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SUMMARY
This thesis deals mainly with the. carbohydrate metabolism
of plants, and in particular with that of bracken and of potatoes.

Four main projects are described:

a) An investigation into the seasonal and‘o%her variations in
carbohydrate levels in bracken rhizomes,'which.isvrelevant
to the behaviour of herbicides in the plant and to its

ability to withstand herbicide treatment.

b) Examination of the glycolipid and phospholipid composition
A of bracken, initially to detefmine whether any glycolipids
which could act as intermediates in polysaccharide biosynthesis
might be present. None were found, but the results have
implications for the composition of plastid membranes and the

turnover of carbohydrates in photosynthetic tissue.

c) A parallel investigation on carbohydrates and lipids in potato
tubers during low-temperature storage, with a twofold
objective: fifstly to investigate the mechanism of low--
temperature sweetening and the role of membrane lipids therein,
and secondly to compare commonly-grown varieties in their

tendency to accumglate sugars at low temperatures.

a) The partial characterisation of a complex mucilaginous

polysaccharide found in bracken.

IThe-significance of the results for carbohydrate metabolism in
bracken and other planfs; the storage of potatoes for processing; and
‘bracken eradication techniques is discussed, and some observations on
the ecology of bracken and its effects on the soil are presented in

two appendices., o
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PREFACE

Very broadly speaking, this thesis deals with the
metaboiism of carbbhydrates and carbohydrate-containing substances
Ain plants'..6 It also has a bearing on a number of practical matters,
amongst which are the growth and eradicatioh of bracken and, to a
‘lesser extent, thé storage of potatoes. Since not everyone with an
- expert knowledge of plant carbohydrate biochemistry is also
conversant with the Bracken problem (and vice versa), the main part
of the Introductibn'which follows is devoted to expléining some of
the background to each of these two subjects. If the treatment of
either (or both) is too elementary for the reader's patience, he is
respectfully asked to 'skip' a little. . .

Detailed introductions to tﬁe rather diverse practical
~aspects of the various investigations will be given individually
in Chapters 2-5, It must be admitted that the order in which
the experimental work was carried out was not as logical as that
in which it is described in this thesis - indeed some of the
objectives quoted on p. 32 et seq., had not been thought of when
work began. Simultaneously with the work on plant metabolites
described here; some research on the ecology of bracken and
related factors was carried out and some of the results prepared
for publication?gas they have some bearing on the conclusions of

this thesis they are attached as appendices.
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- INTRODUCTION

A.  PLANT CARBOHYDRATES

From the point of view of either thé chemist or the
nutritionist, the‘most obvious difference betiween the plant and
animal kingdoms‘is.that whereas animals are composed mainly of
wafer and protein with some fat and skeletal material, plants
are composed maihiy'bf water and carbohydrate with some protein
and fat, The bulk of the carbon fixed by the atmosphere by a
photosynthesising leaf appears initiaily in the form of carbo-
hydrates, which after various transformations may be used to fuel
the leaf's metabolic processes or incorporated into its growing
tissues: alternatively they may be exported in the form of sucrose

~to other parts of the plant for respiration, growth, or storage

for future use,

After the initial stages of photosynthesis within the
chloroplast, the assembled sugars are in general interconverted -
or polymerised while in the form of sugar phosphates or nucleotide

9 - . .
sugars. Some examples of sugar transformations are shown in
Figure 1. In general (with possible exceptions which will be
discussed later) the enzyme systems which catalyse transformations

of the type

sugar — phosphate + acceptor = sugar — acceptor +
inorganic phosphate
or

sugar + acceptor == sugar — acceptor.

~

P

tend to be degiadative rather than synthetic in plants. In the
synthesis of polysaccharides, and of glycosides of all types



including glycolipids, nucleotides now appear to be the main
donors of monosaccharide residues, the generalised reaction

type being -

nucleotide - pyrophosphate - sugar + acceptor —>

nucleotide diphosphate + acceptor - sugar.

The monosaccharide is thus attached through its anomeric carbon

atom, i.e. is non-reducing.

It will be clear, therefore, that free mxleotides and their
sugar derivatives are of central importance in the carbohydrate
metabolism of plants. In this laboratory as well as elsewhere they
have been used, in a tentative and preliminary way, as indicators
of me‘l;abolicva.c*l;ivn'.ty.’o-|z A good deal of information on their
~occurrence in potatoes and bracken has been amassed, but their
extraction and purification from a starting material as intractable
as bracken is too laborious to be feasible as a routine method for,
©.g8., following the effects of herbicide treatment.  Having a
pyrophosphate bond they are decidedly high-energy compounds,
unlikely to be present for long before being metabolised, and

readily hydrolysed chemically or enzymically during extraction.

In the work to be reported here it was decided to concentrate
on the carbohydrate-containing substances themselves rather than
their nucleotide-bound precursors, but in interpreting the results

the latter have to be kept in mind.

Energy Carbohydrates

The complex pathways by which atmospheric carbon dioxide
is converted to carbohydrate are well known and will not be described
> Whether the Calvin or the Hatch-Slack pathway is followed,

- the end products (if we ignore the amino acids and other non-

here.

carbohydrate substances which are now known to be formed directly

in fairly small amounts) are the hexose phosphates fructose-6-phosphate
and glucose-6-phosphate. These may be utilised within the
photosynthetic tissue; alternatively they may be converted to sucrose

by the following route -



Glucose-6-phosphate == fructose-6-phosphate
. UTP
Glucose-6-phosphate == glucose-l-phosphate == UDP-Glucose + P.P

UDP-glucose + fructose-6-phosphate == sucrose phosphate + UDP

sucrose phosphate —> sucrose + Pi
- and either channelled into the synthesis of starch for temporary
storage within the chloroplast or exported to other parts of the
plant.

The exported sucrose is translocated through the phloem
elementé to wherever it is to be used, either for synthesis, for
respiration in the mitochondria to provide energy for other metabolic
processes, or to be stored for future use. The mechanism of /

. translocation is the subject of some controversy at the moment, the
basic dilemma being the very substantial rates of sucrose transfer
that can be achieved, exceeding what would be expected from the

diffusion coefficient of sucrose in water by more than four orders

of magnitude.

The many theories which have been proposed may be divided
into two groups; the numerous modlflcatlons of the ‘'activated dvffu81on'
model first proposed by Mason & Maske11'™ * after their classic ,
‘investlgatlons during the 1920's, and the 'pressure-flow' hypothesis
of Mﬁiinch,'é which originally appeared at the same time. The activated
diffusion model has the merit of explaining (with certain reservations)
the fact that translocation of labelled sucrose often obeys Fick's Law
or a rule mathematically equivalent. It requires that all substances
being translocated must move independently of one another, each under
its own éctivity gradient. Its main advocate recently.has been Ca.nny‘,'7
who nevertheless allows that a limited amount of mass flow and

protoplasmic streaming may take place as well.

, The Minch hypothesis has been incorporated into the mass flow
concept of Crafts:a which supposes that the water in which the sﬁcrose
is dissolved, in the phloem, is moving under a pressure gradient set
up by osmosis, rather than stationary as in the activated diffusion

theory. The mass flow concept has received a boost from the discovery



~

~that the phloem elements are hydrodynamically continuous, the
callose plugs at the ends of the sieve elements being a quickly-
induced artifact due to injuryuw_zzlt very satisfactorily explains
the observation that a wide range of natural and artificial |
substances follow the carbohydrate movements in the phloem vefy
closely.|8 These include a number of herbicides, including the
growth regulators amongst others, a fact of gréat significance for
bracken eradication as well as for the technology of translocated

herbicides and systemic pesticides generally.

There are ﬁndoubtably exceptions to the generalisation that
substances of this type are translocated with the flow of sucrose -
the plant's own growth hormones are an example -~ but proponénfs of
the mass flow theory explain these by ﬁostulating exchange between
xylem and phloem, with any translocated substance having a

characteristic degree of preference for one or the other.

The movement of carbohydrates from place to place within a
single cell, e.g. between the plastids and the end of the nearest
vascular element, may perhaps depend on protoplasmic streaming
(circulatory movements of the cytoplasmic fluid) or on surface- j
energised effects at lipid-agqueous bounda.ries?'.s-26 Both of these
mechanisms have been postulated in connection with phloem transport,
and other possibilities may be suggested. The whole subject remains

speculative.

When the translocated sucrose reaches storage tissue such as
seeds, bulbs, or tubers, it cannot be stored as it is, since the
resulting concentrated solutions would place too great an osmotic
load on'the plant cells. In some seeds and fruits such aé the olive,
0il (mainly triglyceride) is the storage substance. It is much more
,energy—rich,fbr a given weight or volume, than carbohydrates. More
commonly energy is stored in the form of polysaccharides of one kind
or another; 8 (21')- or B(2-6')- linked fructose polymers in the
leaves and stems of grasses and the bulbs of some of the Compositae,.

glucomannahs, galactans and a variety of other polysaccharides in the



'
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| seeds\of various generamzr These are mostly amorphous and highly
hydrated, so that to store a given amount of energy they require
more spacé than starch, the main reserve substance of the plant

" kingdom, o

Starch®® is a mixture of two polysaccharides, amylose and
amylopectin, The amylose molecule is an unbrenched chain of
1000-6000 D-glucopyranose units linked o (1 > 4'), and although
initially soluble in water or alkali tends to crystalliseé slowly on
standing (in the special, linear sense of crystaliisation reserved
for polymers), the chains intertwining in a helical conformation.
The amylopectin molecule is similarly constituted but with
oc (1> 6') branch points at 18- to 25~ unit intervals, the

dendritic branching tending to hinder interactions between molecules.

