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ABSTRACT

Sources of carbon for the develaﬁing fruits of
Vicia faba L. variety triple white were investigated.
Attached leaves and pods were allowed to photosynthesise
in [luq]~1abe11ed carbon dioxide. Leaves, pods and seeds
were extracted separately with trichloroacetic acid,
Amino acid and radioactive analyses were carried out on
both the trichlorocacetic acid soluble (non-protein) and

insoluble (protein) fractions.

Quantitative analysis of 90 min leaf photosynthesis
indicated that a proportion of new photosynthate is rgpidly
exported from the leaf. Retention in the leaf of some
labelled carbon was demonstrated during a 16 hour chase
period. Evidence for protein synthesis from newly formed
photosynthate is presented, together with evidence for the
rapid turnover of such protein. Labelled amino acids and
sugars were shown to be present in the petiole of a leaf
photosynthesising in [luc] - C0,. Leaves near the plant
base contributed carbon to xylem sap amino acids. The
bloom node leaf was shown to export preformed sugars and
amino acids to the developing (20-35 day old) pod and seeds.
Some translocate from the leaf entered the seed directly,
but more than half was metabolised in the pod before being
re-exported to the seeds,

Pod photosynthesis was shown to involve labelling
patterns like those of leaf photosynthesis, but to provide
the seed with a different, and partly complementary, set
of amino acids. Seeds were shown to have a carbon source
during the night when transpiration and photosynthesis are
negligible., The likelihood of stem tissue functioning as
this carbon source is discussed.

Bleeding sap from decapitated plants was analysed,
and its relationship to xylem sap discussed. Sap
contribution to the developing seeds is considered.
Quantitative estimates are made of the carbon contribution
from leaves and pods to seeds, and these are compared with
the results of other workers. |

Seeds are shown to be capable of amino acid synthesis
and interconversion, particularly of compounds readily
synthesised from respiratory intermediates. Protein synthesis
in leaves, pods and seeds is demonstrated, and the nature
of the seed protein is discussed.




CONTENTS

INTRODUCTION

MATERIALS

ABBREVIATIONS

METHODS
1. Growth of plant material
2. Collection of bleeding sap
3. Plant extraction
4. [;QC] - Co, feeding

5. Tests for nitrite and nitrate

6. Pemoval of amino acids with
amberlite resin

7. Dansylation of amino acids and the
separation of the products by thin
layer chromatography

8. Thin layer electrophoresis and
chromatography

g, Kjeldahl nitrogen determination
10.  Autoanalysis of amino acid mixtures
11. Radiocactive counting
iz. Autoradiography
DERIVATION OF METHODS
1. Collection of bleeding sap
2. Preparation of plant extracts
3. A marker for thin layer electrophoresis
L, ""he Technicon Autocanalyser
PRELIMINARY RESULTS
1. Automatic amino acid analysis

2. Kjeldahl nitrogen determination

3. Plant extraction prccedure

Page

13
22
23
24
2u
25
27
29

30

30

31
40
41
46

u7

49
49

60
62
63
65
70




Contents continued, iveesees

L4, Protein hydrolysis
5. Radioactivity measurement
6. Calculations and errors
RESULTS
PRELIMINARY EXPERIMENTS WITH BLEEDING SAP
1. Diurnal variation in sap volume
2. Qualitative sap analysis
3. | Diurnal variation in sap composition

1

u, Incorporation of uC into sap

PRELIMINARY EXPERIMENTS WITH LEAVES
PHOTOSYNTHESISING IN [l4c] - co,

5. Preliminary experiment in
[L4c] - CO, feeding

6. Leaf photosynthesis and export of
labelled phctosynthate into the
petiole

7. Photosynthesis of the bloom node leaf

Page
70

75
84
91
92
93
Si
100

105

115

116

121

and export of labelled photosynthatel3l

into the pod and seed

SOURCES OF CARBON FOR THE DEVELOPING POD
AND SEED

8. Pod photosynthesgis
g. Bloom node leaf photosynthesis

QUANTITATIVE ANALYSIS OF RADIOACTIVE AMINO
ACIDS

10. Leaf photosynthesis
DISCUSSTON
APPENDICES
1. Curve fitting
2. counting errors

3. Samnle analysis = pod and seed amino
acids

b, Activity results expressed per sample

BIBLIOGRAPHY

ACKKOWLEDGMENTS

151
152
159

167
168
181
233
234
236



INTRGDUCTICN

As little as twenty years ago it was believed
that biosynthesis of nitrogen compounds in plants took
place largely in the leaves. Roots were thought to
contribute to the process only in the absorption of
nitrate and nitrite from the soil and its secretion
into the translocation channels, The leaves were
pictured as reducing the incoming nitrate to ammonia
which was then combined with carbon taken up in
photosynthesis to form amino acids and other nitrogenous
compounds. Export of preformed amino acids via the
phloem then supplied the rest of the plant. In the
last two decades this picture has been modified

: considerably.

In 1960 Bollard was able to write:
"No longer is it possible to picture translocation in
plants as consisting simply of an upward movement of
absorbed mineral elements in the xylem and a downward
movement of elaborated nutrients in the phloem ..eevs.
It is clear now that the idea of nitrate being the main
form in which nitrogen is transported through the plant
will have to be abandoned. Even in the few species
where appreciable nitrate occurs in the xylem sap,
considerable amounts of organic nitrogenous compounds
are also found",.

In fact, as early as 1927 it had been reported that
nitrate could be detected in apple only in the smallest

roots (Thomas, 1927), and in this species reduction of
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nitrate was assumed to occur immediately after absorption.
It has since been shown that, in apple and many other
species, nitrogen is translocated through the xylem
largely as amino acids and amides. Bollard (1953, 19857a)
showed that tracheal sap of apple contained most of its
nitrogen as glutamine, asparagine and aspartic acid.
These substances were also shown to be present in high
concentration in the bleeding sap of pea (Wieringa and
Bakhuis, 19573 Pate, 1962), lupin (Pate and Greig, 1964),
tomato and cucumber (Van Die 1858, 195%9a) and numerous
other unrelated plants (Bollard 1957b, 1957c). Amino
acids and amides were not the only nitrogenous substances
found in sap, and in some species they were not even
the major ones. Citrulline was a major component in

some species such as Alnus sp. and Nothofagus sp.

(Bollard, 1959), and allantoin and allantoic acid were
shown to be important in species of Acer and others.
(Mothes and Englebrecht, 1952)., Other nitrogenous
compounds reported in sap include N-acetylornithine,

v aminobutyric acid, azetidine-2-carboxylic acid, and
numerous amino acids (McKee, 1962). Homoserine has
been identified in pea sap. (Bakhuis, 19573 Pate, 1962).
Many of these compounds are readily broken down and
their nitrogen re-used by the plant tops, but this need
nct always be the case., Dawson (1942) demonstrated that
nicotine is synthesised in the roots of the tobacco
plant and then exported to the shoot where it is not,
apparently, further metabolised.

It had been demonstrated earlier (Stout and Hoagland,
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1939) that upward movement of salts from roots took

place in the xylem, and the concept of roots as

organs for the absorption of mineral ions was well
accepted. The realisation that complex organic compounds
were exported from the roots introduced a new concept

of the complexity of root metabolism. Considerable

work was done to investigate the fate of the nitrate
absorbed by roots.

Nitrate is reduced in plant tissue by an NADH-
dependent enzyme, nitrate reductase. This enzyme
has been reported present in many plant tissues,
including broad bean leaves (0ji and Izawa, 1969).

The relevant literature has been reviewed by Kessler
(1964) and Beevers and Hageman (19698)., Evidence for
the reduction of nitrite to ammonia has been provided
by Sanderson and Cocking (1964b), and the synthesis of
glutamic acid from a-ketoglutaric acid and ammonia

is well documented. (Van Die, 1959b; Bergersen, 1963;
Kennedy, 1966).

Nitrate reduction has been shown to be affected
by a wide range of environmental conditions, and these
are assumed to have their effect on the enzyme nitrate
reductase. This is supported by considerable
experimental evidence. Nitrate reductase is substrate
inducible and requires light, molybdenum and carbon
dioxide as well as nitrate for its induction in some
species (Kannangara and Woolhouse, 19673 Afridi and
Hewitt, 1964; Hageman and Flesher, 1960; Ferrari and

Varner, 1969). In other plants, light enhanced enzyme

induction, but absence of light did not completely
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prevent it. {(Candela, Fisher and Hewitt, 10857;
Beevers, et al, 1965. These last authors suggested
that light has its effect on nitrate reductase by
enhancing uptake of nitrate.

In a number of species, nitrate reductase activity
has been shown to be higher in shoots than in roots,
in the presence of adequate supplies of nitrate.
Hageman and Flesher (1960) reported that nitrate
reductase activity was 80% lower in root extracts
of corn seedlings than in extracts of the shoots.
Other authors were unable to detect nitrate reductase
at all in roots (Beevers and Hageman, 1969). Candela,
Fisher and Hewitt (1957) demonstrated that in
cauliflower plants nitrate reductase activity was
extremely low in roots under the same conditions
which produced high activities in shoots. These results
were uncorrected for the effects of nitrite reductase
activity which was shown to be low in aerial parts
and high in roots. Could this have accounted for the
apparently low nitrate reductase activities?
Vaidyanthan and Street (1959) demonstrated that, in
extracts of tomato roots, nitrate reductase activity
could not be demonstrated due to the presence of an
NADH oxidase. Addition of a substrate for this enzyme
allowed demonstration of nitrate reductase. These root
extracts were shown to contain a second system which
affected nitrate reduction in vitro. Other workers
also have demonstrated high nitrate reductase

activities in roots (Wallace and Pate, 19653 Miflin,

19573 Sanderson and Cocking, 1964a).
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Nitrate reductase is, then, at least potentially
present in the root and shoot tissues of many plants.
Its activity is closely related to nitrogen metabolism,
and positive correlations between leaf nitrate
reductase, protein content and crop yield have been
demonstrated for maize. (Zieserl et al, 1963).

The enzyme has a very short half-life (about Yh) and
its induction is readily prevented by the usual
inhibitors of protein synthesis. (Beevers et al, 1965;
Stewart, 1968). These features and the rapid
fluctuations which can be detected in nitrate reductase
activity reflect the existence of an effective in vivo
regulatory mechanism.

Klepper and Hageman (1969) have shown that nitrate
reductasecan be extracted from apple leaves, stems,
petioles and roots, and it appears that, given adequate
nitrate levels, all parts of the apple plant have the
capacity to utilise nitrate. This appears to be a
direct contradiction of the earlier work of Thomas (1927)
and Bollard (1953, 1957, 1960) who demonstrated that
neither apple foliage or apple sap contained nitrate.
Pate (1965) has explained the first anomaly in pointing
out that the appearance of nitrate in foliage is an
unusual event. Nitrate reductase levels are generally
high enough to keep nitrate levels very low.

Bollard (1957c) has demonstrated that plants may contain
nitrate in the foliage when it is not detectable in the
sap. Thus very low sap nitrate concentrations may be

sufficient to account for the nitrate reductase levels

measured by Klepper and Hageman.
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The proportion of nitrate which is reduced in the
roots or in the leaves must vary with the conditions of
plant growth. Reduction in the two situations will
frequently coexist, and hence the e2erial parts of the
plant will be required to metabolise nitrate (with
the formation of glutamate) and also the organic
nitrogen compounds synthesised in the roots. The
proportion of the two sources will vary with the |
particular plant and with the experimental conditions
used. (Wallace and Pate, 1967).

In nodulated leguminous plants the larger part of
the plant nitrogen is taken up by fixation from the
atmosphere, except under conditions of excessive
nitrogen fertilisation. Pate (1965) has shown that the
products of symbiotic nitrogen fixation in the pea
are comparable with the products of nitrate reduction
in the roots. At low nitrate concentrations in the
culture medium, nitrate never enters the sap and nitrate
reductase is not found in the shoot., At higher levels
of nitrate the organic nitrogen compounds and free nitrate
are present together in the sap. Nitrogen so supplied
to the shoot is then further metabolised, with the
formation of protein, nucleic acid and other nitrogenous
plant constituents.

It appears to be generally agreed that the first
stable organic products of nitrogen fixation or. nitrate
reduction are glutamic acid and glutamine. This was
convincingly demonstrated using [lSN] - nitrate and

ammonium salts by Yemm and Willis (1956). They allowed




excised barley roots to assimilate the labelled
nitrogen source, and demonstrated primary synthesis

of glutamine, Whole barley seedlings were shown to
incorporate [lSN] - ammonia into glutamic acid and
glutamine, (Cocking and Yemm, 13961). The combination
of ammonia with aketoglutarate to produce glutamic acid
is mediated by the enzyme glutamic dehydrogenase.

