-linked glucose residues through carbon- 6 
includes the following: 

( 6) r-:ethylation analysis ha s shown th~t 70-80;i of the tot .ql 

methylated gl ucose derivative s were 4,6-linked while t he 
remaining 20-30% were onl y 4-linked. Kooi ruan ( 1961), using an 
en zy1.ie preparation called 'luizym', was able to hydrolyse the 

tamarind xyloglucan so tha t almost all of the xylosyl residues 

of the polymer were recovered in the disaccharide 6-0-~-D-xylo­

pyranosyl-D-glucoynranose. The essentially ouanti tative iso­

lation of this cisacch2ride clearly demonstr;:ited, tha t all of 

the xylosyl residues occur as mono xylosyl side-chains linked to 
the 6-posi ti on of glucosyl residues in the glucan backbone. 

A simila r conclusion iP suggested with Pinus radiata xyloglucan 

by the very similar ratios of tot~l glucose to the 4,6-linked 

glucose (100 : 70-80) from methylation analysis (Table 14 ) 
and t otal glucose to totel xylose (100 : 85) from monosacc­

haride analysis (Table 12 ) . 

(7) All the fucose was nresent as terminal fueose while the 
xylose 8nd gal a ctose had f a irly eoual proportions of both 
terminal ;md linked residues. The linked galactose was sho wn 

to be 2-linked. Asninall et al., (1977), by acetolysis of 

raneseed hull fu~ogalactoxylo glucan derived: cello bio se, 

6-0-~-D-xylopyranosyl-D-glucose and 2-0-fi-D-galactopyranosyl­

D-xylose. As well, their c=inalysis of nasturtium galactoxylo­

,r::lucan showed only terminal gal a ctose to be nresent. Taking 

into account these and other liternture results, the presence 

of both terminal fucose and 2-linked galactose in this work, 

suggests all the fucose is bound in a 2-0-D-fucopyranosyl­

D-galactose linkage. As all the xylose is bound to the plucose 
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and all the fucose to the galactose, it followP all t he gal­

acto se mu st be bound to the xylo se as found by A spin all et al. , 

( 1977) and others. Such asfumptions by no means '9roveP t he 

linkages as set out, but, as all fucogalactoxyloglucans found 

to date follo,,v t he se linkages and no evidence in this work 

contradic ts such a Ptructure for the Pinus r adiata xyloglucan, 
these deductions are valid. 

( 8 ) Ratios of the four sugars always show the content of 
glucose > xylose > galactose ) fucose. An estimate of t heir 
ratios gave 100 : 8 5 : 25 : 15. Af ter considering t h e fact t hat 

only f lucose is all nresent aP linked residues, indirect 
sunnort fo~ sidechains of fur,ose, gal actose and xylose, linked 

as in ~ig. 23, is shown by these ratios. 
TPble 12 shows the monosaccharide ratios found in isolated 

xyloglucans fro m other tisPues. All h ave very similar ratios 

even though the tissue tynee vary considerably. '?he structure 
of the Pinus radiata xyloglucan suggeeted in Fig. 23, is t h e 

same as that found for al l those xyloglucans isol rl ted from 

di cots. 

(c) The anomeric configuration of the glycosidic linkage s of 

Pinus radiata xylo glucan were investigated. 

(9) Results of chromium trioxide oxidation suggested that the 
fucosyl r es idues are linked in the 0(-configur~ tion a nd that the 

galactosyl residues exist in the ./3-configuration. The oxida­

tion of xylose and glucose were inconclusive. Talmadge tt al., 

( 1973) found chromium trioxide oxidation gave eouivocal resul te 
with sycamore xylo glucan . 

(10) Isolation of cellobiose from the nartial hydrolysis pro­

ducts with no other glucose disaccharide indicate that the 

glucose residues are linked in the ,8-configuration. 

From these results it may be concluded that the overall 

structural features of the Pinus radiata -primary cell wall 

fucogalactoxyloglucan, are similar to those of fucogalacto­

xyloglucans isolated from dicots. 
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CHAPTER 6 

GENERAL DISCUSSIC·N AND CONCLUSION 

6.0 General Discussion 

The seed xylo glucan.s (amyloids) which have been isolated 

and investigated structurally, are highly branched polysacc­

harides, showing variations in many respects. The galacto­
xyloglucans from tamarind (Kooiman, 1961) and nasturtium seeds 

(Courtois and Le :)izet, 1974) are dominating components in 

these sources (20-50% of dry matter) and they contain no fucose 
residues. Another group are t h e fucoga l P> ctoxyloglucans isol2-
ted in s mal ler RJI1ounts from whi te mus tard seeds ( Gould et al., 

1971), turniu ra-oeRe Pd meal (Siddioui and 111 ood, 1977) and raue­

seed hulls ( Asu inall et al., 1977) . Smaller amounts of arabi­
nose are found in this groun of xyloglucans, but Siddioui and 

Wo od (1977) have isol a ted a s mall fraction where arabinose was 

absent. 