Within the living plant starch is found not in solution,
“but in the form of dense, compact grains 1-100 ym in diameter, built
up of consecutively deposited layers like an onion. In storage tissue
"these starch grains completely fill the amyloplasts, cytoplasmic
organelles closely related to chloroplasts. In some tissues either,
type of plastid may develop from identical 'proplastids' if the
environmental conditions are varied. DPlastids have a degree of
genetic autonomy; some of the enzymic reactions of which they are
capable seem to be genetically determined from within and others by

the cell nucleus.29 ~

The biosynthesis of starch hes been a controversial subject
for a long time, and remains so?o It is assumed to follow broadly
the same routes in chloroplasts and in amyloplasts, but there may
be detaiied differences such as are beeoming apparent between cereal
grainsyﬁzand underground storage tissues?%34 Much of the evidence
available so far comes from experiments in vitro with soluble or
digitonin-solubilised enzymes, or particulate enzyme preparations
of doubtful and complex composition, and with quite artificial-
substrate concentrations. The incorporation of a substrate inte a
polymer reseﬁbling natural amylose, for exampie, is no guarentee

that it is an important precursor of starch in vivo.



- This is a common problem in polysaccharide studies, and is
possibly more serious still in investigations on the biosynthesis

of cell wall polysaccharides.

‘ It has long been known that polysaccharides similar;to
amylose can be synthesised in vitro by plant phosphorylases,
provided that the digest contains a high ratio of glucose-l-phosphate
to inorganic phosphate.35 The possible involvement of phosphorylases
in starch synthesis has been repeatedly suggested'since‘then and still
cannot be discounted, although it would require a'small area of very
high glucose-l—phoéphate concentration to be coMpartmented off from the
cytoplasnﬂknﬂhe weight of opinion is now in favour of a purely

degradative role for this group of enzymes.

The discovery of a UDP-glucosyltransferase closely associated
with starch grains led Leloir,” in 1960, to propose that UDP-glucose
is the actual precursor of starch in vivo. Later experimehts showed
that ADP-glucose was incorporated much more quick1y34° and although
it was thought for a short time that the slower incdrporation of
UDP—glucose was offset by the greater amount of it present, later )
results showed that the nucleotides locked up inside the grain are
largely of the adenine series? the UDP-glucose being outside in the

cytoplasm and hence readily extractable.

Multiple forms of UDP- and ADP-glucosyltransferases (starch
synthetases) have now been obtained from various plant tissues and
can frequently be solubilised with digitonin, although particulate
forms that can utilise either nucleotide may lose their UDP;glucosyl-
transferase activity when rendered solublg?%‘b4%he action of these
enzymes, unlike the phosphorylases, is essentially irreversible, and
they are now generally considered to be responsible for the addition
of glucose residues to the amylose molecule. The energy balance in
stored potato tubers is consistent with this general picturerof

34
synthesis by starch synthetases and degradation by phosphorylases.

, The conversion of amylose to amylopectin can proceed more or
less concurrently with its synthesis by either starch synthetases or

phosphorylases, and is carried out by an enzyme (Q-enzyme) which
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disproportionates the polymer by cleaving a glycosidic bond the
requisite number of units away from the non-reducing end and
simultaneously attaching the fragment to C-6 of a glucose residue
in another amylose chainf'4 When Q-enzyme is associated with a
primer-less starch synthetase it may in some cases (not always)®?¥*4%
increase the reaction rate, presumably through the creation of

extra growing points. This is possibly the only piece of concrete
evidence that starch (or any other plant polysaccharide) is synthesised
by attachment to the non-reducing end, in contrast to the situation in

bacteriaf

Although on present evidence the immediate precursor in
continuous starch synthesis is apparently ADP-glucose, the preceding
steps from sucrose to this nucleotide are closely 1inke£k45;gd may
possibly occur within the amyloplast: there is evidence that the
interconversion of the main pools of sucrose, glucose and fructose,
which are certainly located outside the plastid, is an independent

process?“""9

It is. possible that in cereals, sucrose is hydrolysed
into the hexoses before it can pass into the endosperm, but is
resynthesised before being converted into starchfv It has even been
suggested that the transfer into the endosperm is the rate-limiting
step in the whole chain of events from photosynthesis in the leaf

51,52

to synthesis of starch in the grain: if proved to be true, this
would have far-reaching agricultural consequences at least as far as
cereals are concerned. There is no evidence for an analogous

phenomehon in plants such as potatoes and bracken.

Starch is unusual, amongst polysaccharides, in being
synthesised in a solid form from the start. New starch is added to
the grain from the outside, and the concentric skins visible under
the polarising microscope probably result from day-to-day changes
in the rate of deposition)® The molecules seem to be oriented
radially across the thickness of the skins, but how the dendritic
branching of amylopectin is accommodated, and whether the reducing

ends are towards the inside or the outside, remain to be established.



On the whole this evidence points to synthesis by enzymes
‘bound within a membrane surrounding the starch grain. This could
be the amyloplast membrane itself, at least in the later stages of
synthesis when the grain fills the amyloplast completely; or it
coﬁld be an unrecognised membrane surrounding the grain from its
inception within the stroma..s4 On the other hand bound starch
synthetasegz4og%d the required nucleotides® are certainly present
in the heart of the starch grain and may even allow some
redistribution of carbohydrate within it over fairly long periods
of time. It may be that starch synthesis in the early stages of

gréin formation does not follow the same pattern as later.ss’38

Whether the amyloplast membrane has an active role in starch
synthesis, or whether its function is fo separate the pools of free:
sugars, possible starch precursors and enzyme systems in the
cytoplasm from those within the amyloplast, (with a possible role in
sucrose biosynthesis), it is clear that the more information that can
be collected on the nature and composition of the membrane itself,
the better, It is worth noting that a group in Israel have suggested ’
that the cdnversion of starch to free sugars on exposure of potato
tubers to low temperatures, or ét senéscence, is due to loss of the
compartmenting integrity of the amyloplast membranef‘ This

possibility is examined further in Chapter 4.

Structural Carbohydrates

Cell walls of plants are composed mainly of water, but
their strength and resilience comes from an intricate, composite
structure of polysaccharides. A network of strong, highly insoluble
and stable microfibrils of cellulose fulfils the same role as the
steel in reinforced concrete, and is embedded in a matrix composed
'~ mainly of gelatinous, highly hydrated polysaccharides, the pectins
and hemicelluloses, which hold the cellulose network together and
lend plasticity or rigidity, as appropriate, to the whole.srﬁo
Some of these contain uronic acid groups, neutralised by a variety’

of cations amongst which Caz+ usually predominates due to
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selective complexing or chelating effects. The metabolism of
mineral elements and the composition of the cell wall are thus

61-64
interconnected,

There are broad resemblances in structure between the
‘matrix polysaccharides (particularly the pectic fraction) and the
'~ various water-soluble galactans, arabinoxylans, and complex
acidic polysaccharides that are grouped together and classed as
mucilages and exudate gumsfs Likewise the structures of the
compiex reserve polysaccharides that can be isolated from certain
seeds, nuts and tubers recall those of the hemicellulosic
glucomannans and xylans although they are not similar in detail66 -
e.g. the arabinoxylans from cereal seeds have a A (1 - 4')-linked
xylan main chain with single-unit arabinofuranose side-chains, .and
in these respects are similar to the hemicellulosic xylans; but
they differ in containing no glucuronic acid and having so'many

2 . 67
more arabinose residues as to be water-soluble.

; -
There is nevertheless a decided family resemblance linking

all these classes of polysaccharides. It appears that cell wall
polysaccharides can be metébolised like reserve substances in
certain circumétancesfaéznui that the Golgi apparatus (vide infra)
is responsible for the production of at least some of the
mucilaginous group?}quust as it is generally considered to produce
the cell wall polysacéharide§%sytalthough this has only been
demonstrated for the pectic substances74 and the xylanszs. not for

the hemicellulosic glucomannans).

The walls of cells in rapidly growing tissue must be flexible
and capable of rapid extension. In the primary cell walls, which are
formed first, the cellulose network is not closely or regularly
interlocked and the matrix consists of polysaccharides of both pectic
and hemicellulose groups. The former group predominates in soft
tissues such as lemon peel and apples, and in the middle lamella,

76,77
the cellulose~free area of contact between different cells.

-
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In more mature tissues the wall is thickened from the
inside, and the cellulose fibrils run parallel to one another
making up sheets, the orientation of each sheet being at a slight
~ angle to that of the one below to give strength like that of
plywoodf% In this, the secondary cell wall, the pectic substances
disappear from the matrix, and in load-bearing tissue impregnation
with 1ignin78 and often silicém—&follows, giving rigidity and ’

impermeability to the whole structure.