This enzyme has been reported from numerous plant
tissues including legume seedlings (Damodaran and

Nair, 1938), oat coleoptiles (Berger and Avery, 1l9uu),

corn leaves (Bulen, 1956) and from Vicia faba

chloroplasts (Givan et al, 1970). The enzyme from corn
leaves was extracted, rigorously characterised, and shown
to be substrate specific., Other amination reactions
have also been reported,'sudh as the formation of
alanine and aspartic acid by amination of pyruvic acid
and oxalacetic acid respectively, but-the possibility
of the involvement of transamination in these instances
has not been ruled out. No unequivocal demonstration
of the necessary enzymes has been repeated since
earlier suggestions of their occurrence. (McKee,
1962). Bergersen (1971) has reviewed the
biochemistry of symbiotic nitrogen fixation in legumes,
‘and demonstrates that, here too, glutamate is the
primary organic product.

The other amino acids, besides glutamic acid,
which are found in xylem sap are presumed to arise
from glutamate by transamination. (Kennedy 1966a, 1966b).

Metabolism of some of the more complex nitrogenous sap




constituenis has been reviewsd by Bollard (1959j.
Roots and shoots have, then, a common starting point
for their major nitrogen metabolism. Biosynthetic
pathways for other amino acids from glutamate have
been reviewed by a number of authors (Meister, 1965;
Steward and Pollard, 1957; Fowden, 1967; Davies, 1968)
and will be discussed in detail later.

The discovery, that an extract from a plant organ
is able in vitro to synthesise a given compound or,
indeed, that the intact organ will make use of an
exogenously supplied precursor to synthesise that
compound, is not necessarily evidence that the biochemical
pathway so revealed is operative in the undisturbed
plant. It does, however, provide strong evidencg of
the synthetic potential of the plant organ. Similarly,
the presence in an organ of a given compound is not
evidence that it was synthesised there. Substances,
translocated into an organ from elsewhere may effectively
suppress their own synthesis in that organ., Such
repression, by feedback or end product enzyme
inhibition, is a familiar phenomenon in bacterial
systems (Monod, 19633 Pierard, 19f6; Adelberg and
Umbarger, 1953). vit has also been demonstrated in plants
(Oaks, 1963, 1965a, 19663 Oaks and Beevers, 1S6u;
Bonner and Huang, 1962; Bonner, Huang and Gilden, 1963).
Oaks has also shown that some amino acids are not
extensively metabolised in plants, and that due to amino
acid conservation and enzyme repression, the extensive

interconversions of aminc acids assumed to be prevalent




in plant tissues may be of minor importance.  (0Oaks,
1965b, 1965c). This work was done with the developing
root of a maize seedling, which is extensively supported
by the metabolism of the endosperm, Similar dependence
on seed reserves has been demonstrated for barley
embryos (Kent and Brink, 1947) and Datura embryos
(Sanders and Bierkholder, 1848). Such condifions of
minimal metabolism of amino acids may equally well exist
in any part of the plant which receives a large
proportion of its nutrient from elsewhere.

The considerable increase in nitrogen content during
development of the seeds of legumes and cereals has been
well documented, and it has long been recognised
that the developing fruits and seeds draw on other parts
of the plant for the supplies of nitrogen used in their
growth. McKee (1962) summarises a lot of the early
quantitative work, It was shown before the turn of the
century that, in a fruiting plant, the nitrogen in the
seeds rises at the expense of nitrogen in the leaves,
stems and seed pods. In general, the total amount of
nitrogen lost by the rest of the plant is much less
than that gained by the seeds, and the difference must
be supplied by the roots or root nodules after the
onset of fruiting. (Maskell and Mason, 1930
Hay et al, 1953). The metabolism of the developing
fruit must, then, be affected, if not controlled, by
the subétances supplied to it by the rest of the plant.

In leguminous plants in particular, the fruits are

green and capable of photosynthesis (Flinn and Pate, 1970),
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and this too must contribute to their metabolism,
Changes in total nitrogen and in nitrogenous

and other components of seeds during develppment

have been studied by a number of workers (Bisson

and Jones, 1932; Bourdon and Quillet, 19583 Hyde, 1952;

Raacke, 1957; Grzesiuk et al, 1962; Davis, 1966;

Flinn and Pate, 1968; Briarty, Coult and Boulter, 1969).

An increasg_in protein nitrogen and a decrease in

soluble nitrogen was seeﬂ to accompany seed maturation.

The developmental process was readily divigible into

stages, and those of Briarty, Coult and Boulter (1869)

are typical for legumes. These workers characterised

their developmental stages by electron microscopy of

the developing cotyledons of Vicia faba, and the

resulting subdivisions are comparable with those
obtained by analysis of the seed. 1In Phase I, the
develéping zygote undergoes mitosis up to the point

at which mitotic frequency falls off rapidly (25 days).
At the end of Phase I the cotyledons are about 0.8mm
diameter and the ovule is mostly comprised of its
integuments. In Phase II (25~35 days) the cotyledons
become extensively vacuolated and increase in water
centent up to 87%. The integuments, now recognisable

as a testa, still form a large part of the seed. In
Phase III, protein masses deposit in the vacuoles and
protein bodies, éontaining vicilin and legumin are
formed. The testa hardens and the cotyledons begin

to dry out. Phase IV is the final water loss, hardening
and ripening of the seed. Grzesiuk et al (1962) suggests

that Phase II is associated with embryo protein
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formation and they record low soluble nitrogen levels
concommitant with increase in albumin protein.

Phase III is associated with synthesis of RNA (Wheeler
and Boulter, 1967), synthesis of new ribosomes
(Briarty, Coult and Boulter, 1969) and increase in
vicilin and legumin protein (Davis, 1966; Raacke, 1957;
Grzesiuk et al, 1962) - the time of major accumulation
of insoluble reserves.

The biosynthetic pathways in the developing seed
have been rather less thoroughly investigated, and will
be given in detail in the Discussion Section. Numerous
enzymes have been located in fruit and seed extracts
and some interconversions of labelled materials have
been demonstrated. |

Sources of carbon for the developing pod and seed
have been investigated by a number of workers using
labelled substances applied to 'source' leaves. The
concept of a growing fruit as a 'sink' for translocated
substances is a familiar one, (Maskell and Mason, 19830;
Linck and Seedia, 19623 Carr and Wardlaw, 1965;

Hansen, 19703 Flinn and Pate, 1970). The bloom node
leaf has been shown by these workers to be particularly
important in the nutrition of its subtended fruit,
although other leaves doubtless contribute as well.
Flinn and Pate (1370) have shown that the leaf at the
lowest reproductive node of field pea plants and the
pod at that node donate to the seeds about two thirds

¢f the carbon required for ripening. The root system

also must provide nitrogen and some carbon to the
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growing fruit, In broad bean the development of
the lowest fruits coincides with the senescence of the
lowest leaves of the plant. Feeding the plants with
liquid fertiliser delays but does not prevent this
senescence, Export from such ageing leaves probably
also contributes, at least indirectly, to the developing
seeds. The significance of senescence of plant organs
has been reviewed by Yemm (1956).

The present work aims to investigate the forms
of carbon translocated into developing seeds and pods

of Vicia faba L. and their short term products in
1l

the fruit. Amino acids are uC-labelled via

photosynthesis in [luC] - CO, in an attempt to cause

2
minimum disturbance to the intact plant system. The
contributions to the fruit of leaf and pod photosynthesis
are investigated, and the xylem sap composition

determined. The biosynthesis of amino acids in these

plant organs is discussed. The contribution of

carbon from senescent organs is not investigated.
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MATERIALS

1. Plant material

Vicia faba L. variety triplé white was used in

all experiments. Seeds were obtained from William

Strike Ltd., Durham.

2. Chemicals

Except for those listed below, chemicals were
obtained from British Drug Houses (BDH) Ltd, and were

of analytical grade.

Amino acid standard mixture (Technicon)

Amino acid standard mixture (Eel)

Acetone (Fisons, laboratory reagent)

Brij 35 solution (Technicon)

Cellulosepulver MN 300 (Machery Nagel & Co.)
L-B 3,4-dihydroxyphenylalanine (Sigma, A.R.)
Indanetrionehydrate (ninhydrin)(Fisons, A.R.)
Kieselgel H nach Stahl (Merck)

2-methoxyethanol (Hopkins and Williams Ltd,
laboratory reagent)

Norleucine standard solution (Technicon)

BDH, laboratory reagents

diphenylamine aniline
chloroform ether
formiec acid methanol

methvl ethyl ketone phloroglucinol
n~propanol n-propyl acetate

pyridine thiodiglycol
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Radiocactive chemicals

[luc] - Sodium carbonate was obtained in two batches

from the Radiochemical Centre, Amersham.

Batch 1 specific activity 55.0mCi/mMole
radioactive conc. 2.0mCi/cm3

Batch 2 specific activity 58.6mCi/mMole

radiocactive conc. 1.OmCi/cm3

[U-l”C] sucrose was also obtained from Amersham

specific activity 600mCi/mMole

radiocactive conc. O.lmCi/cm3

Planchets, 21mm internal diameter, were obtained from

Gallenkamp.

3. Solutions
All water used had been distilled in glass.

a. Solutions used for plant extraction

(i) 5% (w/v) trichloroacetic acid (TCA)
(ii) chloroform: methanol (2:1; v/v)

(iii) phenol: acetic acid: water (1l:1:13 w/v/v)

b. Solutions used in [luC] - C0, feeding experiments

(i) 0.,1% (v/v) lactic acid

(ii) 1N sodium hydroxide (pellets)

(iii) plasticine-vaseline mixture - This was prepared
by stirring small quantities of white paraffin
wax into a lump of plasticine, until the

nixture was easily spreadable with a glass rod.




c. Tests for nitrite and nitrate

(i) 0.5% (w/v) aminosulphonic acid

(ii) sulphanilic acid

( 10g sulphanilic acid was dissolved by warming
in 100 em® 30% (v/v) acetic acid

(iii) a-naphthylamine=-acetic acid

3

0.03g a~naphthylamine was boiled in 70 om® water.

The colourless solution was decanted from the
blue~violet residue and mixed with 30 cm3

glacial acetic acid.

d. Thionin marker

A saturated solution, 1% (w/v) of thionin (Ehrlich,

Michrome Number 215) in 95% (v/v) ethanol was prepared.

e. Electrophoresis buffer for TLE/TLC method
3

acetic acid, glacial 57 cm
formic acid, 90% (v/v) 17 cm3

distilled water to 1000 cmS pH 2.0

f. Chromatography solvents for TLE/TLC method

(i) methyl ethyl ketone 350 cm®
pyridine 75 cm®
water 75 cm3
acetic acid 10 cm?

(ii) n-propanol 360 cm®
water 180 cm3
n-propyl acetate 60 cm3
acetic acid 12 cm®

3

pyridine 3 cm
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These amounts were used in the large (10 x 25 x 25cm)
Shandon Chromatank, 13 plates in a stainless steel

rack could then be chromatographed at one time.

g. Ninhydrin reagent for amino acids

cadmium acetate 1.0g
water 100 cm3
acetic acid, glacial 20 cm3
acetone 1000 cm3
3

lg ninhydrin was dissolved in 112 cm” of the above
stock solution, and the mixture used when fresh.

The reagent is that of Blackburn (1965).

h. Reagents for sugar and acid detection

(1) aniline hydrogen phthalate reagent
aniline 9.15 cm®
phthalic acid leg
n-butanol 490 cm®
diethyl ether 490 cm3
water 20 cm3

The mixed reagent is stable for some months.

(ii) phloroglucinol reagent
phloroglucinol 0.7% (w/v) in acetone 9
trichloroacetic acid, u0% (w/v) 1

The reagent is freshly mixed immediately before use.

(iii) aniline-diphenylamine reagent

aniline, 1% (v/v) plus
diphenylamine, 1% (w/v) in acetone 10

phosphoric acid, 85% (v/v) 1

The reagent is freshly mixed, and any amine phosphate

vol.

vol.

vol.

vol.
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precipitate redissolved by the addition of a few

drops of water.
(iv) bromocresol blue, 1% (w/v), adjusted to pH 6.0

i. Kjeldahl nitrogen determinations

(i) mixed indicator solution
methyl red 33 mg
bromocresol green 66 mg
ethanol, 98% (v/v)

The indicators were dissolved in a small volume of

the ethanol, and the solution made up to 100 cms.

(ii) boric acid/mixed indicator solution

3

10g boric acid was dissolved in 200 cm” 98% (v/v)

ethanol and 700 cm3 distilled water added. 10 cm3
mixed indicator was added and then 0,1N sodium hydroxide
solution until the indicator colour was grey-blue,

The whole was made up to 1 litre with distilled water.