Fucogalactoxyloglucans h2-ve now been found in the ~ell­

suspension cultures of sycamore ( Bauer et al., 1973) Red Kid­

ney bean ( 1'!ilder and Al bersheim, 1973) ?.nd Rosa glauca ( Bar­

nour et al., 1977). These cultu~ed cells possess primary, but . 

no secondary, walls, (Al bersheim, 1976). Seedling tissue 
(which would possess mainly urimary cell-walls) of Phaeeolus 

aureus, Glycine m2x and Vigna sesoui1Jedalis (Kato and Matsuda, 
1974) all contain a similar polymer. The xylo glucan which has 

shown exclusive turnover in ne~ s ( La bavi tch and Ray, 197 4) 
resembles that reported in other tissues (Albersheim, 1976). 

r-:ost recent worl<: has involved the study of the angio-: 

sperm primary cell wall uolysaccharides,and no reports of 

any xyloglucan from gymnosperm ~rimary cell wall have been 

published. Eowever, Rarnalingham and Timell (1964), as well as 

Schreuder et al., (1966), h ave presented results indic2ting 

the presence of a xyloglucan in the bark of Picea engelmanni 

and red s uruce compression wood respectively. The Picea 

'glucan' contained glucose, xylose and galactose residues in 

a ratio of 4 : 3 : 1. Fucose content was not renorted. 
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"?vidence was obtained for the n ::-e sence of a seouence of ~ -( 1-4 )­
linked glucose residues, freauently branched through C-6. The 
majority of the galactose occurred as non-reducing end grouns. 

The red spruce 'glucan' gave, on hydrolysis, galactose, xylose 
and glucose in a ratio of 1 : 4 : 5. 

It is also pertinent th?t Perila and ~isho~ (1961), on 
enzymic hydrolysis of a glucomannan from Pinus banksiana wood, 

obtained both 6-0-(~-D-xylonyranosyl)-T-glucose and 6-0 -

(cx-I)-xylouyranosyl)-cellobioPe among the nroducts. 
The analysis of Dou plas fir suspension-culture cell wall f: 

(Burlce et al., 1974 ) r ives a monosacch?.ride cornnosition very 

s i mil a r to that of sycamore, nerhaps also suggesting the pos­

sible presence of a xyloglucan in ~ou gl ns fir nrirnary cell 

wall. Si nil a rly, the h i gh xyl ose 2nd glucose ron tents of 

Pinus nonderos~ camhium cell wall (Thornber and No rthcote, 1961a 

and b), to gether with the large de f re ase il'l glucose from he::>rt­
wood cell wall, suggeet t ha t a xyloglucan ie nre E"en t in the 
ca mbium cell wall. 

All the major featuree, of the xyloglucans menti one d above 

and the PinuB radia.ta seedling xylogluc?..n, are si nil ar . The 

features that t ":: eBe uolysaccharides have in common include t he 
/J-1,4-linkec glucan backbone, the xylosy1 residuep subs tituted 

along the glucan backbone, !3nd the fucosyl- galactosyl side 

chains substituted onto xylose res idues. 

The fucosyl-1,2-galactosyl side chains, attached to the 
2-posi tion of the xylosyl resi dues fold back over the gl uc an 

chain in a manner thc1.t allows the xylogluc2n to hyd ro gen- bond 

strongly to cellulose on only one side (Hauer et al., 1973). 

This mo Pt si gnifi ca.n t feature of the molecule may, according 

to _'jauer et al., allow it to ensheath cellulose fibrils with 

only a single xyloglucan lRyer. The xylo glucan polymers sur­

rounding a cellulose fibril would then crosR-link covalently 

through the Pectic nolymers to xylo f lucan monolayers surround­

ing other cellulose fibrils (Bauer et al., 1973). 

Polysaccharides a~nearing in the hemicellulose fraction 
of secondary ~l;mt cell walls (xylans, ma.nnans, glucomannans 

and galactoglucomannans) and the primary eell walls (arabino­

xylan of the monocnt and the xyloglucPn of the dicot) all have 
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structures that are well suited to the formation of interchain 

hydrogen bonds with cellulose chains. Several such uolysacc­
harides have, in fact, been reuorted to bind to cellulose in­
vitro (Albersheim, 1976). It is possible that these polysacc­

harides may belong to a single cl~ss of ~olysaccharides with 

the structural function to interconnect the cellulose fibres 

and the nectic polysaccharides of the wall (Bauer et al., ,973). 
In view of the structural similarities between prirnay cell 

wall xyloglucans and the seed 'amyloid' xyloglucans, it would 
be of considerable interest to ascertain whether or not the 

'arnyloid' xyloglucans are incorporated into the structure of 
the primary cell walls of the germinating sePdlings. The fate 
of the 'amyloid' xyloglucan from white mustard seeds has been 
studied by Gould et al., (1971). These investigations found 

t hat, before germination, two xyloglucan fractions could be 
obtained from the cotyledons : a soluble xylo glucan that could 
be extracted with hot B~TA solution and an insoluble xylo­

glucan that required further extraction with aqueous alkali. 