- Cellulose, which is ultimately responsible for the
structural integrity of the cell wall, is a linear 8 (1~ 4')-
linked glucaﬁ with a chain length of 5,000 - 15,000 units.
Hydrogen bonds hold about 40 of these long molecules together in
a tightly ordered crystalline arrangement within the elémentary
fibrils, which especially in the secondary wall tend to aggregate
into rope-like microfibrils 35-1003 in diametegf-&Eess ordered
" inter-chain hydrogen bonding links the matrix polysaccharides to
the surface of the microfibrils, and indeed most cellulose
preparations contain small amounts of sugars other than glucose
(mainly mannose)?s It is not certain whether these are incorporated

in the cellulose chains or merely held against dissolution by

hydrogen bonding.

Much of the earlier work on cellulose biosynthesis involved

Acetobacter xylinum, a bacterial species secreting large quantities

of extracellular cellulose. A number of theories have appeared,
86-39

some including glycolipid intermediates. The behaviour of this

organism is quite different from that of higher piants, however,

end it seems better to concentrate on the latter.

In higher plants the site of synthesis, or at least of
0
assembly into microfibrilsa is at the outer surface of the
58,91
plasmalemma or perhaps within the matrix. 1t has been suggested

that the orientation of the microfibrils in the course of synthesis.
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~may be controlled by the interstices in a regular array of
small spherical bodies 50-100ﬁ in diameter which have been observed
2
on or above the membrane surfacea although the most convincing

. ' 93,94
electron micrographs relate to yeasts rather than to higher plants?’9

There has been some argument about whether the donor
molecule in cellulose biosynthesis is GDP-glucose or UDP-glucose.
Por a long time Hassid's group insisted that in these in vitro
experiments the enzyme systems used (the source of which within ;.
the living cell is uncertain) were able to synthesise ohly,ﬁ(l-é~4')-
linked glucans similar to cellulose from GDP—glUcose,95 and only
B (1 3')-linked glucans similar to callose from UDP-glucose .’
It has since become evident that glucans with both types of linkage
can be produced from UDP-glucose, the broportions depending on the
reaction conditions and the history of the plant material from which
the enzyme system is der1ved.89%1llemez and Clark claim to have
produced a pure B(1 - 4')-linked glucan from UDP-glucose, although
they do not state the detection limit for B(1 = 3') 1inkages.'°°

Either nucleotide, or both, could be the precursor in vivo.'"?'”*

There have recently been a number of reports of glucans with .
mixed S(1—> 3') and B(1 - 4') linkages as minor components of cereal
and other hemlcelluloseg?- In one case the proportions of the two
linkages varied with matur1ty.7 Since plants are known to synthesise
callose at the surface of the endoplasmic reticulu%iwg.e. within the
cytoplasm, and cellulose is probably synthesised outside, one can

only speculate as to the site from which these mixed glucans originate.

’An acceptor molecule is required to initiate the cellulose
chain, and could well be membrane—bouhd, but its nature remains
unknow%%lm&he work of Marx-Figini and her co-workers at Mainz"&ii
has shown that although the degree of polymerisation of cellulose
in the primary cell wall is random and comparatively low, that of
the secondary cell wall is higher and, in a single plant, essentially
constant. This extraordinary finding implies that the chain length
is sypace -:rather than time-determined, i.e. that the cellulose
‘molecule in the secondary wall is synthesised upon some kind of template.
On current évidence‘this appears to be in striking contrast to the

 biosynthesis of other plant polysaccharides.
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" 59,60, 65,13
The amorphous polysaccharides of the matrix are much more

" complex than cellulose or starch, and vary from one species to
another, In some cases the details of their structure have not

yet been elucidated, and not a great deal is known about their
biosynthesis. The division into pectic substances and hemicelluloses
was originally made on the grounds of solubility, the former being
extractable with hot water or calcium-complexing agents like EDTA;
and the latter with alkali. 1In practice the distinction is not as
clear-cut as one might wish, but until the present it has been a
useful one, reflecting the fact that the hemicellulosic xylans and
glucomannans have a much stronger tendency towards crystallinity,
like cellulose, than the pectic substances. It is less satlsfactory
when applied to the diverse and unfamiliar structural polysaccharides

now being isolated from leaves:

The further solubility-based division of the hemicelluloses
nr
into A and B groupé has little foundation on structural grounds, and
its reproducibility in practice is poor unless unusual precautions

are taken?‘

The methods used in animal nutrition for determining
'fibre' and 'éoluble carbohydrates' are still more empirical, though
in some cases quite sophisticated and introduced only recently.

It is unfortunate that there should be such a gap between practices
in agricultural science and in plant biochemistry.

The structures of the hemicelluloses shnw great variety',zz”3
and the differences between genera are often very large. There may
~ also be substantial differences between the hemicelluloses of the
.primary and the secondary cell wa11'4£;ves+1gatlons on those of the
primary wall have been infrequent, but there is evidence that in
the monocotyledons the main component is an arablnoxylan like that
found in larger quantities in the secondary wa.ll?6 A xyloglucanzg
similar to the so-called amyloids (reserve polysaccharides found in
" seeds and cotyledons) is the main hemicellulosic component of the
primary walls of sycamore cells, (and perhaps those of certain other
dicotyledonous species)?ggrown in suspension culture, but it is not

known if this applies generally to the dicotyledons.
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Glucomannans in woody tissues are apparently confined to the

124-5 ,
secondary wall,

For a long time it was in doubt whether the pectic substances
contained galacturonic acid, rhamnose, galactose and arabinose in
a single molecule, or whether an arabinogalactan was co-extracted
- with the acidic polymer, It now appears that there are certain plant
‘tissues from which pure galacturonans?O; arabinans“' or galactansIsz
may be extracted under non-degradative conditions, but that as a
geneial rule highly branched arabinogalactan side-chains are attached
directly to the rhamnogalacturonan corg3ﬁLby linkages from galactose
to the C-4 position of rhamnosgfibr to C;3 of galacturonic acid?s
Blocks of rhamnogalacturonan heavily substituted in this way are
separated by lengths of galacturonan chain broken by relatively few

. 135-6
rhamnose groups or none at all,

Enzyme preparations from various sources have been found,
in vitro, to synthesise poiysaccharide chains similar to many of the
more important types preseht in pectins and hemicelluloses, The
precursors réquired are nucleotide sugars generally of the uridine
- serie%ﬁq£§;9main exception being the AB(1 -> 4')-linked glucomannans
which have been synthesised from GDP-mannose and GDP—glucosgfi The
same range of nucleotide sugars are involved in the interconversions
- of monosaccharides?lso that starting from UDP-glucose (with the possible
addition df myo-inositol which can be a precursbr of glucuronic acid)'43
the necessary donor molecules for cell wall biosynthesis can be

produced without an excessive number of intermediate steps.

It will be noticed that in the pectic substances all the
major constituent monosaccharides have the same‘configuration on
C-4 as galactose, whereas many of those which make up the hemicelluloses
have the same configuration as glucose. It has been suggested that the
lack of pectic substances in the secondary cell wall may be due to a
loss of C-4 epimerase activity, although this seems rather likely to

be an over~simplificationz7 ‘ -
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Prom electron microscopic evidence, it is believed that
the pectic substances, the structurally related gums and mucilages,
and the hemicelluloses are synthesised by the cytoplasmic
organelles known as the Golgi apparafﬁgzl4:ﬁzolg1 body con51sts of
an arrangement of folded membranes like a stack of saucers; during
polysaccharide synthesis small membrane-bound vesicles.break from
its edges and travel across the cytoplasm by some unknown means
guided by arrangements of microtubules which have been observed
close to the plasmalemma?é On arriving, the vesicle membrane is
incorporated into the plasmalemma and its contents transferred into

-the matrix of the cell wall by reverse pinocytosis,

‘Somé wdrkers believe that events at the plasmalemma'are of
more fundamental significance than is implied in the simplified
picture outlined abov'gr—s;}hile others believe that the Golgi apparatus
may have a role to play in cellulose biosynthesis as well?)gz is
not known whether the spherical plasmalemma particles synthesise
cellulose or merely bundle it into microfibrils, and in yeast they
have also been observed on the surface of the Golgi membranesfa In
addition, the.orientation of the microfibrils in the wall seems to

be related to that of the microtubules in the cytoplasm?‘ZIH

A fdrther possible complicating factor is that although the
hemicellulosic xylans are probably synthesised by the Golgi
apparatuszsthis has not been established for the glucomannans;
these could just as easily be synthesised, contrary to general

opinion, in the same way and in the same place as cellulose.