(iii) potassium hydroxide/sodium thiosulphate reagent.

potassium hydroxide 300g
sodium thiosulphate

(Na28203.5H20) 50g

3

The potassium hydroxide was dissolved in 600 cm
distilled water and the solution boiled gently for
20 min to remove ammonia. When cool, the thiosulphate

was added andthe mixture made up to 1 litre with water,

(iv) Water-soluble fixative (Conway, 1957)
To 10 parts by weight of powdered gum acacia were
added 15 volumes of water, 5 volumes of glycerol and

5 volumes of saturated potassium carbonate solution.
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The water was added slowly to the gum acacia,
the mixture being ground in a large mortar to hasten
the soluticn of the gun. The glycerol and potassium
carbonate were then stirred in. The mixture was
allowed to stand overnight when the dark viscous
fluid was separated from the froth and stored in a

stoppered vessel,

(v) thymol-blue, cresol-red mixed indicator for
titration of carbonate to the bicarbonate stage
(Vogel, 1962).

thymol blue 0.1% (w/v) solution of the

sodium salt ' 3 vol.
aresol red 0.1% (w/v) solution of the
sodium salt 1 vol.

This indicator changes from yellow to violet at pH 8.3.

j. Solvents for polyamide chromatography

(i) first dimension
formic acid, 1.5% (w/v)
(ii) second dimension

acetic acid 30 cm3

benzene 270 cm3

(iii) third dimension
n-butylacetate 280 cm3
methanol | 1lu em®

acetic acid 1y cm3

(iv) cleaning solvent

ammonia {(conc.) 90 cm3
acetone 1500 cm3
3

water 1400 com
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k. Solutions for planchet preparation

(i) cetyltrimethylammonium bromide, 0.2% (w/v),
dissolved in water by stirring for some hours over

gentle heat,

(iv) polyvinyl alcohol, 1.0% (w/v), dissolved in

water by stirring over heat.

1. Autoanalyser reagents

(i) UN sodium aeetate buffer, pH 5.5.
sodium acetate, anhydrous 1640g
acetic acid, glacial 500 cm3

distilled water to 5 litres.

The sodium acetate was slowly dissolved in about

3 litres of the water. The cooled solution was
transferred to a 5 litre volumetric flask, the
acetic acid added, and the mixture diluted to volume.

The reagent was filtered and stored in a dark bottle.

(ii) 0.6% buffered ninhydrin reagent

ninhydrin 20g
methylcellosolve 1500 cm3
4N sodium acetate buffer 300 cm3

distilled water to 3 litres.
The reagents were dissolved in the order given.
(iii) 0.002M hydrazine sulphate solution

hydrazinium sulphate 0.780g

distilled water to 3 litres.

sulphuric acid, a trace to acidify.




(iv) buffer stock solution
citric acid, monohydrate 420g
sodium hydroxide (pellets) 165g

distilled water to 2 litres.

The reagents were dissolved in the order given,

and the solution stored in a refrigerator.

(v) equilibration buffer, pH 3.15, 0.1M citrate, 0.2N Na®t

buffer stock solution 400 cm3

Brij 35 solution 40 cm®

distilled water to U4 litres.

The buffer was titrated to pH 3.15 with 6N hydrochloric
acid, before being made up to volume. Octanol was

added as preservative,

(vi) buffer 1, pH 3.25, 0.1M citrate, 02N Na‘t, u% MCS

buffer stock solution 500 om°
methyl cellosolve (MCS} 160 em®
Brij 35 solution 40 cm®

distilled water to 4 litres.

The pH was adjusted as above.

(vii) buffer 2, pH 4.25, 0.1M citrate, 0.2N Na®

buffer stock solution 400 cm3

Brij 35 solution 40 cm3

distilled water to 4 litres.

The pH was adjusted as above,

(viii) buffer 3, pH 7.5, 0.1M citrate, 1.2N Na®¥
3

buffer stock solution 400 cm

sodium chloride 236g
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(viii) contid, v v e
Brij 35 solution 40 cm?
distilled water to u litres.

The pH was adjusted with 2N sodium hydroxide solution.
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ABBREVIATIONS

The following abbreviations are used in the text,
and where appropriate are explained when first

encountered.

CYS cystine; ASP aspartic acid; ASN asparagine;

GLN glutaminej GLU glutamic acidy; SER serine;

THR threoniney; PRO proline; ALA alanine;

DOPA dihydroxyphenylalanine; VAL valines

MET methionine; TYR tyrosine; TRP tryphophan;

ILE isoleucine; LEU leucine; PHE phenylalanine;
GLY glycine; ARG arginine; HIS histidine;

LYS 1lysine; yAB yaminobutyric acid; aAB aamino-
butyric acid; BALA Balanine; OH-PRO hydroxyproline;

GLUC NH glucosamine.

3

TLE/TLC thin layer electrophoresis followed by thin

layer chromatography =- method described in text.
PAW phenol: acetic acid: water, 1:1:1 (w/v/v)
MCS methyl cellosolve

DNS-CL dimethylaminonaphthalene-5-sulphonyl chloride

(dansyl chloride)
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METHODS

1, Growth of plant material
2. Collection of bleeding sap
3. Plant extraction

14
4. [7c] - co,

5, Tesgts for nitrite and nitrate

feeding

6. Removal of amino acids with amberlite resin
7. Dansylation of amino acids and the separation
of the products by polyamide thin layer chromatography
8. Thin layer electrophoresis and chromatography
9. Kjeldahl nitrogen determinétion
10. Autoanalysis of amino acid mixtures

11, Radioactive counting

12. Autoradiography
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1. Growth of plant material

Bean seeds for experiments under glass were
sown directly into pots of untreated garden soil and
watered only with tap water until the onset of
flowering. All plants were grown under lights (mercury
vapour lights in Durham and fluorescent tubes in
Reading) for a 14h day. After the onset of flowering,
plants which were to be grown to maturity in pots were
fed at weekly intervals with the recommended dilution
of Boots red liquid fertiliser.

Plants to be grown outdoors in Reading were sown
outside in March without the use of seed boxes.

Flowers on a single peduncle were labelled when
the first flower opened, and this was called day 1 in
the life of the pod. It took up to five days for a
whole bunch to open, and, as any of the flowers in the
bunch could give rise to the pod at that node, pod
ages were known to within five days. All flowers
on glasshouse-grown plants were pollinated with a paint

brush as they opened.

2. Collection ¢~ bleeding sap

Bleeding was initiated by decapitation of the plant
just below the first node, using a sharp razor blade.
In early experiments the sap was collected as it formed
on the cut surface, using a capillary Pasteur pipette.
Later, the sap was allowed to collect in tubes made
from 'Parafilm' to fit the stump, and sealed to the

stump with white paraffin wax, Bleeding was allowed
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to continue for 1h periods and the sap was then
removed from the tube using a graduated 100ul
Terumo microsyringe. Longer collection periods
were never used, in order to minimise any chance
of abnormal root catabolism contributing to the sap

composition. Sap was stored at =-20° prior to analysis.

3. Plant extraction

The plant tissue was frozen by immersion in
liquid nitrogen and then weighed. After thawing,
leaves and pods were chopped roughly with scissors
and ground with the minimum volume of ice cold 5%
(w/v) trichloroacetic acid (TCA). In preliminary
experiments the grinding was done by hand in a small
glass mortar, but in later work a Gallenkamp glass-in-
glass homogenizer was used. Seeds were always crushed
and ground by hand in the mortar owing to the
difficulty in rinsing the suspension from the grinding
tube., Slurries were rinsed with the minimum volume
of 5% TCA into centrifuge tubes and allowed to stand
at 0°-4° overnight.

Aftter centrifuging for 10 min (full speed, small
MSE centrifuge, C.3000g) the supernatants were decanted
into boiling tubes and the pellets resuspended in
5% TCA (1.5-2.0cm° per g tissue) for 30 min. The
centrifuging and 30 min extraction were repeated three
times, giving five extractions in all. The pooled
supernatants were washed 6 times with an equal volume

of ether, to remove TCA. Yror small volumes this was
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done in the boiling tube, using a pipette to remove

the upper ether layer. For large volumes the washing
was done in separating funnels. Ether was finally
removed by gentle warming in a water bath. The TCA-free
extracts were frozen at -10° for several days and then
evaporated to dryness in vacuo, The samples were stored
dry until required and then taken up in water using

3

1.0cm” for every 0.5g fresh weight of tissue in the

sample, to the nearest O.Scma. This was the TCA SOLUBLE
FRACTION. For autoanalysis, these samples were subjected
to a mild hydrolysis to convert glutamine and asparagine

to glutamic and aspartic acids. lem®

3

of plant extract

was mixed with lcm™ 2N hydrochloric acid in a pyrex tube

which was then sealed under vacuum as described below

for protein hydrolysis. The thawed sample was hydrolysed

at 110° for 3h, and the sample applied to the

autoanalyser column without removal of acid. (Boulter, 1966).
The pellets remaining after TCA extraction were

washed in the centrifuge tube six times with acetone,

three times with chloroform-methanol (2:13; v/v) and

once more with acetone. The almost colourless residues

were allowed to dry for at least a week in the air before

weighing to give the EXTRACTED WEIGHT of the sample,

50~100mg of air dried pellet was accurately weighed into

3 6N hydrochloric acid pipetted on

a pyrex tube and 4.0cm
top. After stretching the tube to a capillary near the

top, the acid was frozen by immersion in liquid nitrogen.
The tube was evacuated, using an NGN rotary piston pump,

to less than C.05 mm Hg (McClecod Guage), and sealed under
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vacuum, After thawing, the mixture was placed in
an air oven at 110° for 24h to hydrolyse the protein.
(Moore and Stein, 1963). Samples were stored, sealed,
at 0°-4° until required for analysis. The hydrochloric
acid was then removed by rotary evaporation to dryness
at uoo, and the dry residue was taken up in water and
made up to 50m3 in a volumetric flask. This was the

TCA INSOLUBLE FRACTION.

4., [t4c] - CO, feeding

The plant or organ to be fed was enclosed in a
polythene bag which was sealed around the stem,
petiole or peduncle by tying with cotton into a
plug of plasticine-vaseline mixture. A measured
volume of [1uC] -sodium carbonate was injected
through the polythena into one of the bag corners.
An equivalent volume of lactic acid solution was
injected on to the carbonate and the hole in the bag
was sealed with masking tape. At the end of the feeding

3,1N) was

period, excess sodium hydroxide solution (lcm
delivered on to the acid to absorb the carbon dioxide
in the bag.

Either 150uCi or 75uCi [1*c] - c0, was fed to
plants and different sizes of bag were used for the
two amounts. These conditions are summarised in
Table 1. The bag volumes are very approximate so
that the calculations serve only as a guide to the

specific activity of [1uC] - CO, in the bags.

2
[14C] - CO, feeding was usually terminated at

3h, or before. By 3h there was considerable
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Table 1.  ['*c] - co, feeding

[**c] - co, batch 1 2
Dimensions of bag (cm) 25 x 38 18 x 23
Bag volume (approx.) (cm3) 1500 350
. 12 . ~

.. [*°c] - €0, in bag (umole) 20 5
1y
[F7C] - Na,CO, added (ul) 75 75
[t*c] e 150 75
1k
[F7c] - €O, released (umole) 2.7 1.3
total 002 (umole) , 23 6
specific activity CO2 7 192
(uCi/umole)

The bags described were thin polythene ones and
were recommended by the Radiochemical Centre, Amersham,

as being suitable for feeding these activities of

[t*c] - co

2\.
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condensation on the inside of the bag and the enclosed

leaf had frequently become flaccid.

Se Tests for nitrite and nitrate

NITRITE

One drop of the test solution was mixed on a spot plate
with a drop each of sulphanilic acid solution and
a-naphthylamine-acetic acid solution. The formation
of a red colour indicates the presence of nitrite
(Feigl, 195u4),

NITRATE

Nitrites were removed from the test solution by mixing
a drop of the solution with a drop of 0.5% (w/v)
aminosulphonic acid solution. ‘A drop of each of
sulphanilic acid solufion and a-naphthylamine-acetic
acid solution was added. On addition of a few mg of
zinc dust, a red colouration indicates the presence

of nitrate (Feigl, 195u4).
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6. Removal of amino acids from solution using
amberlite resin

The method was obtained from a University of
Cambridge, Department of Biochemistry practical
schedule, which was a modification of the method of
Partridge (19u49a).

The test solution was either poured through a
short column of Amberlite 1R 120(H) resin, or . shaken
with the resin in a specimen tube. Washing the resin
with water then gave a solution free of amino acids.
Solutions treated in such a manner were shown to give

a negative reaction with ninhydrin.

7. Dansylation and polyamide thin layer

chromatography

The method is that of Woods and Wang (1967).