After germination the soluble xyloglucan fr~ction was not 
detected, but the insoluble xylo r lucan was still present. 
Albersheim ( 1976) postul2tef' that the difference between the 

soluble and insoluble xylo glucans is the binding of the latter 

to cellulose, and th2t the disappearance of the soluble xylo­

glucan after germination involves the binding of this fr~ction 
to cellulose or its incorporation into newly synthef'lized cell 

walls. _" 
All the xyloglucans isole ted derive from dicotyledons that 

are, in some cases, very distantly related (for example sycamore 
and Red Kidney bean) yet retain very similar molecular features. 
It can now be added that the primary cell wall of a gymnosuerm, 

Pinus radiata, also contains e similar polymer. Evolution con­
serves 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 gymnosperm and angiosuerms. 
This conservation of structure indicates the imnortance of this 

hemicellulose in cell wall structure and function. 
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6. 1 l;oncl usion 

The data nresented in this thesis has resulted from an 

inve ::,tigation of the cornpo si tion of primary cell walls of 

elon gating Pinus radiata hypocotyl. The turnover studies by 

Labavi tch and Ray ( 1974) on a xyloglucan in di cot 1Jrimary cell 

walls and the changes found in a mixed-link glucan of monocot 

walls by Buchala and others, suggePted the initial annroach. 

This was to study, in narticular, the change with eel~ wall 

elongation,in p,lucose comoosi tion of hemicellulose u.. fr2.ctions. 

mhe non-starch, non-cellulosic, glucose was found to undergo 

a major increase in cell walls on cesP8tion of elongation. 
The identificetion of t h is glucoRe fraction as a fuco­

galactoxyloglucan, similar to tha t isolated from dicot tis~ues, 

is renorted here. Alt~ou gh this stronrly suggestQ a role for 

this nolysacch;::iride in the elongating gymnosnerrn nrimary cell 
wall as in the nea eni co tyl, it nu st be noted that ,-,e a re 

dealing with an increase with a ge in the pronortion of xylo­

glucan, in contrast to the decrease asrociated with turnover 

in the nec1 enicotyl. 
The increase in xyloglucan as well as other hemicellulose 

polysacch2rides in the etiolated Pinus radi a ta hypocotyl, is 

clearly at the exuenPe of starch. Whether the changes reuorted 

in Chapter 3 of this thesis be ar ;::iny relation to those under 
normal growth conditions is unknown. ~he etiolated se~dlin gs 

used here served the 1JUr1Jose of nroviding gre~ter ouantities 

of starting material, with much lesP secondary wall thickening 

and lignific;::ition, than in li ght-grown seedlin p ~. They may 
thus provide a better model for nri mary cell-wall structure 

than light-grown seedlings, as well as providing more xylo­

glucan for structural characterisation, without any reauire­
rnent for delif.!lification of the tissues. 

However, in order to evaluate the true role of the xylo­

glucan or any other polysaccharides in hypocotyl elon gation, 

it will be necessary to use li ght-grown seedlings. }urt~er, 

in order to assess the turnover of these -polymers, as well as 

t!1e posPible hormonal control of such turnover, it will be 
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necessary to use l~belled nrecursors. 

The basic structure of the xylo glucan reuorted in this 
thesis has been elucidated as similar to th~t found for the 
di cot xyloglucans. Al thouf.h some of the fine detail was not 

invef::tigated, the important concent of a /3-1 ,4-linked glucan 
backbone to which sidechains of xylose, galactose and fucose 

are linked, was proven fairly conclusively. Detailed nartial 

hydrolysis studies, similar to those successfully emuloyed by 

Asuinall et al., (1977) on raneseed xyloel ucan, are needed to 

confirm the suggePted structure. 

Other ~ignific~nt aspects will also require future invest­

igation; namely (i) the extr2ction of the r adiata pine hynocotyl 

xyloglucan free of 2.ny g,lucorn2nnan, and (ii) the linkage and ano­
rneric configuration of the xylose residues. Reduction of the 

methylated xyloglucan with sodium borodeuteride with subseouent 

GC-~S analysis will confirm the xyloRe linkage as eit~er 2- or 

4- (see Lindberg, 1977). 
Finally, the use of enzymes, such as the cellulase from 

Penicilliurn no taturn (Courtois et al., 1976) or the endo gluca­
naRe from Trichoderma virioe ( Bauer et al., 1973 ) wh ich cleave 
snecific glycosidic bonds, used in conjunction with these ot~er 

studies, will allow reconstruction of the polysPcchari ~e frag­

ments so that a knowledge of the whole polysacchPri de may be 

determined. 
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