There have been reports that the polysaccharzﬁgoc?ntent of
the cell wall turns over, in certain c1rcumstances. When this
happens the structure of ‘the polysaccharides must reflect the patterns
of degradation as well as those of synthesis. Changes in the
composition of pectic substances during growth can best be explained
by the incorporation of neutral sugars into a galacturonic acid -
"rich polymer within the cell wall itself, well after these

152
polysaccharides have first been synthesised. -
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This theory is one of a number that have been proposed
.to expléin the extra flexibility whiéh is preéumably required in
" the walls of rapidly expanding cells, the poor cohesion between
the cells of mature frui#sgnd certain varieties of potatoes, and
ease of extension which follows treatment with auxin (indole-acetic
acid)?a The pectic substances of ripe app1e§€2nd of mustard
cotyledon§3gontainnmuch higher proportions of neutral sugars than
normal, and are less highly charged: this would reduce the
opportunities for molecular aggregation of the linear galacturonan
portions (as proposed by Rees and Wight;3gr for bridging between
uronic acid carboxyls of neighbouring chains by divalent calcium

ions. (an older theory)‘.s6

The importance of calcium ions is exemplified by the fact
that complexing agents such as EDTA are used to extract the pectic
substances, and indeed it has occasionally been proposed that
natural substances like auxin (indole-acetic acidjszgd phytingboth
of which have some complexing ability, might have a loosening effect
on the living cell wall in the same way. The amount of auxin
available haraly seems comparable with the amount of calcium present,

160 .
however, . -

Auxin has controlling effects‘at the level of gene
transcription, and can produce increased activity of synthetic
enzymeétqiut newly synthesised polysaccharide material is added
to the cell much more slowly (by an order of magnitude) than would
be required to explain the onset of auxin-induced elongationje4-5
Attention has recently been focussed on the hydroxyproline-rich
glycoprotein fraction of the cell wall, which clearly has
potentialities for structural controlfé It is épparently attached
to the polysaccharide network in some way, but the nature of the

linkage has not yet been elucidated. Short arabinogalactan chains

are attached through arabinose to many or all of the hydroxy-proiine

residues, but they do'notlseem to form a part of the arabinose-rich
regions of =
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the pectins or hemicellulose;?r9" It has been suggested that the
glycoproteins are attached in some other way - poséibly through
galactose-serine bondsw7 although this has been contestedwo -

to the galactan side-chains of the pectic substances in cultured
sycamore cells or to a galactose-rich arabinoxylan (hemicellulose B)

 -fraction which is strongly associated with celluloseljb

.It has been suggested that in cultured sycamore cells the
most likely site for rapid auxin-induced extension is the only non-
covalent linkage in the wall, the hydrogen-bonded association of the
hemicellulosic xyloglucan and the cellulose microfibrils, A
suggestion that this was controlled by pH was later retracted:ﬂ
It is however not yet clear whether this tissue, with its possibly
exceptional hemicellulose constitution, is representative even of

the dicotyledons.

Whatever the mechanism of cell wall extension eventually
iurns out to be, it is clear that we have a great deal to learn
about even the covalent linkages in the matrix - and, for that matter,
about the relgtionship of the complex mucilages to the matrix
polysaccharides, when these occur in association. The tertiary
structures adopted by cell wall polysaccharides in the living plant,
with all their possibilities for controlled hydrogen bonding and

. L L 72 .
inter-chain associations, remain almost unexplored.

B. -  BRACKEN

Bracken (Pteridium aquilinum (L.) Kuhn) is ubiquitous.

It is found on every continent of the world, and in the northern
hemisphere its range is from the tropics to north of the Arctic
circle:7}%”¥h Britain its presence has been recorded almost every-

‘ where except in exclusively agricultural areas and 1n certain barren
parts of the Central and N.W. Highlands of Scotland. On the
Continent, it is primarily a woodland plant, typlpal of the more
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open parts of the lowland deciduous forests of Western and Central

Europé and the mixed coniferous-deciduous forests between 1000 and
177-8

1500m. = In Scandanavia it is a frequent member of the ground flora

of birchwoods.

In Britain most of our corresponding forests have been
destfoyed at various times between the neolithic revolution five
or six thousand years ago and the present day; but the bracken )
remains, and'its distribution is broadly similar to that of the mixed
oak:and oak-birch forests of former times, as far as this can be
deterrpined.'sp Furthermore, the kinds of grass layers found below
stands of-bracken in the open are not unlike those of modern oakwoods
and birchwoods, and the soil types on which bracken is found have a
corresponding similérity to woodland séil§81: in either case there

can be a striking'édntrast with the soils under adjacent heathland.

In woodland, however bracken fronds are in general
comparatively sparse, probably for lack of lighéizthe plant 'knows
its place' and does not dominate the vegetation as it does over vast
areas of open country, sometimes excluding all other species and often

183
rendering the . land quite useless for grazing.

_ As with all ferns there are two generations in the reproductive
cycle of bracken?‘ﬂ%he plant as we know it is the sporophyte: when the
spores which it carries are dispersed and germinate they grow into the
tiny and vulnerable prothallus (the gametophyte) which bears sexual
organs. The product of its sexual reproduction is a young sporophyte,
which at first is wholly dependent on the prothallus for support and

. 185
nourishment.

There has been some disagreement on the question of how
common this sexual reproduction is in practice. The gametophyte is
very sensitive to frost, drought, and soil acidity?${7and the young
9porophyte also is vulnerable to frost. Neither is likely to find
" the Scottish climate at all congenial. The opinion of Braid, Conway
and their associates that establishment from spores is at least
moderately rare in this countryw7 is accepted by many, though not

- 190

vall?’ iworkers. In wet tropical regions (e.g. Costa Rica),



-21 -

x W w2 BE 12'0?30‘36‘/.2'4@5:;0’__
F ’

e - . \-__ 7’

o 4

®ooe

®000e6
8000e

(]
o0

0006000000

000

00cz30
eccI00008
.0

»
\
=Y

L | 67 |

Pterldlum.aquillnum "@ — subsp. aquilinum _ Jolas & Svommen
| ' A = subsp. brevipes

'Figure_'l.‘d, - Distribution of bracken in BEurope, by 50 km squares.



- 22 -

o

8lams

Hendry

Figure 1.5 -~ Distribution of bracken in Scotland.
1l dot = 100 acres.



- 23 -

reproduction through spores takes place on a massive scale, while
in Continental Europe it occurs to some extent as far north as
F'inland!qI Further evidence on this subject is presented in

Appendix II. Otherwise this thesis deals solely with the sporophyte.

The normal way in which bracken spreads is by vegetative
extension of the underground rhizome system. The main rhizomes of
an advancing front of bracken run out parallel to one another, some

2-3
metres ahead of the first fronds. ®  The rate of advance is 1m/year

N, 194-7
or less, depending on the groundi .

In Scotland, it has been estimated, about 450,000 acres of
pasture are infested with bracken:98 In agricultural circles it
is generally believed to have spread extensively since the period
1700-1850 (in spproximate terms) when sheep to a large extent
replaced cattle on upland gra.zingsiq9 the practice of muirburn to
remove old, unpalatable growth came into regular use%op and the
cutting of the fronds for bedding, alkali manufacture and other
purposes became less commogfka Documentary evidence for such an
expansion is sparse, but there seems little doubt that when the
intensity of agricultural use in upland areas decreases - and in
many upland areas, particularly the north and west highlands, this
has been happening almost continuously since the middle of the last
céntury - there is-a tendency for bracken to take over the better-
drained land. This possibly happens more quickly in areas that have

been infested at some time in the past.

Comparatively slight infestation, which does not hinder
the growth of the underlying grass, has little effect on the value
of pasture. Indeed there is some evidence that the quality of the
herbage may in certain cases be improved, for reasons involving the
underlying soil (c.f. Mitchell®”2ond Appendices I and III). At
greater densities, however, the grass layer is composed mainly of
shade-tolerant species with little feeding value, or may be
suppressed entirely. Such dense bracken communities are quite
valueless: they provide no useful grazing for stock, but sheep in

poor health often shelter amongst the dense fronds and are then
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difficult to locate. Also the fronds harbour sheep-ticks,

Bracken is poisonous to ruminants, and to various other
animals as well. It acts in at.least two ways, causing both acute
thiamine deficiencyam'and carcinogenic effects which resemble those
produced by radiation?’® e incidence of bracken poisoning in
cattle is curiously local and sporadic, and its epidemology is not
understood at all. One carcinogenic factor has been cheracterised
as shikimic acid, while another remains unidentified?oﬂ the former
at least can pass into the milk of animals eating bracken, and is
thus a potential human hazard.?'07 There is a correspondence, quite
possibly fortuitous but disturbing nevertheless, between the
distribution of certain types of cancer in the British Isles and
the main bracken areas?os Japan, where young bracken fronds are
eaten as a delicacy - they are now even being tinned - has one of

208
the highest rates of gastric cancer in the world.