The sample was transferred to a 30 x 6mm test tube
and dried in a dessicator in vacuo (<0.5mm Hg) in the
presence of sodium hydroxide pellets and Analar
concentrated sulphuric acid (about 10 min). 10ul
of a 0.1M solution of sodium bicarbonate was added
to each tube and this dried as before., DNS~-Cl
(2.5 mg/cm8 in acetone) was premixed with an equal
volume of deionized water, and 10ul of this reagent
added to the sample, The tube was sealed with
parafilm and placed in an oven at 37° for 1h. The
mixture was again dried in vacuo before being taken

up in 10ul 95% (v/v) ethanol.
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5ul sample was spotted on each side of a
polyamide sheet with a lul microcapillary, the origin
being placed under a hairdryef (hot). The tube was
washed with 10ul 1M ammonium hydroxide sclution and
the washings were spotted on the same sheet as before.
1ul of a standard solution of DNS- amino acids was
applied to one side of the sheet, A number of sheets
were placed on a rack consisting of two end sheets of
stainless steel 17 x 17cm with a 7cm long stainless
steel rod at each corner. The sheets were kept apart
by spacers on the rods, and one end sheet fastened
on to the frame with nuts on the rods. The sheets

were subjected to chromatography.

i1st dimension: 35 min
2nd dimension: 40 min
3rd dimension: 40 min.

The third dimension was run in the same direction
as the second dimension, to resolve the hydrophilics,
after examination of the first two dimensions. The
sheets were dried for 30 min in a hot air stream
between each dimension., The dry sheets were viewed
under U,V, light and the fluorescent spots identified
relative to the standards. A typical separation is

illustrated in Results, Fig. 3-1.

8. Thin layer electrophoresis and chromatography

The method is that of Bieleski and Turner (1966),
slightly modified for use with the Shandon cooled plate

electrophoresis tank.,
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Thin layer plates, 20 x 20ecm, were spread, using
a Shandon hand spreader, with a 250 my layer of mixed
cellulose and silica gel. 12.5g Macherey and Nagel
MN 300 cellulose, 5.0g Merck silica gel H and 100cm®
water were homogenised together for 30 sec, allowed to
stand for 30 sec, homogenised again for 30 sec, allowed
to stand for a further 60 sec, and then spread. The
plates were allowed to set before being moved and then
were completely dried at 35° overnight. EXtraet,
10-100ul, was applied near one corner of the layer as
a band about 2.5cm long, and dried with a hairdryer.
A spot of thionin marker solution was dried on the
opposite end of the same origin. The plate is
illustrated in Fig. 1. The plate was sprayed with
formic~acetic buffer, pH 2.0, taking care not to
saturate the origin, and any excess buffer was removed
by blotting with paper towelling.

Wicks were prepared by soaking in buffer a 20cm
long strip of dialysis tubing, previously slit along
one edge, and folding this tubing over the folded edge
of a prebuffered, doubled, 20 x 1lOcm strip of Whatman 3MM
chromatography paper. The uncovered edge of the
combined wick was dipped into the buffer in the
electrode vessel of the electrophoresis tank, and the
wick was folded on to the edge of the wet thin layer
plate. The dialysis tubing was pressed firmly against
the layer and a\20 x lem glass strip placed on top.
The two glass strips then supported another 20 x 20cm

glass plate (which acted as a weight to hold the wicks
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Fig.'l. Thin layer plate for 2-dimensional separation

of amino acids.
The method is described in the text.
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against the layer and also prevented evaporation from
the surface of the layer. Running tap water was used
for cooling. 1000V (10-20mA) was applied until the
thionin marker had migrated 4.5cm (25-35 min). The plate
was then removed from the tank and blown dry in the hot
air stream from an industrial drier adapted for plate
drying by the attachment to the nozzle of a closed
cylinder of steel with a 20cm x 2mm slit on one side.
Prior to chromatography the electrophoretically
produced bands were reduced to spots on the 2.5cm
origin by dipping the plate into a tank of distilled
water to within lcm of the ends of the bands. The
ascending water front was allowed to rise to the 2.5cm
origin, when the plate was removed from the tank,
blotted, and blown dry in the direction of the subsequent
chromatography. For the chromatographic separation in
the second dimension, the plate was chromatographed
twice, first in methylethylketone-pyridine-water-
acetic acid (70:15:15:2, by vol.) for 1.5h to separate
threonine and glutamic acid and to remove interfering
substances, and then in n-propanol-water-n-propylacetate-
acetic acid-pyridine (120:60:20:u4:1, by vol.) for uh
for the major separation. The plates were dried after
each chromatography in the air draught in the fume
cupboard. The plates were sprayed with ninhydrin reagent
to detect amino acids or with aniline diphenylamine,
aniline hydrogen phthalate or phloroglucinol reagents
for sugars. |

Sugars moved in chromatography only and were spread
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out along the electrophoresis origin - the sugar

and organic acid region of the chromatogram. Sugar
mobilities, expressed as Rf relative to alanine, are
listed in Table 2. Distances moved by amino acids were
measured in both dimensions from the origin to the
leading edge of the spot. Mobilities relative to
alanine are listed in Table 3. An attempt was made to
quantify the variation in amino acid mobilities with |
amino acid concentration, using standard mixtures of
amino acids at each of three concentrations. The
results, presented in Table 4, indicate very small
variation in mobility. Variations in mobility for plant

extract analyses were much larger.

Detection of sugars and amino acids on thin layers

Amino acids were detected by spraying with ninhydrin
reagent, After spraying, the plate was blown dry in the
air draught of a fume cupboard and then stored overnight
in the dark., After a preliminary inspection to locate
proline (which becomes dull brown on heating) the plate
was heated to 80° for 15-20 min. This treatment
revealed f-alanine and y-aminobutyric acid which did
not react with the reagent in the cold, unless present
in high concentration.

Sugars were detected with one of three reagents:
(i) aniline hydrogen phthalate: the plate was sprayed
with the reagent and then heated at 100° for 5 min.
Sugars reacted to give brown spots.

(ii) phloroglucinol: the plate was sprayed/with freshly

mixed reagent and then heated to 105-110° for a few
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minutes. Ketopentoses yield strong green colours and
other ketoses yield pale yellow-browns with an intense
green or yellow fluorescence in U,V. light.

(iii) aniline diphenylamine: the plate was sprayed
with freshly mixed reagent and heated to 90-100°

for a few minutes., Sugars react to yield green,

blue, brown or pink colours which aid identification.

Table 2. Sugar distances on thin layers

Distance(cm) Aniline diphenyalmine colour

rhamnose 13.6 yellow-grey
glucose 9.6 blue=-grey
galactose | 9.1 blue-grey
sucrose 8.6 pink~brown
fructose 10.3 pink
raffinose 5.7 purple -
glucuronic acid 5.8 brown

2ug samples of each sugar were subjected to
chromatography as in the TLE/TLC method. Distances
were measured from the origin to the leading edge of

the spot. Alanine distance was 7.7cm.




Table 3. Amino acid mobilities on thin layers

Chromatography Electrophoresis

cYs 0.34 *+ 0,01 0.67 + 0,01
ASP 0.63 * 0,01 0.66 + 0.01
ASN 0.63 % 0.01 0.76 & 0.01
GLN 0.76 * 0.01 0.72 + 0.01
GLU 0.86 + 0,01 0.70 + 0.01 |
SER 0.82 * 0.01 0.85 + 0,01
THR 0.97 t 0,00 0.76 + 0.01
PRO 1.02 + 0.00 0.65 % 0,01
DOPA 1.07 + 0.01 0.51 % 0.02
ALA 1.00 1.00
VAL 1.29 £ 0,00 0.81 * 0.01 |
MET 1.34% £ 0.01 0,71 * 0.01
TYR 1.29 + 0.01 0.60 # 0.01'd
PHE 1.46 £ 0.02 0.62 + 0.04
TRP 1.39 % 0.02 0.55 ¢+ 0.01
ILE 1.45 ¢ 0,01 | O0.74 % 0.02
LEU 1.51 ¢ 0,01 0.72 + 0.02
GLY 0.79 % 0.00 0.15 + 0.01
LYS 0.42 * 0.03 1.34 ¢ 0.03
HIS 0.45 + 0.02 0.18 + 0,02
ARG 0.59 * 0.02 1.21 + 0.04
YAB 1.06 * 0.01 1.30 + 0.02
aAB 1.15 0.88
BALA 0.90 * 0,00 1.39 + 0.03
OH-PRO | 0.92 £ 0,01 | 0.58 % 0.01
GLUC NH, 0.83 % 0.02 E 0.93

Mobilities were determined using the distances from

the origins to the leading edges of the amino acid
spots. Mobilities given are means of up to ten samples.
Spots were identified by running amino acid samples in
small groups with alanine until all the spots in the
standard mixture were known. A typical separation is
illustrated in Results, Fig. 2-1.




Table 4a. Amino acid mobilities in TLE/TLC
Chromatography
lug LS bug
cYs 0.34(0.010) | 0,32(0,018) | 0,37(0.010)
ASP 0.64(0.010) | 0,60(0,028) | 0.64(0,000)
ASN 0.60(0.010) | 0.62(0.038) | 0.61(0.017)
_GLN 0.73(0,010) | 0,73(0,023) | 0.73(0.010)
GLU 0.85(0,014) | 0.84(0.029) | 0,86(0.01%)
SER 0.83(0.010) ' 0.82(0.009) | 0.83(0.010)
_ THR 0.96(0.049) = 0.98(0.010) | 0,97(0.010)
___PRO_ | 1.02(0.01%) | 1,02(0.010) | 1.02(0,014)
DOPA | 1.04(0,010) & 1,07(0.023) | 1. 05(0,000)
aLA | 1.00 | 1io0 7T T1i00 T
VAL | 1.33(0.024) | 1,33(0.012) ; 1.32(0.014) |
T TMET 1.37(0.028) | 1.38(0.024) | 1.34(0.022)
""" TYR | 1.34(0.022) = 1.34(0.020) | 1.31(0.022)
TRP | 1.41(0.032) | 1.,42(0.030) | 1.39(0.022)
CILE | 1.u8(0.032) & 1.47(0.023) ; 1.45(0.02%)
LEU 1.48(0.028) . 1.51(0.024) | 1.45(0.020)
PHE 1.52(0.032) | 1,47(0.040) | 1,48(0.026)
_GLY ' 0.77(0.000) | 0.77(0.013) | 0.78(0.010)
ARG  0.44(0.024) | 0,59(0.023) | 0.49(0.024)
HIS | 0.38(0.010) 0.52 0.53(0.026)
'LYS | 0.56(0.024) | 0.46(0,031) | 0.61(0.030) |
~ YAB 0.88(0.024) = 1,08(0.022) | 1,08(0.017)
BALA | 1.09(0.017) & 0.87(0.022) | 0.89(0.014)

Mean mobilities relative to alanine are given with

the standard deviations in brackets.

6 plates at

each concentration were subjected to TLE/TLC.
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Table 4b. Amino acid mobilitjies in TLE/TLC
Electrophoresis
lug _.._.3ug bug
cYSs 0.63(0.,010) | 0.65(0.031) | 0.63(0,000)
ASP 0.63(0.010) | 0.63(0,050) | 0.61(0.010)
ASN 0.70(0.010) | 0.73(0,015) | 0.70(0.000)
GLN 0.67(0,014) | 0.69(0.026) | 0.66(0.014)
GLU 0.71(0.010) | 0.72(0,018) | 0.71(0,000)
SER 0.83(0.014) | 0.84(0,013) | 0.83(0.000)
" THR 0.76(0.010) | 0.77(0.023) | 0.76(0.000)
PRO 0.66(0.014) | 0.67(0.038) | 0.66(0.000)
DOPA 0.51(0.014) | 0.51(0.050) | 0.52(0,000)
ALA 1,00 1.00 1.00
VAL 0.81(0.010) | 0.82(0.020) | 0.83(0.000)
MET 0.72(0.020) | 0.71(0.027) | 0.71(0.000)
" TYR 0.62(0.020) | 0.62(0.032) | 0.63(0.000)
TRP 0.50(0.026) | 0.51(0.041) | 0.53(0.000) :
TLE 0.63(0.022) | 0.79(0.021) | 0.64(0.000)
LEU 0.78(0.014) | 0,77(0.021) | 0.80(0.000)
PHE 0.76(0.020) | 0.63(0.032) | 0,77(0.000)
GLY 1.14¢0.017) | 1.12(0.016) | 1.13(0.000)
ARG 1.35(0.049) | 1.28(0.076) | 1.41(0.028)
HIS 1.27(0.035) | 1.27 | 1.34(0.010)
~ LYS  1,30(0.036) | 1.40(0.058) | 1.31(0,022)
 YAB 1.37(0.057) | 1.42(0.061) | 1,38(0.036)
BALA  1.36(0.054) | 1,44(0.079) ' 1.40(0.041)

Mean mobilities relative to alanine are given with

the standard deviation in brackets.

8 plates at

each concentration were subjected to TLE/TLC.
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9 Kjeldahl nitrogen determination

The method used was that of Thuvman and Boulter
(1966). About 30mg of the air dried insoluble plant
fraction was weighed accurately into a pyrex tube
(50 x 16mm). 1O0Omg mercuric oxide and 0.75g of potassium
sulphate were added, followed by 0.5cm3 36N sulphuric
acid. The cake of potassium sulphate was dissolved
by gentle heating and the test tube was placed in a
hole (17mm diameter) in a cylindrical aluminium block
(13cm diameter x 7cm) and heated by means of gas to
387°, After charring was complete the mixture was
heated for a further 30 min when the test tube was
removed from the block and allowed to ccol for 3 min,

3cm3

water was added dropwise and the precipitate
dissolved by gentle heating. The solution was then
quantitatively transferred to a 10cm® volumetric
flask. A reagent blank was subjected to the same
digestion procedure.

Ammonia was determined using Conway units which
had been cleaned as described by Conway (1957). 1em3
of boric acid-mixed indicator reagent was pipetted

3 of the

into the centre well of the unit and lcm
digest solution into the outside compartment. The 1id
of the unit was smeared with water-soluble fixative
(Conway, 1957) and then placed over the unit leaving

a small gap. lcm3 potassium hydroxide-sodium
thiosulphate reagent was pipetted into the outer

compartment, the lid was moved to cover the unit, and

the solutions were mixed by gentle tilting. After
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16-17h on the bench, the boric acid in the centre
well was titrated against standard 0.02N sulphuric
acid, using a Conway burette and stirring with a
fine glass rod., The first permanent pink colour
of the indicator was taken as the end point.

0.02N sulphuric acid was prepared from analar
concentrated acid and standardised against standard
sodium carbonate solution using thymol blue- cresol

red mixed indicator. (Vogel, 1962).

10, Autoanalysis of amino acids

Autoanalysis of amino acids in plant extracts
was carried out using a new Technicon short column
autoanalyser. Hydrolysed samples, of both soluble
and insoluble fractions, were separated into their
constituent amino acids in 3h runs.

The sample (10-400ul containing 0.2 - 5.0 umoles
total amino acids) was loaded manually on the top of
a 30cm column of C3 resin. The resin, packed in a
35 x 0.6cm glass column, was maintained at 60° with
a Haake bath connected to the column water jacket.
Buffers were intrnduced stepwise via a Technicon
automatic column shutdown programmer and were pumped
with a Technicon positive displacement pump at a flow
rate of 0.56 cm° min~%. This caused a back pressure
of 300-400 p.s.i. The column effluent was introduced,
via an Al0 fitting, directly into a stream of hydrazine
sulphate reagent, segmented with bubbles of nitrogen.

The analytic system consisted of a Technicon
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autoanalyser proportioning pump 1II; carteidge
(comprising three six turn mixing coils (170-0103),
two nitrogen bubblers (177-BOO4-01 and 177-B0O04-02)
and a cell counter wash valve); a 95° fixed temperature
heating bath fitted with 12m x 2.4mm coils whose arms
were reduced to l.6mmj; an RSS colorimeter recording
at 570 and at 440mp; and a standard two pen recorder.
The cell counter wash valve was used manually to
select either the segemented hydrazine and external
standard stream or the segmented hydrazine and column
effluent stream, All these items are described in
the Technicon parts list, The flow diagram is
illustrated in Fig. 2. 1l.6mm internal diameter glass
was used wherever possible for connections, and
otherwise 0,030 tygon.

The buffers, whose composition has already been

described, were run as follows:

PH 3.25 40 min
4,25 35 min

7.50 75 min

The pH of buffers 1 and 2 was critical to 3 decimal
places, very slight changes having a marked effect

on the elution pattern, The pH's given were chosen
for optimum separation of serine and threonine, and

of gystine and valine. If the time of buffer 1 is
increased by 5-10 min cystine is eluted as a broad,
flat peak, well separated from both alanine and valine,

This method was not used in the present work as cystine

was present in very small quantities in most samples
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and so could be more accurately determined as a
short sharp peak on the front of buffer 2. The piH
of buffer 3 was not critical and could be varied
between pH 6.5 and 8.0 without markedly affecting
the elution pattern.

The column was regenerated with 0.,2N sodium
hydroxide for 5 min and equilibrated with pH 3.15
buffer for 15 min. Cleaning fhe analytical system
is described in the standard Technicon procedure
(Instruction Manual, AAA-1, 1967).

Charts were integrated by hand by measuring peak
height, and peak width at half height, to the nearest
O.5mm. The product of these measurements was used as
peak area. Colour factors for each amino acid were
determined using standard mixtures. An internal
standard of known concentration was included in all runs.
For protein hydrolysates norleucine was used, but for
soluble amino acid extracts this was not possible as
dihydroxyphenylalanine runs on top of norleucine,

In these runs taurine was used as internal standard.
A standard analysis chart is included in the back cover
of the-thesis.

For the deterumination of specific aétivities of
amino acids, the column effluent was split at the
bottom of the column. One portion of the stream

8 min™1) was directed into the analytical

3

(0.36 cm

system as usual. The other portion (0.20 cm min-l)
3

was segmented with nitrogen (0.03 cm min-l) and

drawn off through the proportioning pump to a fraction
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effluent is injected into the modified analytical system,
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collector, where 1 min fractions for counting were
collected directly on planchets, For counting low
specific activities, maximum column loadings were

used (up to 0.25umole of each amino acid). This
involved reduction of colorimeter sensitivity (to about
0.5) and alteration of the proportioning pump manifold.

The new manifold is illustrated in Fig. 3.

11. Radioactive counting

Planchets were prepared for counting by a
modification of the method of Newton (1957).

A disc of lens tissue, cut to fit the 2lmm
diameter aluminium planchet, was placed on the planchet
together with one drop of each of 0.2% (w/v)
cetyltrimethyl-ammonium bromide, and 1% (w/v)
polyvinyl alcohol. O.20cm3 sample was pipetted on

8 capillary pipette, and the

top using a 0.20cm
preparation was dried under an infra red lamp.

Dry planchets were counted with a thin end
window Geiger-MUller tube in a lead castle connected
to an IDL (Isotopes Developments Ltd., Berkshire)
scalar 1700. Samples were prepared in duplicate and
each planchet was counted twice. The mean of the
four reéults thus obtained was used in all further
calculations. All samples were counted at least to
the first of 1000 counts or 1000 sec, and no samples
were counted for less than 60 sec. Background was

counted for 30 min, Using this method, the standard

deviation on the count for a sample was always less
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than 4%. Errors are discussed later,

For the determination of specific activity of
samples subjected to autoanalysis, fractions of column
effluent (O.2cm3) were collected directly on to
planchets prepared as described previously. After
drying, these samples were counted for 10 or 20 min
on a Tracerlab spectro/matic gas flow counter. These
samples were not duplicated and background was
determined from the 'baseline' of the series of counts.

Counter characteristics are described in

Preliminary Results.

12, Autoradiography

Autoradiographs were prepared of samﬁies separated
into components by TLE/TLC on thin layer plates, using
Ilford Red Seal X-ray film. The film, 16.5 x ZI.Ggm,
was fixed to the plate using wooden spring clothes pegs,
and the plate was then wrapped in a brown envelope
and two black polythene bags with the open ends
alternating. The whole was stored in the dark for
10, 20 or 30 days for radicactivities of lOOO-éOOO,
100-1000, or 50-1CQ cpm per plate, respectively. (IDL
gscalar 1700). The film was developed for 5 min in
Phen~-X X-ray developer (Ilford) and fixed in Ilfofix,
The film was washed in running water for 2-12h, and
when dry, matched against the sprayed thin layer plate.
Plates and autoradiographs were recorded by tracing

on to thin paper{
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DERIVATION OF METHODS

Collection of bleeding sap
Preparation of plant extracts
A marker for thin layer electrophoresis

The Technicon Autocanalyser
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1. Collection of bleeding sap

Collection of sap from plant stumps is described
by Wieringa and Bakhuis (1957), Bollard (1960) and
Pate (1962). The rubber tubing described by these
authors for the collection of sap from decapitated
pea plants was found to damage bean stem tissue to
the extent that no bleeding occurred. The 'parafilm'
tube used in the present experiments was sealed by
hand and eased over the stump, which had previously
been smeared with white paraffin wax, The 'parafilm'
and white paraffin wax were tested for amino acid
elution from or contribution to the sap as follows:

3 of each of two standard mixtures of amino

O.5cm
acids containing 1.0 and O,lumole per cm3 of each
amino acid was placed in a parafilm tube sealed on
to the end of a glass rod with white paraffin wax.
After lh the samples and the obiginal solutions, were
dried down and analysed by dansylation and polyamide
thin layer chfomatography. No differences between
the tested samples and the controls were observed.
Since the parafilm and white paraffin wax contributed
no detectable amino acids to the standard mixture,

it was assumed that they would contribute nothing

to the sap.

2. Preparation of plant extracts

The extraction method is based on that of

Bagdasarian et al (1964), modified for use in
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centrifuge tubes rather than sintered glass filters,
An extraction in centrifuge tubes for microcorganisms
is described by Newton (1957).

a. Selection of method. Two extraction methods

were compared:

(i) 0.531g (fresh weight) of leaf was cut with
scissors into a glass mortar and ground with 20m3
5% TCA, transferred to a centrifuge tube and placed

in ice for 1lh. After centrifuging for 10 min (~ 3000g),
the supernatant (extract 1) was decanted and the

pellet resuspended in 2cm3 5% TCA for 30 min - extract 2.
The extraction was repeated twice. 60ul of each

extract was spotted on to 3MM chromatography paper,
dried, and dipped in ninhydrin reagent. The paper

was heated, using a hairdryer, for 20 nin to develop

the ninhydrin colour. Spot 3 was very faint; 4 was
colourless. The pooled extracts were <ether washed,
evaporated to dryness and taken up in lem water.

50ul lots of this solution were subjected to TLE/TLC

in triplicate.

(ii) 0.528g (fresh weight) of leaf was ground with

0.5-1.0cm°

10% cold TCA and a little sand, filtered

by suction through a sintered glass filter of porosity
2 and the filtrate collected (extract 1). The pellet
was returned to the mortar and reground with O.S-l.Ocm3
5% TCA, four times., 30ul of each filtrate was spotted
on paper and stained with ninhydrin as before.

Spot 5 was colourless. The extracts were pooled,

concentrated and subjected to TLE/TLC as before,
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All six thin layer plates revealed that the
extracts contained the same amino acids in closely
comparable concentrations; In fact, the concentration
differences between replicates of the one sample were
at least as great as those between samples. The two
methods were assumed to have comparable extraction
power,

With further use, method (ii) proved to be
impracticable because sintered glass filters blocked
faster than they could be cleaned,

b. The time for the first extraction in method (1)

was varied as follows:

Twelve similar leaf samples weighing 0.4-0.7g
were picked from node 6 of glasshouse-grown plants
and extracted according to method (i). The time of the
first extraction was varied, with 6 samples having a 1h
extraction and 2 samples having each of 2h, 6h and 24h
extractions. TLE/TLC, as before, revealed only minor
differences between the extracts with as much
variability between the six lh extractions as between
those extracted for different times.

Time of first extraction was, then, assumed to
be unimportant, within these limits, and
reproducibility was shown to be adequate f&r at least
guelitative comparison of extracts on piates.

c. The number of extractions necessary was determined

as follows:
Seven leaf samples weighing 0,4-~0.8g were extracted

as in method (i), using seven extracts of each,
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30ul of each extract was spotted, on to a thin layer
plate, and, after spraying with ninhydrin, cclour was
allowed to develop overnight in the dark. Heating

to 80° for a few minutes then produced the results
listed in Table 5. In only one case did the fifth
extract produce a coloured spot, and the sixth and
seventh extracts contained no detectable amino acids.

Five extractions were routinely used.
Extraction volumes were 1.5—2.Ocm3 per g fresh weight

of tissue,

Table 5. Ninhydrin colour for repeated extractions

Sample Extracts
Fresh wt.(g) 12 3% 5 8 7
| | i ]
0.57 f 10+ | 4+ + £ - . é _ !
w_Ma:gém_,,_Ydm““Iblmmmu:mmﬂmlw-M”;w_ﬂw:”mm o
0.52 i l~0-+ Y+ + £l - - 1 _
{ 0.49 | 10+ Y |+ fF . :> _
0.3 10+ fw;: sl - | I
a 0.54 ; 10+ ? b+ |+ £ S — |
072 g 10+ % L+ z + + £ ] -'W“W””f

f = faint, -~ = absent, + = uxf

d. Breakdown of amino acids and amides by 5% TCA

was investigated as follows:

lcm3 aliquots of solutions of alanine, asparagine

and glutamine (O.lmg/cmg) were each mixed with lcm3
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10% (w/v) TCA and the mixtures allouwed to stand
overnight at 0-1°, The TCA was removed by ether
washing and the solutions freeze~dried. The residues
were taken up in Zcm3 water and their concentrations
compared with those of the original solutions by
aspiration through the external standard line of the
Technicon autoanalyser. Calibration curves produced
by dilution of the untreated solutions are shown in
Fig. u. The concentrations of test solutions are
compared with their theoretical values in Table 6.
Reductions in concentration occurred in all of the
tested solutions. These reductions were 10% for
asparagine, 12% for alanine and 1u4% for glutamine.