The phases in the annual growth cycle of the plant are shown
in Pigure 1.6, which is drawn on the basis of one frond emerging per
rhizome apex each year. A considerable proportion of frond buds
remain dormant, while under some circumstances two adjacent fronds
are produced in a single summerﬁoq The timing of the phases varies
from one place to another and from one year to the next, the complex
and delicate balance between the factors involved having been
elucidated in formidable detail by Waté?aﬁﬂp%h%ozgin influences are
winter and spring frosts, for bracken is not a frost-tolerant plant:
even in sheltered or woodland areas it emerges so late that bluebells
and creeping soft-grass, in turn, have time to complete their main

phases of growth beforehand.'sz

Once the fronds have emerged, however, their growth is
extremely rapid, often as much as 0.5m/week. It is this great
rapidity of growth that gives the plant its unique ecological
advantages, its ability to outstrip and then outshade all competing
. species under favourable conditions. It is made possible by the
lgrge reserves of starch in the storage rhizomes, amounting to
2-3 tons/ha under a dense bracken stand in winter. At some
point in the growing season - probably early July on present evidence

- the fronds become self-sufficient and thereafter export
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carbohydrate to replenish the starch reserves in the rhizomes.
There is a certain lack of information on the exact timing of
these movements in bracken as it grows here, on their dependence
on environmental factors at a given site and on possible demands

for carbohydrate in the late summer for spore production.
Eradication

A detailed understanding of the sources, flows, and reserves
of carbohydrates in natural bracken communities is a prerequisite
for any studies on its eradica.tion?:t3 Formerly the only eradication
method in common use was to destroy the fronds, generally by cuttiéEﬁA
with a scythe although machines for brﬁising and tearing the fronds
had been deve10péd?m Cutting when the fronds reach full development,
or just before, prevents the starch reserves from being replenished,
and if repeated twice a year ought eventually to starve the rhizomes
to dea}ch?'3 In practice their resilience is extraordinary?9after
perhaps ten years of regular cutting rather stunted fronds may still
be appearing. Cutting bracken is a soul-destroying business, for the

plant has more patience than the farmer and does not grow old.

It is obvious that the effectiveness of cutting will depend
on the size of the starch reserves, the amounts of carbohydrate used
up in new growth, and the distance over which traﬁslocation to a
growing frond can occur, and these factors presumably lie behind
practical observations such as the greater susceptibility to cuttlng
of tall, 'leggy' bracken growing in sheltered areas or in woodland.
The detailed quantitative data on the plant's carbohydrate economy

necessary to explain these observations are lacking, however,

More recently attention has focussed on the use of trans-
located herbicides for bracken control. Any herbicide which acts
only on the growing fronds will naturally be no more effective than
cutting;_ nor will it be cheaper as a rule, The problem of finding

‘a herbicide which is translocated to the rhizome and causes sufficient
damage there to incapacitate the plant has occupied the attention of

numerous workers in the past twenty years, notable amongst whom are
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_Conway and her successors ‘at this University and at the WeSt of
222-8

Scotland Agricultural Collége.

The most successful herbicides used to date have been the
growth regulants MCPAz 31313_ 223’2"&-3:’4-1)2,2 ¢ piclora?nzf’mt.ﬁe. carbamate/
sulphonamide asulam, amltrole, 3 and glyphosate?s ALl of these
are translocated to the rhizome under suitablé”bonditions, and with
the exception of glyphosate they produce their effects at the growing
points - rhizome apices and developing frond bung' :The'result is a
considerable reduction in frond numbers the follcwingisummér, and in
some cases a degree of control in subsequent yeais. .Asulam gives the
best long-term results at the momentfa&%znd a rapidly-increasing area

is now being sprayed with this chemical, mainly by helicopter.

It is widely agreed that the translocation of this and other
herbicides takes place predominantly in the phloem, and that it is
closely linked to the movement of sucioséfﬁlhﬁgk mechanism of this
link is not certain: it follows naturally from the mass-flow concept
of Crafts? but is not easily reconciled with the activated-diffusion
theory"or other transport hypotheses. It has important consequences
for eradication. A herbicide sprayed onto the fronds in the period of
-active growth, moves only to the frond aplce;323 ?ﬁls may give
satisfactory control of the fronds for the rest of that summer, and
has been found commercially feasible for forest bracken control in
Germany (where amitrole is used)** and New Zealand (where the emphasis

242 ;
is on asulam). No permanent control results, however.

For translocatién to the rhizome to be effective the fronds
have to have reached full development, and in practice optimum long-
term control with most herbicides cannot be achieved before the middle
of Julys >*** T8 would seem likely that this is the time when the flow
of sucrose becomes predominantly downwards, but until now tco little has
been known about carbohydrate movements in Scottish bracken for a
detailed comparison to be attempted. It remains to be established
whether or not there are significant variations in the date when the
carbohydrate flow is reversed at different sites. .Nor is it known if
the less satisfactory control with asulam which hés been observed after

4-41 :
mid-August23 is caused by a falling-off of downward carbohydrate
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translocation (due to frond senescence or perhaps the use of carbo-

~hydrate for spore production), or by poorer penetration as the

cuticle grows thicker and less permeable.243

Recent work in this 1aboratory344indicates that penetration
is a slow process and may be prematurely curtailed if a shower of
rain, on the day of spraying or even the day after, washes the
herbicide from the fronds. The result is thatfwhen penetration is
the limiting factor control tends to be erratic father than
consistently poor; and this appears to be the case late. in the seaso§?6—4|
The incorporation of a surfactant to hasten penetration is thus more
desirable than was originally thought344and is ﬁrobably essential for

late-season spréying. -

A1l the above remarks about growth habit, carbohydrate
movements and the effect of herbicides apply only to bracken as it
grows on the open hill. It cannot be over-emphasised that bracken
.grown from spores or from rhizome cuttings in the glasshouse or
growth chamber, while it ﬁay have valuable advantages in providing
uniform and reproducible material, behaves in a totally different

way from a mature community growing in a relatively exposed site.

Young sporelings reared in the laboratory are in a state of
rapid growth. The rhizomes extend rapidly, and up to five or six
 fronds may be differentiated in a single year187 Thus sucrose
exported from a mature frond is translocated straight into the growing
frond which succeeds it on the same shooémf.nothing that can be
described as a storage rhizome develops until about the fourth or
fifth year of the sporeling's life. As well as this the leaf
structure of glasshouse-grown sporelings is much more delicate and
the cuticle much thinner; in the field the young plant is very .
sensitive to frost‘.s7 As a result of these differences (and perhaps
others which are not obvious), most herbicides that have been used
have much more pronounced effects on glasshouse plants than can be
achieved in the fleld, particularly at the growing points where most

219,228,243
of the visible damage appears.
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To a lesser extent bracken growing naturally in woodland
or in sheltered areas shows the same features. The effect of.
exposure on the structure of the frond was very well described by
Boodle more than seventy years agpf“%x@.it is likely that woodland
bracken also has a smaller proportion of storage rhizome and a
greater tendency to produce two fronds on the same shoot‘in one

season, although this has not been proved.

From what has been said above, it follows that much of the
work that has been done on the physiology of herbicides in bracken,
though in many cases impossible to fault in other respects, is °
almost valueless from the point of view of understanding the basis
of chemical control in the field. In this respect the results of
Hamilton and Canny'324$and Whittle'sza7experiments on sucrose transport
are likewise quite misléading;'élthough tﬁéir.valﬁe for their intended
purpose -elucidating the theory of traﬁélocatioﬁ in higher ﬁlants

generally - is unquestionable.

Carbohydrate biosynthesis in bracken

The various carbohydrate-containing fractions in bracken -
are unusually well documented, particularly for a weed species. It
has been shown that carbohydrate is translocated solely in the form
of sucrosef“s and that the storage polysaccharide is starch?*®
(fructangqgeing absent)?m Detailed information is available on the
cellulosez,s'hemicellulosegfz—afree sugars,24g and phenoligfb-ésterylzs.’
and othefsgi;cosides in the fronds, and although there is a certain
lack of published data on the rhizome the general morphological
similarity between the two organs suggests that they should not
differ fundamentally in the nature of their carbohydrate constituents.
Nothing that was found during the research to be described here
contradicted this assumption although naturally there are large
quantitative differences in the proportions of different fractions

-~

in frond and rhizome. e



- 31 -

For a number of years members of this Section have been
working on substances thought to be involved in the biosynthesis

. . 2,5%
of sugar-containing substances in bracken. Duncan 12

has made a -
study of the nucleotide sugars present in the rhizomes in a readlly
extractable form, i.e. excluding those which are locked up 1n31de
starch grains, Morton.?;6 also in this laboratory, investigated the
glycolipid fraction in the rhizomes with the idea that lipid
intermediates of the kind found in bacteria might become evident,
although because of certain experimental difficulties the results
of his work must be interpreted/with some reserve, "hese earlier
investigations made it possible to consider any further data on the
carbohydrate composition of bracken against its biosynthetic
background, and a general comparison of the nucleotide sugar fraction
with the monosaccharide residues combined in all‘the other forms has

been attempted.
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Qe THESIS OBJECTIVES

In the various projects which made up the work fbrfthis
thesié the only common, unifying objective (if any) was a
fundamental rather than an applied one. The génera1 direction
taken was towards fhe elucidation of the overall carbohydrate
metabolism of plants, in particular the behaviour of the 'energy’
carbohydrates in species which rely for their sur§i§31 6n“
vegetative regeneration from underground starcthoﬁfaining organs
following winter dormancy. (viz., bracken and ﬁotafoes). The
various practical objectives which were combined with this

theoretical one will be outlined individually.

Chapter 2:
Seasonal and other variations in the carbohydrate

composition of bracken.

The intention was to build up a background of information
on sources, reserves, and patterns of carbohydrate translocation
that would make it possible to consider the movement of herbiéides
within the plant, and its ability to recover after spraying, on a
more secure basis, The carbohydrate fractions studied were glucose,
fructose and sucrose; starch; and the mucilaginous polysaccharide,
Williams and Foley, at the West of Scotland Agricultural College
were working simultaneously on the same subject and their results
complement those obtained here, with more comprehensive sampling

'..
but less detailed analysis.a6 2

Chapter 3:
Plastid 1lipids in bracken.

(a) Variations in different parts of the plant.
A necessary preliminary to any work on the subject of hypothetical
lipid intermediates in polysaccharide biosynthesis is to find out
'what ordinéry lipids are present as components of cell membranes
and organelles. In fact it seems likely that in starch-storing
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. tissue a considerable part of the lipid content is associated
with the amyloplasts, and any circumstantial evidence on the
nature of the lipids in these organs_(which cannot at present

be isolated) is of interest.

(b) Diurnal veriation in the fronds;'%
A trial assessment of this was envisaged as paft;of the carbohydrate
investigations described in Chapter 1, but the results proved
interesting enough to justify its completion, and'have‘implications
both for the lipid analysis of photosynthetic tissue in general, and
for the role of lipids in the chloroplast.

Chapter 4: .
The starch-sugar balance and lipid composition

of potatoes in low-temperature storage,

Temperatures below about 10°C cause a reversible increase
in the free sugar content of potatoes, at the expense of starch.
It has been suggested that this is due to breakdown of the amyloplast
membranes on chilling, followed by enzymic degradation of the exposed
starch grain. If this is the case the membrane damage should be
reflected in the lipid composition. The lipids of 4 varieties
which 'sweeten' to different extents at low temperatures were therefore
examined,

Low free sugar levels are required commercially in potatoes
intended for processing. It was therefore of practical interest to
find out how other varieties compare in this with Record, the variety
generall& preferred for processing into crisps. The potatoes were
kindly provided by Mr. J. Dalziel of this section, who had grown

them as controls in a field experiment.
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Chapter 5: ‘
The composition and structure of the mucilaginous

polysaccharide in bracken.

Some work on the isolation and composition of this complex
polysaccharide had already been carried out in this laboratory.
This was confirmed and amplified. After some initial structural
studies it was decided that a full-scale structuré»determination,
involving methylation analysis and periodate and,iead tetra~acetate
oxidation, could not be justified in this agriculturally-oriented
laboratory, Examination of the polysaccharide was therefore limited
to establishing its homogeneity, attempting to determine its
. molecular weight, and studying the products of acid fragmentation.
Some of the techniques developed for this work, e.g. the handling
of oligosaccharides in small quantities and the paper chromatography

of monosaccharides, are original and coﬁld be generally useful.

The implications of Chaptefs 2-5 for carbohydrate biosynthesis,
and for the eradication of bracken, are discussed in more detail in
Chapters 6 and 7.
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CHAPTER II

THE 'ENERGY' CARBOHYDRATES IN BRACKEN RHIZOMES

A, THE SEASONAL PATTERN

Introduction

As was explained earlier there is an urgent need for
information on ‘the accumulation and movements of carbohydrates
in bracken growing on the open hill. The carbohydrate economy
of the plant has a twofold significance for its eradication,
being the most fundamental guide to its vigour and resil:’.ence"’,"3
and at the same time the primary factor controlling the trans-
location of herbicideg?3 The most reliable way of studying carbo-
hydrate productioﬁ and translocation would be to administer
14002 and follow the radioactive products, but while this is
comparative1y~simp1e in the glasshousgmznrgrowth chamber it would
present formidable difficulties with bracken in the field. For
this study it was decided to concentrate on extracting as much
information as possible from the carbohydrate composition of natural
bracken rhizomes sampled periodically. As well as the established
‘energy! carbohydrates - starch and free sugars - the mucilaginous

polysaccharide was included as its function was unknown.

Experimental

Rhizomes for extraction were collected from Drumclog Muir
(sitel) at about 11.00 on each sampling occasion, wet days being
avoided. Normally all the rhizomes from a pit of 0.5 m2 in area
were collected, washed, and separated into frond-bearing,inter-

mediate, and storage categories. In some'cases‘the proportions
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of these classes were established by weighing and sub-samples for
analysis chosen with the same proportions by weight; more often

the proportions in the sub-samples were simply estimated.

Two or more 100g sub-samples were extracted either immediately
or after 1-2 days storage at 4°C. The moisture content was
determined (after 18hr at llOOC) on about‘log of small rhizome segments;
on sampling dates after August 27, 1972, each section of rhizome to be
extracted had about 10% of its length removed for moisture determination
so that the moisture content determined reflected that of the extracted
sample as closely as possible. Since bracken rhizomes contain very
variéble amounts of moisture this procedure improved the reproducibility
of the other analytical results, when these were expressed on a dry

matter basis.

The extraction procedure finally decided. upon was the result of

a number of preliminary trials. The main requirements were:

(1) rapid penetration by an alcoholic solvent to eliminate
enzyme activity as quickly as possible after homogenisation
began. Invertase activity in bracken rhizomes is
particularly high and the enzyme is not readily inactivated,
e.g. by heat,

(2) extraction of the mucilage with water, at a temperature
high enough to ensure that none remained after 2
extractions, but too low to bring starch into solution.

The temperature tended to rise during homogenisation.

The following extraction sequence was found to be satisfactory.
Immediately after weighing, the rhizomes were chopped into a blender
containing the first batch of methanol. Between homogenisations the

slurry was strained through muslin or nylon bolting cloth.

(a) Homogenised with methanol (400ml) for 4 min, starting
at room temperature and rising to ca. AOOC.

(v) Homogenised with methanol (200ml) for 1 min at room
temperature.

e
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(e) Homogenised with water (200ml) for 3 min, starting at
32°C and rising to 38-40°C.
(d) Homogenised with water (150ml) for 1 min at room
temperature.

The combined methanol extracts were left for 30 min to
allow the starch grains and cell wall debris to settle, and the
supernatant was then poured off and filtered. The sediment was
added to the combined aqueous extracts which were then allowed to
settle for 3hr at 4°C. The solid material was washed twice with
water, with a 30 min settling period after each washing, to remove
the fine solid debris (which is less dense than the starch and
sediments more élowly), then re-suspended and passed through a
300 mesh sieve to remove coarser cell wall debris. The starch was
then dried at 30—4000 and weighed. On examination under the micro-
scope it appeared to contain only a small proportion (a few percent)

of contaminating particles,

The supernatant from the aqueous rhizome extracts was acidified
at 4°C with 2g of trichloro-acetic acid and centrifuged, still in the
cold, for 40 min at 12,000 r.p.m. to remove proteins etc.
Leucoanthocyanins and related substances were also largely removed by
this treatment. The mucjlage was precipitated with 3 volumes of
methanol, coagulation being assisted by addition o6f LiCl to 0.2%, and
re-dissolved in water for estimation by the phenol-sulphuric acid
method. (G.M.1).

The methanol supernatant and the combined methanol extracts
were analysed separately for glucose, fructose, and sucrose (G.M.5).
This method was found to be quicker and more accurate than quantitative
paper chromatography: Wilson's method gives poor results with sucrose,
and determination by the phenol-sulphuric method after leaching from
the paper was found to be laborious and comparatively insensitive.
Methods relying on glucose oxidase'34 are probably suspect in the presence
of the large quantities of phenolic substances which are co-extracted

from bracken rhizomes, and which could well reduce the enzyme activity;
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this would make for diffiqulties in calibration. A g.l.c. method

" has since been developed here, although it would require a

preliminary clean-up stage to give good results with these extracts.

Checks on the reliability of the method.

Two of the more obvious criticisms of the method are that
stbrage even for a short time at_4°C prior to analysis might be
expected to éause some conversion of starch to free sugars, as with
potatoes;ughd that invertase activity might not have been completely
prevented. 'These two possibilities were therefore investigated
further. . ,

a) Storage. Samples were stored for 5 days at 4 different
temperatures before analysis. One batch was stored in the deep freeze
and should therefore have been unchanged in sugar content. 71he results
are shown in Table 2,1,

o

Storage temperature ~-14 10°  room temp.

4

Total free sugars, % D.Ms 8.5 8.2 7.9 8.1%

Free sugar levels after storage at different temperatures.

There was no significant difference in total free sugar
content between the deep frozen sample (which should be unchanged
by storage) and any of the others., It would appear_either that
bracken rhizomes do not 'sweeten' at low temperatures in the same
way as potatoes, or that they do so more slowly, or that
rrespiration and hence conversion of starch were inhibited by the
storage conditions (in sealed polythene bags). At any rate, the
sugar levels are apparently unaffected by the stofége conditions
used.
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b) Invertase action. 1g of sucrose was added to the

methanol for the first extraction of duplicate 100g rhizome samples,
and by comparison with duplicate controls it was estimated that 5%
was hydrolysed to glucose and fructose: under the conditions of the

experiment this amount is not significantly different from zero.