Table 6. TCA breakdown of amino eompounds

Optical Density (autocanalyser)

Concentration Decrease

1 2 3 'MEAN (mg/cm®) 5
ASN  u43.4 43,4 un.g 43.9  0.045 10
ALA  61.5  64.5  57.6 61.2  0.0uY 12
GLN  46.7  48.8 54,5 50.0  G.O0u3 14

Solutions cf asparagine, alanine and glutamine were treated

with 5% TCA, ether washed and then freeze-dried,

The dry

residues were taken up in water such that the final

concentrations would be 0.05 mg/cm3

if no loss had occurred.

The concentrations were determined from the calibration

curves in Fig. u.




ALA
80}
GLN
ASN
& 60f
)
Z
wl
o
-4
<
et
- L
a 40
O
20 ) L 1 4
o Oo0Ss o140
- CONCENTRATION (mg/cm®
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The standard solutions were aspirated through the external
standard line of the autocanalyser, and the chart readings
(optical density) plotted against concentration. The lack
of linearity is due to saturation of the ninhydrin colour

and is not a characteristic of the instrument.
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e. Peliet extraction with phenol-acetic acid-water

Bagdasarian et al (1964) extracted the nitrogenous
components from their dry leaf pellets with phenol-
acetic acid-water, (PAW) 1: 1: 1 (w/v/v). This method
was compared with simple hydrolysis of the pellet.

(i) Number of extractions necessary.

Insoluble fractions (pellets) were prepared from
four leaf samples of fresh weight 0.4~0.6g. The pellets
were suspended in lem® PAW and left at 0° overnight.
After centrifuging (10 min, full speed small MSE,
~ 3000g) the pellets were resuspended in PAW for 30 min.
Six extracts of each pellet were collected. The extracts
were evaporated to dryness in a rotary evaporator at

o]

40”7, and phenol was removed by repeated addition of

water followed by evaporation to dryness. The

3 &N

evaporation flasks were rinsed twice with 0.5cm
hydrochloric acid, and the rinsings were transferred
to a pyrex tube for hydrolysis in the normal way.

10yl of the hydrolysed extracts was spotted on to a

thin layer plate, sprayéé with ninhydrin and Jleft
overnight before heating at 100° for 20 min. Colour
development is recorded in Table 7. In no sample did
the sixth extract give a positive ninhydrin reaction.
These results show considerable between sample
variation. In order to avoid this, in further work
the PAW extracts were pooled in a pyrex tube, rotary
evaporated directly from this tube, hydrolysed in the
tube, and then the acid removed by rotary evaporation

from the tube. This improved reproducibility.
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Table 7. Ninhydrin reaction with PAW cxtracts

Fresh weight Extracts
of sample(g) 1 2 3 L 5 6
t ‘ ;
0.45 | 4+ | U+ + £ £ -
0.51 6+ 2+ + + f -
% 0.50 2+ 2+ |+ f - -

ninhydrin colour: f = faint, + = 4xf, - = absent.
Extracts 1-6 were successive PAW extracts of

dried leaf pellets., The phenol was removed and the
pellets hydrolysed before spotting and staining

with ninhydrin,

(ii) Comparison of PAW extraction with simple
pellet hydrolysis,

A pellet prepared from mature seeds was ground
in a mortar until homogeneous and four 10Omg samples
were accurately weighed., Samples 1 and 2 were weighed
directly into pyréx tubes for hydrolysis. Samples 3
and 4 were weighed into centrifuge tubes and extracted
five times with PAW. The extracts were hydrolysed
as described above, Samples 1 and 3 were hydrolysed
for 24h; 2 and 4 were hydrolysed for 72h. The
hydrolysates were analysed by autoanalyser and the
results are listed in Table 8. All four samples
were closely comparable, although there wvere greater
differences between the 24h and 72h hydrolyses for

samples 1 and 2 than for 3 and 4. It 1s to be expected




57

Table 8. Amino acids in seed protein extracted by

two methods

1 2 3 4
ASP T 0.110 | 0.129 | 0.003 | 0.108 |
 THR 0.038 | 0.048 | 0.037 | 0.042
SER | 0.055 | 0.045 0.058 | 0.057 |
GLU % 0.160 | 0.188 | 0.162 | 0.156
PRO " 0.052 | 0.052 ' o.0u2 | 0.045
GLY 0.081 | 0.080 | 0.071 | 0.079
| ALA | 0.057 | 0.067 | 0.059 | 0.069
cYSs " 0.019 . 0.019 | 0.020 | 0.020
VAL  0.052 | 0.067 | 0.048 | 0.057
MET | 0.002 | 0.012 | 0.005 0.005
CILE 0.040 | 0.055 | 0.037  0.048
LEU . 0.07% | 0.090 | 0.071 | 0.074 a
TYR i 0.026 | 0.033 | 0.020 | 0,020
CPHE | 0.081 | 0.083 | 0.029 | 0,030 |
HIS | 0.026 | 0.026 | 0.020 | 0.025
T Lvs | 0.067 | 0.083 | 0.048 | 0.059
| ARG 0.040 | 0.076 | 0.089 | 0.05u
| i
Newg> | 16.3 | 16.8 % 14.8 14,2
ﬁ%gé?ahl': 171 17 i 17.7 | 17.7

Amino acid gquantities are expressed in umoles per mg
insoluble seed fraction. The four treatments were as

follows:




dry pellet

L}

1. 24h hydroivsis o
2. 72h hydrolysis of dry pellet
3. 24L hydrolysis of PAW extract of dry pellet

4. 72h hydrolysis of PAW extract of dry pellet

Amino-N was determined by summing the amine dcide.’
Kjeldahl=-N was determined for 1 and 2 directly on the

pellet, and for 3 and 4 on the PAW extract of the pellet.
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that more amino acid breakdown will occur in hydrolysis
of a crude sample,

The weight of nitrogen per mg sample was calculated
from the amino acid analysis and from a Kjeldahl
digestion of similar extracts., These figures are
included in Table 8. Since ammonia was not estimated
in the autoanalysis, these figures must be low by an
amount representing amide nitrogen. There is much better
agreement between the nitrogen determinations for samples
1l and 2 than for 3 and &,

Simple hydrolysis of pellets was used in all

later experiments.

3. A marker for thin layer electrophoresis

A number of dyes thought to carry a positive charge
at pH 2 were run in electrophoresis as described in the
TLE/TLC method, Mobilities were recorded and the dry
plate was immersed in distilled water to test the effect
of the elution bath. A fast moving dye which did not
smear when immersed in water was required. The results
are given in Table 9, as distances moved by dye spots
for a lysine distance of 1lu.ucm,

Thionin was selected as an appropriate marker.
Thionin (Ehrlich), Michrome number 215, has a molecular
weight of 264 and is obtained as the chloride, 012H10N3SCI'
An approximately 1%, (w/v), solution in 95% (v/v)

ethanol was pPrepared, and about 5ul used as marker.
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(9>

Table 9. Mobilities of dyes in electrcphoresis

Dye Distance(ecm) Elution bath
toluidine blue 0.7 no change
methyl violet 1.3 no change
malachite green 1.4 smear
thionin 3.2, 1.7 no change
iodine green -3.0 no change
methylene blue 0.9 smear
methyl green 1.2 no change

The dyes were dissolved in appropriate solvents
and subjected to pH 2 electrophoresis for 35 min at
1KV as described in the TLE/TLC method. 1In this time

lysine moved 1u.ucm,

4, The Technicon Autoanalyser

The autoanalyser used in this work was developed during
three months work in the Chertsey Laboratories of
Technicon Instrument Company Limited. The column, resin,
analytical system and buffer concentrations of the
first two buffers had already been established by
Mr. R, Jay of Technicon. Under his guidance I
established the concentration of Buffer 3 and also
developed the modified system for use with the fraction
collector.

The pH and sodium concentration of buffer 3 were
varied in order to minimise the time taken to elute

the basic amino acids from the column. The
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combinations used are listed in Tapie 10. Increasing
the pH of the low molarity buifer had no effect on
elution time, in the pH range 6.0-8.0, fihen the
sodium concentration of the buffer was increased to
1.2M and the pH was above 6.1 (6.5 or over) the basic
amino acids were eluted in 60 min, For the high
molarity buffer, changing the pH between 6.5 and 8.0
had no effect on elution time.

The buffer finally chosen was pH 7.5, 1.2M Na+,
and using this it was shown that the usual order of
lysine and histidine was reversed. Basics were then

eluted in the order histidine, lysine, ammonia, arginine.

Table 10. Effect of pH and sodium concentration on
elution time of basic amino acids.

Buffer pH Na* molarity Time for elution of basic
amino acids (min)

6.0 0.37 180
6.5 0.37 140
7.5 0.37 140
8.0 0.37 140
8.0 0.80 140
8.0 1.20 60
6.1 1.20 100
6.5 1.20 60
7.0 1.20 60
7.5 1.20 60

The buffers were prepared as described in 'Solutions'.
pH was varied by titration with 2N sodium hydroxide,
Nat molarity was varied by using different amounts of
sodium chloride. Elution times are for the 30cm column

of the Technicon Autoanalyser.
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PRELIMINARY RESULTS

Automatic amino acid analysis
(i) Integration of analyser charts

(ii) Reproducibility of analysis

Kjeldahl nitrogen determination
(i) Reproducibility of titration
(ii) Reproducibility of digestion

(iii) Variability of sampling

Plant extraction procedure - soluble fraction

(i) Reproducibility

Protein hydrolysis
(i) Reproducibility

(ii) Effect of hydrolysis time

Radioactivity measurement

(i) Scalar 1700, Isotope Developments Ltd.
(ii) Summary of errors for Scalar 1700

(iii) Tracerlab spectro/matic Gas Flow Counter
(iv) Summary of errors for Gas Flow Counter

(v) Autoradiography

Calculations and Errors

(i) cpm/mg

(ii) wuCi/mg

(iii) umole/mg
(iv) uCi/umole
(v) plant variability

(vi) curve fitting

(vii) computing.
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1, Automatic amino acid analysis

(i) Integration of analyser charts

The Autoanalyser II system used produced a
continuous (not dotted) plot on linear chart paper.
The peaks had to be integrated by hand and so three
methods of hand integration were compared with
integration by the Technicon Integrator-Calculator.
Six identical samples of an amino acid standard mixture
were analysed and the charts sent to the Botany Department,
Durham, for automatic integration on the Integrator-
Calculator. Using the same baselines, the charts
were integrated three.more times.
(a) Integration by planimeter =~ each measurement was
repeated until the result was reproducible.
(b) Integration by hand - the length in mm of each
of the horizontal chaft lines inside the peak was
measured and the lengths added. .This effectively
divided the peak into rectangles measuring 1.0 x 1.25mm,
the rumber of these rectangles under the peak being
used to represent the area.
(c) The peaks were treated as triangles. The peak
height and peak width at half height were measured
to the nearest 0.5mm. The product of these two numbers
was used to represent peak area,

Colour factors were determined for each amino acid
for each integration method and these were averaged for
the six charts. The mean colour factors and their

standard errors are presented in Table 11,
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For all colour factors except that of cysteine,
the errors were smallest for integration by hand and
largest when peak area was measured by planimeter.
The Integrator-Calculator and height x width methods
produced errors of similar sizes. The planimeter
method was discarded. Integration by hand was too
time consuming for routine use, and so charts were
integrated using peak area = height x width. This
method reduced by at least half, as compared with any
other method, the error on the colour factor of
cysteine. Cysteine is eluted as a very tall spiky

peak which is difficult to integrate by most methods.

(ii) Reproducibility of Autoanalysis

Reproducibility of autoanalysis can be estimated
from the standard errors in Table 1l. Errors vary
from 1,6% of the mean for valine to 5.3% for histidine,
but for most amino acids the standard error on the

colour factor is about 2%.

2. Kjeldahl nitrogen determination

(i) Microdiffusion in Conway units = reproducibility
of titration

Aliquots of standard solutions of ammonium sulphate
were set up in triplicate for microdiffusion in Conway
units. After titration with standard sulphuric acid,
the apparent concentrations of the ammonium sulphate

solutions were calculated, and are listed in Table 12,
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together with their standard errors. The titration
results yielded values for the apparent normalities
of the ammonium sulphate solutions which were very

close to the actual normalities. Standard error of

titration was in all cases less than 1%,

Table 12. Microdiffusion in Conway units of standard
ammonium sulphate solutions

Normality of Mean titge Apparent normality
(NH,),S0, H,S0, (em®) of (NH,),S0,
0.0100 0.477£0.008 0.0100+0.0001
0.0050  0.235%0,002 0.0049+0.0001

0.0025 0.119+0.002 0.0025+0,0001

igms samples of the ammonium sulphate solutions were
left to diffuse in the Conway unit for 17h., Titration
with standard 0.021N sulphuric acid produced the above

results. Means are of six titrations.

(ii) Reproducibility of digestion

The Kjeldahl digestion and titration was performed
on samples of dried milk, which was chosen for the
purpose as it could readily be ground to a fine
homogeneous powder. Sampling error could thus be
minimised.

Six samples of dried milk were accurately weighed

and subjected to microdigestion as described in Methods.
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Microdiffusion and titration of the resulting
solutions revealed that the powder contained
4,5-5,0% nitrogen. These results are presented in
Table 13. The percentages of nitrogen were calculated by

substitution in the eguation

%N = 10 x V-V x NA x 14,01 x 100

2 1
1000 Wg
where V2 is the volume in\cm3 of HQSOu used in titration

of the sample
V, is the H,S0, titre in cm’ for the blank
NA is the normality of the acid

Wg is the weight in gram of the sample.

This relationship can readily be derived from the
method details and the equations for the microdiffusion

and titration.

NHy + HaBOgT——= MH, 2804

The error on the percentage of nitrogen, determined

by this method, is about 1.5% of the mean., This is
smaller than the 2% error on the calculated normality
of ammonium sulphate solutions, for comparable sulphuric
acid titre. It is, then, concluded that the error in
the Kjeldahl determination of nitrogen is of the order

of 2% and is principally due to titration errors.
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Table 13. Percentage nitrogen in replicate samples of
dried milk.

Weight of Mean titrge % Nitfogen Mean
sample(mg) HZSOu(cm ) in sample % Nitrogen

11.7 0.245 + 0.005 b.64

13.0 0.266 £ 0,002 4,73

14,2 0.302 + 0.007 4,91

13.7 0.296 + 0.005 5.00

11.8 0.251 = 0.002 4.87

12.8 0.277 + 0.010 5.01 5.85 + 0.073

'Mac' instant low fat skimmed milk was used in these
digestions. Titration of the digest solutions with
standard 0.0165N sulphuric acid yielded the above
results. Multiplication by the usual factor of 6

% protein (Thurman and Boulter, 1966),

to convert %N to
gives a value only slightly below the 30% protein
claimed for this product by the manufacturer. Mean

titres of sulphuric acid are obtained from four

titrations of the one digest solution,
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(iii) Sampling error for insoluble plant fractions

Six samples of an insoluble seed fraction were
subjected to analysis by Kjeldahl digestion and
determination of ammonia. Percentage nitrogen in each
sample is listed in Table 1li4. The mean percentage
nitrogen in the insoluble seed fraction was 2,84 + 0.18,
The error in the determination was 6%. This is larger
than the titration errors determined for the method,
and the difference must be related to sampling error.

Inscluble plant fractions were not, in general,
homogeneous, but contained particles of two sizes.

Fine particles were mixed with fibrous material, and
the proportions of the two in a sample could possibly
determine its protein content., This would particularly
be so if the fibrous material were partly cellulose and

the fine particles were precipitated cytoplasmic protein,

Table 1u, Percentage nitrogen in an insoluble seed fraction

Weight of Mean titre

sample(mg) HZSOu(cmS) %N Mean % N
31.h 0.361 3.38
31.0 0.272 2.58
31.6 0.233 2.17
33.0 0.362 3.23
30,6 0.278 2.67

34,3 0.351 3.01 2.84 + 0,18




Legend to Table 1u.,.... 70

The samples were all weighed from the one insoluble
seed fraction prepared from a number of mature, but
not stored, seeds., Mean titres of HZSOu are from

three titrations.

3. Plant extraction procedure - reproducibility

Nine similar leaves at nodes 7-9 were harvested
at different times during 12h. Their soluble and
insoluble fractions were prepared and analysed for
amino acid content by autoanalysis, The resﬁlts for
the soluble fraction are presented in Table 15. No
pattern of variation with time of day could be detected,
and so calculation of means and errors could be used to
estimate variability of plant material and of
extraction procedure,

The standard error on the mean amount of amino acid
in the fraction was different for differeﬁt amino acids,
but mostly in the range 15-20%., This is considerably
larger than the error in autoanalysis, and represents
the total variability in leaf material and extraction

procedure for the soluble fraction,

4, Protein hydrolysis

(i) Reproducibility

The insoluble fractions of the leaves described
in part 3 were hydrolysed for 24h and the hydrolysates

analysed by autoanalyser. The results are presented

in Table 16. Almost all the standard errors are in the




- sgopTwe JAToY} SPNTOUT SPTO®R LIWRInTZ pue drjaedse J0J sS3nTeA dYJ *aesAieUROlINE i

UOOTUYDD], @Y} YITM SUdpP SdeM stsATeuwy °S°8pou QZ-ST Yats saueld umous -

58noYsSsSeId Uo § J0 g%, SOPOU Wodj JFBOT OTSUTS B JO FOBIIXD UR JO ST STSsATeur

71

yoe3 *yesT o aydTem peloevdlxe gu gad ssyowrd UT ode s9TITIUEND proR oUTUY
v *pRUTWASISP 20U = *gN

000°0  £00°0 HOO'0O ©OO0'0 €00°C ZJ0®) +H00°0 +H00°0 200°0 €00°0 H00"0 9dv
€00°0 T 6T0°0 HTO0'0 8Z0°0 9T0°0 600°C OE0'0 2€0°0 STO°0 ET0°0 HIO®O SAT
Z00°0 ¥ OTO'0 800°0 §Z0°0 H©00°0 LOu®*) €T0*0 9TO*0 LOO°0 LOO*O 900°0 SIH
£00°0 T 6T0°0 ET0'0 LEQ'O LIC*C 9Z0°0- STO°0 LIO0'0 2T0°0 €TI0°0 T1Z0°0 gavh
200°0 ¥ STO*0 TIO'0 4LZO°0 S{0*0 8G0®H 2Z0°0 6T0°0 600°0 ZTI0*0 800°0 IHd
£00°0 7 020°0 S6T0°0 LEO*O S{0°C §CJ°0 .LIOC 220°0 STO"0 TZ0'O 9Z0°0 WAL
9%0°0 ¥ TLZ*0 6hZ°0 89E°0 T<Z°C £0T*0 SCZ°C O0€S°0 2ZE0°0 £€9€°0 TZZ°0 vdod
#00*0 ¥ ST0°0 H©00°0 HhO°0 800°0 LOO®O. LZ0°*0 6T0°0 LOO'0 800°0 6000 NI
G €00°0 3z 0TO'0 *d°N  #©20‘0 80L*C 9S00°0C 810°0 800°0 'S00°0 S00°0C 900°0 gq
. 700°0 ¥ TZO°0 €T0°0 Lh0°0 STO°0 LTIJ*D 9£0°0 020°0 ZT0'0 HIO'O E€I0*0 ryp
LOO®0 ¥ §h0°0 8€0°0 O00T°0 GEO0°0 O0WO*0. 9€0°0 6E0'0 8z0°0 620°0 Hh0*0 v

¢T0'0 3 830°0 090°0 LST°0 TSO°" SH(*O. 8S0'0 6L0°0 TSO0 €SO0 610°0 o n
€00°0 % 620°0 STO0°0 9h0°0 0€0°0 BEC"0 7€0°0 TZ0'0 TED°0 9Z0°0 T20°0 oya
6T0°0 3 #ZI*0 ETIT*0 §hZ°O 8/0°C OTL*0 . HZI'0 <CZET°0 260°0C 960°0 HZT*0 019
ST0°0 ¥ €L0°0 LS0°0 98T°*0 0S0°0 +#0°0 +60°0 ZLO°O T90°0 9€0°0 9H0*0 YIS
§00°0 F hZ0°0 9TO°0 950°0 LTO'0 LTL'0- *A*N  #Z0°0 *A°N  020°0 6T0°0 HHd
0T0°0 % 760°0 0ZTI°0_ 09T°0 890°0 $80°) 860°0 S80°0  650°0 T80°0 980°0 dsSy

NI 00°9T 0€°ST J0°ST OE*hHT O0*hHT OE°CT 00°2T OE°LL OM.Odw<mz%m .

SUOT3IOeII F29T 2TAr [0S JO STSATRUR -PIOBR OUTUY *GT 91qel




£-

Hn

(o]
& o

o~ 600°0 ¥ T8I0 (BI"0 B8IZ"0 ¢iT*C 09T'0 89T'0 0ZZ*Q OLT'O TLTO  _.o g 3 &

- 210%0 ¥992°0 ThZ'0 (870 SST'C hEZTO 02L'0 #6Z'O SELT0 9§LT0 £ 0
900'0 ¥ TOT*0 ¢TT'0 €€T°C 980°C 960°0 h60'0 €TT'0 6L0°0 960°0 .. mm w
€10°0 F002°0 STZ"0 THZ®H TLI°C TOZ°0 O06T0 g5z°0 T6T°0 6ET°0  gug s 5 3

a4y
S00°0 ¥ SET°0 EEL°0 29T°0 ¢2T°C TIT*0 NZT°0 gSTI*O0 9Z1°0 THI'O  yxg 03 W
9T0°0 % 9TE'0 €OE*C 98E°C. 9HZ'G COE°*0 987°0 99g°0 80€°0 TEE°0 (a1 3 mm 1
120°0 ¥ €T2°0 TIZ°0 7242°C L0T°0 90Z°0 86T°0 04z°0 8TZ°0 *d°N a1 et 2 :
Q @ .
£€00°0 T €hH0°0 €HO'C SSU°*0 °d°N 6£0°0 9€0°0 °*@*N 6E£0°0 ShO0 13N I~ mm R
L10°0 T whZ'0  €€2°0 9LZ%0 ¢6TI°C 8EZ*0 LTIT'0 L8Z°0 292°0 EHI'O0  qya & o mﬂam
£00°0 ¥ 92ZD°0 0Z0°0 €0°N @20°0 TZO'O 000 8T0°0 €HO*O 8Z0°0  gzxp S0 508
8T0°0 ¥ £SE°0 89E8°0 8TH*C T32°0 2ZE'0 E€IE'0 SEH°0 LIEO LHE'O v £ m > 9
P
LTO*0 ¥ SHh*0  Ohh°0 oLC"°°*0 TIA°0 LBE®O IBE*O BTIS°0 hht"0  LI9NW°O AT mv._c WW =
TI0*0 F €wC*0  T92°0 28:°0. ¢IZ°0 T8I0 9S2¢°0 Z§¢°*0 62¢°0 9S¢O 0¥d 0o B:% 8
8T0°0 7 S8E°0  08E°'0 GSZh°*0 OIE*0 CLE*O 6ZE*0 S9h*0 ZBE'O +#Iw°0 N9 5558
» [1) n
€100 7 $92°0 TLZ°O TIE'O STT0 LEZ°O 0£z°0 GSIE*O €S2°0 §82°0 ywis Y 9§ 85
hTO®0 ¥ 0S2°0 SEZ°0 S8Z°0 8TC°0 HEZ"0 00Z°0 0ze°*0 OhZ®0 L92°0  W¥HL m m 5 2 a
6TO°0 F Z9€°0  GLE'O SZwn"O0 £6Z°0 OTE*0 E£TE°0 GE€h*0 LSE*O B68E®O dsv 8RR L ER
f | §89a
. ) - [ Zhane - mu'ts sand <)
AN® A Tr Ao saT s ~
NV 00°9T 03°ST C€J°ST 00°€T 08°zT 00°2T o0e*Tr ogror WE3I0 £ ow oA
dHIL £ U o 0w
[t} -~
1 < bl w
O 8 a >
o o bl A
utsjoad jeoT JO SISATRPUR DPIDE OUT . 9T1qR] 2 E ° m
! . PT Twy 9T OTGRL 2 5 ¢ 4 &




73

region of 5% or 6% of the mean amount of amino acid.
Cysteine and isoleucine are more variable at 10-12%,

These errors are markedly less than those for the
soluble amino acids from the same leaves., It is to be
expected that the leaf protein.will not vary with
environmental conditions as much as will the soluble
leaf amino acids, and this is probably reflected in
the result. Extraction conditions are also more constant
for the insoluble fraction, and this doubtless affects
the variability of analysis.