Enough replicated samples were analysed during the later part
of the investigation for the reproducibility of the method to be
estimated. The following relative errors are applicable to results

within the normal range:

_ starch ¥ 209
S mucilage ¥ 0%
~ glucose 09
fructose ¥ o

sucrose o6

Low starch values are subject to still greater relative errors. The
poor reproducibility in the starch measurement is due to the large
variations between different rhizomes, or even between different parts
of the same rhizome, rather than to deficiencies in the experimental
method. To a lesser extent this applies to the other constituents as
well.,

Results and Discussion

‘ The variation in dry matter and starch content is shown in
Flgure 2.1 and the free sugar and mucilaginous polysaccharide levels
in Pigure 2.2. There are not enough starch determinations during the
crucial early summer period for any detailed conclusions to be reached,
but the general pattern of a fall during the period of active growth
followed by a rise to relatively constant autumn and winter values

can be discerned. The dry matter percentage, for which fuller results

are available, shows the same seasonal pattern.

LN

- M
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Figure 2.2 - Free sugar (A) and mucilage content (0) in rhizomes

from Drumclog, June 1972 - April 1973.
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The provisional results of Williams and Fbleyfé‘ which
recently became available, show the minimum in starch content as
occurring in mid-July. Reversal of translocation at this date
would correspond well with the observation that good control with
asulam and other herbicides cannot be achieved until thegé&#%oth
the results in Figure 2.1 and those obtained by Williams and Fbleyz“

show a rather slow recovery of the starch reserves, continuing well

into September.

If this is typical of Scottish sites it means that the
less satisfactory results achieved by spraying after mid-August
cannot be explained by reduced translocation, and slower

penetration is a more likely reasorf'.h3 * This is supported by the .
fact that control late in the season is erratié?éggesumably due to
rain washing the herbicide from the fronds before uptake is
complete, and to increased penetration resistance under weather
conditions in which the relative water content of the fronds is
lowﬁ4%26if.the rate of penetration at this time of year could be
-increased by more efficient use of surfactants and perhaps other
additives,z63 spraying could possibly be extended into September;
this would héve advantages for both the farmer and the spraying

contractor.

The interpretation of the free sugar results is more
difficult, as percentage dry matter is not an altogether realistic
basis for expression due to the large variations in starch content.
The total sugar levels appear to remain approximately constant
during the winter and spring, falling in July and recovering over
the rest of the summer and autumn. (Williams and Foley's 'mobile
- carbohydrates' show similar variations)?“ The proportion of sucrose
may be higher in the late summer and low just before frond emergence.
The developing fronds at this time had very high reducing sugar
levels - 5.3% sucrose and 20.2% reducing sugars.

Williams and Foley went on to draw conclusions about
source-sink relationships and carbohydrate translocation from their
* mobile carbohydrate data. While any reliable information on these

subjects is to be welcomed, it could be argued that such speculation,
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at the present state of knowledge, is somewhat premature. The
variations in sucrose and reducing sugar levels in developing potato
tubers, for example, can be explained quite satisfactorily on the
basis of carbohydrate supply and demand?éﬁut the interconversion of
sucrose and starch is a complex process and its regulation is not

38,46,49,265-6
wholly understood, nor is there agreement on whether the driving

267-8 269-7 271, 18,6'2
force for translocation is located at the source, the sink,
272
somewhere along the way. Further, in a frost-sensitive plant such
as bracken it is likely that free sugar levels will be affected by

temperature. (c.f. Chapter V).

The levels of the mucilaginous polysaccharide are fairly
constant throughout the year. ‘''here is perhaps a slight dip during
the period of frond development (May - July), when the levels of non;
starch constituents expressed as % D.M. would be expected to rise due
to the reduced dry matter content. It is possible, therefore, that a
little of the polysaccharide is metabolised for energy at this time,
but the amount is hardly significant. A structural or other role for

this substance therefore appears more likely.

Dry matter or reservé carbohydrate levels from a number of
other sourcnszwzaa?g shown in Figure 2.3. Although these are not
strictly comparable, it would appear that bracken growing in the open
in this country makes smaller demands on its starch reserves, but
takes longer to replénish them, than forest bracken in Germany. The
difference méy be due to either climate or environment. In S. England
(and presumably also in Germany) spore production is earlier than in
Scotland'Z

must require more starch for the growth of the fronds before they

: on the other hand woodland bracken with its long petioles

273
become self-sufficient, yet it shows no sign of having proportionately
more storage rhizome. The same is true of bracken growing in all

sheltered places.

Any such environmental effects on the carbohydrate economy
of the plant are clearly relevant to its eradication. It is not
known, for example, if at a site where the fronds emerge early, or

in a year in which a mild spring encouréges early frond emergence,
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the reversal of translocation is also gignificantly earlier., It

has been notedzﬁhat tall, 'leggy' bracken is more readily controlled
by cutting than the short, sparse kind growing in exposed situations,
but whether or not this applies to chemical control as well is
unknown. |

B. THE EFFECT OF HERBICIDE TREATMENT

The analysis of the carbohydrate constitution of the rhizome
has considerable possibilities for monitoring herbicide-induced effects
on the plant., This has been attempted in a rather limited way.

Rhizome samples were taken from an Argyllshire site, Bun-an-Loch

(site 12 ) in the autumn following a heavy application of asulam, well
in excess of the recommended rate. Their composition was so remarkable
that a second series of samples was taken from the same site, and some
from another site (Sundaywell, site 5 ), which had been sprayed at the

normal rate of 4.5 kg/ha. The results are shown in Table 2.2,

Bun-an-Loch, o »
20th September D{h. ;tgrﬁ?, Glucose Fructose  Sucrose
1972: o
sprayed
June 23,1 ,24'6 3.8 3.0 ?.7
sprayed 2.1 2.
A 4 21,7 9.8 2.9 .5
Bun-an-~Loch,
2nd January
1973: _
sprayed 55,7 22,5 2.5 2.1 2.2
June .
sprayed ‘ 1.
August 22.3 11.7 2.7 2.3 5
Control 26.6 24.8 2.6 2.8 2.3
‘Sundaywell,
18th November
1973: o '
sprayed e
August 22.2 21.3 not determined
Control 24.8 22.6
Table 2.2

Carbohydrate content of rhizomes after asulam treatiment.




_45_

The starch content of the Bun-an-Loch rhizomes is obviously
drastically reduced in the August-sprayed plot, and there is
possibly a slight fall in the sucrose level. The rhizomes from the
June-sprayed plot and from Sundaywell were quite normal. It seems
therefore that the rapid consumption of starch after the August
spraying at Bun-an-Loch was an exceptional effect produced by the
excessive application rate., There were also visible effects on the
rhizomes-sclerotic areas and withering of the frqnd'budS:and rhizome
apices - which are not observed when asulam is applied’at normél rates
in the field. R |

This loss of starch, without any apparent growth or increase
in other carbohydrates, implies an unusually high respiration rate in
the months following spraying. The opposite result - a significantly
decreased reSpiiation rate in the storage rhizome - along with damage
~to the growing points and eventually to the fronds, was observed
during a study of the effect of asulam on Japanese bracken (Pferidiumv

274 -
aquilinum var. latiusculum), and there are indications that in

rhizomes of Scottish bracken also the respiration rate may be reduced
- by asulam treatment.uS The apparent contradiction in results couid bé
due merely to different application rates or different environmental

" conditions. What is more important is that asulam is capable of
producing effects within the storage rhizome as well as at‘the growing
points, and that under suitable conditions these effects can be

~ detected by analysis of the rhizome carbohydrates. ?he implications

will be discussed more fully in Chapter M. L
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© CHAPTER IIT

GLYCOLIPIDS AND PHOSPHOLIPIDS IN BRACKEN.

A. THE DISTRIBUTION BETWEEN FRONDS AND RHIZOMES

Introduction

In view of the suggestion that glucose—cbntaining'lipids
might be intermediates at some stage in the biosynthesis of starch51277
some preliminary investigations of the lipid components .of bracken
rhizomes were embarked upon. These were intended to follow on from
the rather inconclusive work of Morhnféoon the same subject, but
at an early stage it became clear that no progress towards the
isolation of such hypothetical intermediates - presumably very
labile and containing phosphatg7€$would be possible until the
'ordinary' glycolipids and phospholipid;ngn the rhizomes had been
properly characterised. To do this would be of some value in itself, -
since not a great deal is known about the lipids associéted with
amyloplasts within the living plant (as opposed to starch grains
which are inevitably subjected to a good deal of physical dlsruptlon
and enzymic degradation while being 1solated) Also the lipid
. membrane surrounding the amyloplast must have an important compartment-

38,56 .
ing role. = : \

Of course, not all the lipid material in the rhizomes is
necessarily associated with the amyloplasts. Mitochondriafgoanq the
cell membranes themselvesz,g'"2 are likely to be an important source.
Accordingly it was decided to determine the distribution of polar
lipids in all parts of the plant, from the pinnae where these lipids
are present mainly in the chloroplasts, down through the rachis and
petiole which become progressively more etiolated towards the base

but contain virtually no starch, into the rhizome. It was hoped that
' A —~

—
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that this would give an indication of the levels of 'background'
lipids not associated with either chloroplasts or amyloplasts, and
at the same time the contrast in lipid composition between the two

types of plasfid was of some interest.

Analysis of intact tissue is the only course possible when

- it is intended to look at the lipid composition of amyloplasts, due

A fo the present lack of a satisfactory method for isolating these
organelles with the outer membrane intactfa But it is also to be
preferred for photosynthetic tissueziienzymic degradation of
chloroplast lipids is extremely rapidfegnd would be a serious problem

with chloroplasts isolated in aqueous media.

Experimental

Materials. Bracken fronds and rhizomes were collected from
the woodland at Auchentorlie, Dunbartonshire (site 3 ), on 29th May pesc
1973, at 11.30 a.m. (Some 1lipids are known to show diurnal variability ).

The fronds had one pair of pinnae unfolded.

Lipid Analysis. The analytical methods are basically those

developed by Roughan and Battim%iii modifications to improve the
sensitivity. After 13hr of collection, portions (10-20g) of fresh tissue
were extracted as described in G.M.10 and analysed for carbohydrate- and
phOSphate-contaiﬁing lipids by quantitative TLC. (G.M.1-12). A1l 1lipid
components were checked for homogeneity by 2-dimensional TLC in CMHOAc
followed by CMNH3
behaviour on DEAE-cellulose and silica gel; by their reaction with 50%
H2804,
and by their phosphate and carbohydrate contents. In addition, glycolipid

, and were identified by their chromatographic
cn-naphthol-H2804, Liebermann-Burchard reagent, and ninhydrin;

bands were scraped from the plate and hydrolysed with 0.5M H2804 for
o 287

1l hr at 1007, without prior removal from the adsorbent., The super-
natant was neutralised with ion-exchange resin (AGl-X4 200-400 mesh,
carbonate form, and a little AG50-X4, 200-400 mesh, hydrogen form),

and evaporated to dryness in vacuo. The sugars released were dissolved

solution

in saturated benzoic acid,and identified by PC in " EtOAcPy.




Chloiophyll was determined spectrophotometrically as described by

288 299
Arnon and Bruinsma“®,

Results and Discussion.

The bracken plants were divided into the following 6
sections: :
' (1) Pinnae
(2) Uppei 15 cm of rachis
(3) Upper 15 cm of petiole
(4) Tower 10 cm of petiole
(5) TUpper, frond-bearing rhizome

(6) Lower, storage rhizome. '

The distribution of glycolipids and phospholipids in the fronds
and rhizomes is shown in Table 3.1. In addition, the rhizomes contained
two unidentified glycolipids which released glucose on acid hydrolysis,
and ran respectively just behind, and just ahead of, digalactosyl
diglyceride. Neither contained any phosphate. Only traces of phosphatidyl
ethanolamine were detected, and phosphatidic acid, a common product of

. , 290
enzymic degradation, was absent.

The figures in Table 3.1 are averages from between two and five
determinations: typical relative errors vary between X A% (e.g. MGD
- in pinnae, 4.8 pmoles/g) and ¥ 30% (e.g. MGD in frond-bearing rhizome,
0.03 pmoles/g).

The overall lipid composition of the pinnse is qualitatively
similar to that of Dryopteris frondgsz and quantitatively not unlike
that of Blechnum fronds®®® though with lower proportions of PG, DPG and
PE., The molar ratio MGD:DGD increases from 1.0 in the etiolated lower
petiole to 1.9 in the pinnae, the same trend as has been noted when

: 223,286,293
etiolated tissues of higher plants turn green .

If we take the lipid content of the lower petiole and the

frond-bearing rhizome as representing the 'background' of lipids not
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associated with chloroplasts or amyloplasts, this is comparatively
small and would not make a great deal of difference if subtracted

- from the amounts in the frond and the storage rhizome. It is normal,
however, to find more mitochondria in photosynthetic and storage
tissues than in those whose main purpose is structural or concerned
with transport , and the mitochondrial contribution to the overall

- 1lipid composition of the fronds and rhizomes cannot be neglected.
Mitochondrial membranes contain a high proportion of phospholipids,
the main components being PC, PE, PI and DPczsf There may also be
somewhat larger numbers of other lipid-containing organelles in the
storage rhizome than in the relatively woody tissues of the lower
retiole and the frond-bearing rhizome, but the contrast between the
very small amounts of the recognised cﬁloroplast lipids - the
galactolipids, phosphatidyl glycerol and the sulpholipid --and the
much larger quantities in both the frond and the storage rhizome,
does on the whole suggest that these lipids are also econstituents

of the amyloplast membranes, A low monogalactosyl:digalactosyl
diglyceride ratio has been observed in other storage tissue?o’zsfgaé'mg—w
would appear to be a typical feature of the amyloplast lipid

assemblage.

One of the two unidentified glucose-containing lipids from
the rhizomes gave a most unusual yellow-green colqur with the sulphuric
écid spray; its nature is quite unknown and would merit further
investigation. As neither of these glycolipids contained any phosphate
they are unlikely candidates for the rcle of an intermediate in starch
biosynthesis. No other lipids that seemed suitable for this function
were detected, either with or without'the separation on DEAE pellulose.‘
With the exception of this stage the procedure followed was relatively
gentle, and the pH was never far from neutrality (6—7.5) during
extraction. If any polyisoprenoid sugars or analogous substiances are
present, they must therefore be at such low concentrations as to be
undetectable amongst the other glycolipids. The detection limit is well

under 0.01 pmoles/g, although smaller quantities than this»coulg
X . .9, 297
admittedly be active intermediates in polysaccharide biosynthesis i,
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DGD MGD SL GC SG Pl PC. PG DPG  Chlorophyil
Pinnae i 254 48 023 025 016 022 114 015 007 1-33
Upper rachis ' 032 048 005 015 009 009 037 009 006 013
Upper petiole 013 017 007 009 008 003 014 005 003 0-07
Lower petioie 010 010 004 006 006 003 01§ Trace Trace Trace
Frond-bearing rhizome 004 003 — 503 Trace Trace 001 Trace 001 -
Storage rhizome 021 007 Tracc 020 009 001 007 002 002 -

_ Abbreviations: DGD—digalactosyl diglyceride; ;\iGD—-monogala‘ctosyl diglyceride: SL—sulpholipid: GC—
glucocerebroside: Pl—phosphatidy] inositol; PC—phosphatidyl choline: PG—phosphatidy! giycerol: DPG—
diphosphatidyl glycerol. ‘

Table 3.1 - Quantities of glycolipids and phospholipids
' ( moles/g fresh weight) and of chlorophyll
(mg/g fresh weight) in different parts of the
bracken plant.
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B. THE DIURNAL VARIATIONS IN THE FROND.

Introduction.

In the previous section it was stated that all the samples
were collected at the same time in case their lipid composition varied
during the daf?é Since there is a moderately rapid synthesis of some
lipid classes and of chlorophyll when dark-grown tissues are transferred
to the 11ghtigézﬁzg;;spond1ng to the growth of the thylakoid membrane
systems within the chloroplast:zsuch diurnal variations might be
anticipated; and in fact Roughan and Batt, in a passing reference to
unpublished work in New Zealandzﬁsmention that sulpholipid levels in
clover are highest during the early afternoon. Accordingly it was
decided to follow the levels of the major 'chloroplast' lipids during
the day. It proved necessary to work at a different site from that
used for the previous study, and the bracken fronds were by this time

fully mature, in fact only two weeks from the onset of senescence.

Experimental

Plant Material. Samples were collected at Drumclog Moor,

Dunbartonshire (site 1), at approximately 3 hr intervals on 14th
August 1973. Throughout the sampling periodAand for two days before-
hand, the weather was warm and dry with some haze but virtually no
cloud. The top 12 cm of the lamina (6 - 7 pinnae) was removed from
each of 12 healthy fronds on each occasion. The samples were
immediately frozen on solid CO,, brought back to the 1aboratory in

a vacuum flask, and stored at -15 c.

. Lipid Analysis. Analytical methods were as described in

the previous section.
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- Figure 3.1 - Amounts of monogalactosyl diglyceride (o),
digalactosyl diglyceride (o), sulpholipid (a),
and phosphatidyl glycerol (a), in moles/g
fresh tissue, at different times during the
day. '
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Results and Discussion,

The amounts of MGD, DGD, SL, and PG, expressed in pmoles/g
fresh weight, are shown in Figuie 3.1. The objection to expressing
the results on a dry weight basis is that, as with seasonal variations
in rhizome composition, the dry matter content will be influenced by
any accumulation of photosynthesised material if translocation is not
immediate. With the analytical method used it was not possible to
determine the dry matter content of the fronds being analysed, but
some parallel determinations showed that variations were only of the
order of + 5%. This is much smaller than the variations in lipid
content actually found, and Figure 3.1 would look very similar if the
results were expres<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>