The 5% or 6% error in the mean amount of amino acid
is very close to the 6% error in mean percentage nitrogen
determined for the Kjeldahl digestion. This indicates
that in both these instances the chief errors may be

sampling errors.

s

(ii) The effect of hydrolysis time

Replicate samples of insoluble leaf fraction were
hydrolysed for each of three hydrolysis times and a mean
amino acid composition calculated from the replicates
at each time. From this data (Table 17), the
decomposition factor for each amino acid was calculated.
Multiplication of the values obtained by the standard
24h hydrolysis by their respective decomposition factors
produces a more accurate estimate of the amino acid
content of the sample. Decomposition factors were

determined as follows:
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Table 17. Amino acids in leaf protein hydrolysed for

different times

21th 72h 144h Dec%apog%tlon
: ct

5,008 | 1,017
0.004 | 1.013
0.002 | 1.015
0.002 | 1.085
0.003 | 1,080
0.007 | 1.000
0.004 | 1,081
0.002 | 1.312
0.002 | 1.154
0,001 | 1,052
0.001 | 1,180
0.010 | 0.124 # 0,008 | 1.108
0.002 | 0.046 * 0,003 | 1.242
0.005 | 0.060 * 0,009 | 1,000
0.004 | 0,023 % 0,002 | 1.071
0.011 | 0,077 * 0,012 | 1.000
0.008 ' 0.065 * 0.007 | 1.128

ASPT 0,172 0,006 | 0,113
THR | 0.070 * 0,003 0.067
" SER | 0.063 * 0.001 | 0,059
GLU | 0.136 * 0.013 1 0,115
PRO | 0.069 * 0.002 | 0,047
GLY | 0.124 * 0.008 | 0.119
“ALA | 0,110 * 0,008 | 0,103
.016 * 0,001 | 0.023

VAL | 0.084 * 0,006 | 0.074
) g + 0,001 | 0,013
" ILE  0.061 * 0.003 | 0.060
LEU | 0.112 * 0.006 | 0,105
TYR | 0.037 * ©.003 1 0.038
" PHE |0.061 * 0,004 | 0,062
8 + 0,001 { 0.021

LYS [ 0.076 * 0.003 | 0.073
5 + 0,004  0.053

i+

0,022 10,117
0.008 | O 066
0.007 | 0.0860
0.015 | 0.127
0.018 | 0.061
0.014 | 0.129
0.011 | 0,121
0.002 | 0.019
0.008 | 0,097
0,003 | 0.014
0.005 | 0.072

i

H+

3
+

+
+

i+
+

i+
M-

H
=+

H
1+

H+
i+

JIS
{

24
i+

H
i+

H
oy

H+
+

1+
+

H
I+

H+
+

+
-+

i :

Amino acid quantities are in umoles/mg. Each figure
is a mean of three replicate samples of leaf insoluble
fraction hydrolysed for the times given. The
calculation of decomposifion factors is described in

the text.
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(a) Tf thes amino acid content of +ithe zample decreased
with increasing hvdrolysis time, smino acid breakdown
was assumed, and extrapolation to zero time was used
to determine the best value for the amino acid.
eg. serine

amount at 24%h 0.063umole

amount at Oh 0.064umole

decomposition factor = 1.015

(b) If the amino acid content of the sample increased
with increasing hydrolysis time, then delayed release
of amino acids from peptides was assumed, and the
1u4h value taken as the best.
2g., valine

amount at 2uh 0.084 mole

amount at 1lhkuh 0.097 mole

decomposition factor = 1.154

Decomposition factors for leaf protein hydrolysate

are given in Table 17,

5. Radiocactivity measurement

(i) IDL Scalar 1700

The characteristics of the counter and the operating
voltage to be used were determined by varying the high
voltage and measuring cpm for a sample planchet. The
threshold voltage and counting plaiceau were located
(Table 18). The threshold woltage was between O.45 and

0O.u48 KV, 0,52KV was chosen as operating voltage, this
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being on the counting plateau and Lless than the

maximum permissable voltage for the Geigei-Muller tube.
Table 18. Characteristics of the IDL Scalar 1700

Voltage(KV) Time(sec) Counts cpm

w—_. o

0.4 600.0 0 0
0.u46 600.0 0 0
0.u8 600.1 7373 737
0.50 610.2 16265 1599
0.52 645.4 16894 1571
0.5 664.8 17968 1622
0.56 600.0 16362 1636
0.58 613.0 16742 1639

Counting errors, pipetting errors and counter
efficiency were determined by counting known amounts
of 1uC sucrose. Replicate planchets at each of four
radioactive concentrations were prepared by dilution
from a new bottle of [luc] - sucrose solﬁtion, Each
planchet was counted six times and the counting error
was determined. The mean cpm for each set of replicate
planchets were averaged, and the error on the new mean
used as an estimate of pipetting error plus counting -
error, (Table 19).

All planchets were counted for 100.0 sec, which

was sufficient to record more than 1500 counts for all

but the 0.001uCi samples. Counting errors ranged from
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Table 19, Counting errors for the scalar 1700

and Geiger-Muller cube

1uc mean
cpm counting mean cpm
(uCiy error

i+

1.0 38375.5 46.1

39376.8 80.9

-+

38324.3 43.3

+

H+

36214.8 28.1

37264.2

+

37.1 4o,u + 7,7 37908.6 + 4u40.9

0.1 | 7389.3

-+

37.7

. 7275.5

+

33.1

i+

7447,5 16.2

7135.5

-+

26.8
7089.5

i+

23.6
7118.0

i+

27.0 27.4 + 3,1 7242,7

I+

1.9

H+

0.01 9uy,8 11.7

983.5

-+

12.8
979.8

i+

16.0
956.0

i+

8.9

=+

i 958.0 13.1

979.8 % 13.6 12,7 £ 1.0 967.0

[

6.6

0,001 :  118,3

14
3=
.

~I

124,7 ¢ 3,3

t L. PSP e SRR

§ . 121.5 % 2.9 4.0 £ 0.7 | 121.5 * 1.5

All samples were counted for 100.0 sec. Each cpm value is
a mean of six countings of one planchet. The counting
error and mean counts are means of the six mean cpm values.
14~ was supplied as sucrose sclution.




o/° EFFICIENCY OF COUNTER

0010 0100 00
ACTIVITY ON PLANCHET (uCi *c)

0001

Fig.'s. Counting efficiency of scalar 1700,
[luC] - sucrose solution was pipetted on to planchets and
counted, each planchet six times, ' The values are means from

six planchets (36 counts) except for the 0.001 value, which is

a mean of 12 counts.
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0.2% Fopr 1.0uCi to 3.0% for 0.001luli., Pipetting errcrs
zre 1,0% wor 1.0uCi and 5.0% for 0.001uCi.
Background was usually counted for #000. sec,
and never for less than 1800 sec. Background was
generally 23-27cpm. Errors on the background count
are considered in detail later. (Part 6, Errors).
Efficiency was determined from the figures in
Table 19. A plot of efficiency =2gainst the logarithm

of activity was linear over most of this range (Fig.5).

(ii) Summary of errors for IDL Sclar 1700

All planchets were prepared in duplicate and both
duplicates were counted twice. The four results thus
obtained were averaged and the mean used in any further
calculations., All planchets were counted to the first
of 1000 sec or 1000 counts.

From Table 19 it can be seen that for counts over
1000 cpm, counting errors and pipetting errors amount
to about 1% of the cpm. In all tables of data
determined using the scalar 1700 an approximate estimate

of this error is given, (See also, Part 6, Errors).

(1ii) Tracerlab‘spectro/matic Gas I'low Counter

A standard planchet was counted with every set of
sample planchets on the gas flow counter. Repeated 20 min
counts of this standard recorded 29261 + 89 counts.

(6 measurements). This reveals a counting error of

about 0.5%. Repeated counting of background produced a
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a mean background count of 6.6 * 0.1 cpm (18 measurements).
Background ranged from 5,2-7,2 cpm.

Six planchets at each of four radiocactive
concentrations were each counted once for 20 min,
Pipetting and counting error and counter efficiency
were calculated from the results (Table 20), In all
cases errors are 1.0-1.5%, this being more than the
counting error described above by an amount which must
represent the pipetting error.

Efficiencies were calculated and shown to be
neither linear nor log-linear over this range. The
efficiency figures in Table 20 were used to plot a graph
of counts per 20 min against efficiency. From this
curve the efficiency Table 21 was produced, and these
figures used in any further calculations. Linear
interpolation between the figures in Table 21 was used

to find the best value of the efficiency.

(iv) Summary of errors

Counting errors were always less than 2% of the cpm.
The effect of error on the background count is

considered in Part 6 (Errors).

(v) Autoradiography

Quantitation from autoradiographs was not attempted
due to lack of appropriate equipment.
Under the conditions used in these experiments,

autoradiography was more sensitive than Gas Flow Counting
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Table 20, Counting errors using +the Tracerlab
Gas Flow Counter

luC(uCi) cpm mean cpm % efficiency

0.0010 2070
214.2
207.0
200.9
200,7
197.3 | 204.5 % 2.5 9.2
0.0005 106. 8

103.1

105.4 -
103.4

105. 6

109.1 | 105.6 + 0.9 9.5
0.00025 58. 3
 60.8
58, 3
57.8
58,1
56.1 | 58.2 + 0.6 10.5
0.000125|  32.4
32.4

32,8 |
, 32.1 g
30.1

33,3 . 82.2 £ 0.4 11.6

The radiocactive planchets were prepared by dilution from
a new bottle of [luc] - sucrose solution. Each planchet
was counted once for 20 min using the gas flow counter.
The standard planchet for this set of samples produced
583911 counts in 20 min.




EFFICIENCY

o/®

12
hr
s
10}
9}
o5 ) 25 35 4-5
COUNTS PER 20 MIN.x10"3
Fig. 6. Effidency curve for Gas Flow Counter,

Each value was calculated from a mean cpm for six planchets,

The data is given in Table 20.
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Table 21. Efficiency »f Traceriab $as Fiow Counter

O,

Counts per 20 min % Efficiency

500 11,90

750 11.30
1000 10.76
1250 10.31
1500 10.00
1750 9.74
2000 9.55
2250 9. 45
2500 9,38
2750 9,33
3000 9.29
3250 9.25
3500 9.23
3750 9,21
4000 9.20

These figures were produced by reading from Fig., 5.
Linear interpolation between these figures was used

in calculations.




of autoanalyser fractions, Both methcds ware limited
by the amount of samplie which could be analysed.
. : -4
Autoradiography wes able to detect less than 0.4 x 10
. 14, . .
pCuries C in 36 days exposure.

gome typical autoradiographs are illustrated in

Figl 8\“0

6. gplculations and Errors

Weighing errors and errors in measuring time are
considered sufficiently small to be disregarded,

(i) cpm per mg extracted weight of sample

If COUNT = mean planchet count (4 measurements),
corrected for background
TIME = time of counting in minutes

HSV = hydrolysis sample volume (cm3)

PSV = planchet sample volume (cm3)
8V = total sample volume (cma)

HSW -= hydrolysis sample weight {(mg)

total extracted weight of sample (mg)

-
=4
1

Then, for an insoluble fraction,

_ COUNT . HSV _ 1
cpm/mg = SEIyy X PEV XIewW

and, for a soluble fraction,

/me o COUNT - SV 1
CPmM/ME = =FINME X PV X TW

Errors include both pipetting errors and counting errors
on both sample and background, and amount to about 2%

for each,
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.. Epvoe in COUNT = csunte & 2% - Lackground - 2%,
This error is showa . Appeundix 2 o ba always between
2% and 10% for counts greater thar 1.5 times the

background.

eg. An insoluble fraction.

COUNTS = 2874, 30u6, 3u4e4, 3218
BACKGROUND = 23cpm (153 counts in 400 sec)
TIME = 400 sec

HSW _ = 54,6 mg

HSV = 5.0 cm3

PSV = 0.2 cm®

MEAN ©COUNTS = 3150.5

MEAN CPM =  u73

MEAN CPM - BACKGROUND = 450 = E%%%%

.. cpm/mg = 450 x 5.0 x 1 = 174.0

Error on COUNT = 2%, since count isg more than five times

as big as the background (see Appendix 2),

. e cpm/mg = 174.0 3.

The counting error used in tables of Results is

calculated in this manner,

(ii) pCi per mg extracted weight

If COUNT = sum of counts (minus background) on all
planchets corresponding to one amino acid
TIME = time in minutes for which each planchet

was counted
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E = efficiency of counter at the timc of
ccunting that amino acid

S = counts produced by standard in time TIME
when counting thac amino acid

ES z measured efficiency of counter
SS = counts produced by standard in time
TIME when measuring E
ASV = analyser sample volume.
Then,
E L oos
S S
_ E
.o E = §§ x S
s
cpm in sample . COUNT

TIME

disintegrations per min in sample : COUNT 100

TTINE * TE

COUNT _ 100, °s
TINE ExS

1 O

but 1luCi = 3.7 x 60 x 10“ disintegrations per min.

[y

[
s % 1
Es¥S 7 3. 7x60x10

¢« o HCi 1in sample = FIME X 100 x

n

but the sample counted was only 0.20/0.56 of the whole
analyser sample. Thus, using symbols as in (i), for an
insoluble fraction,

S

. _ COUNT s 1 0.56  HSV _ 1
uCi/mg = =Fgup * 100 x E_xS * 3.7x60x107 X 0720 * ASV * HSW

Errors include sample counting error, background

counting error and counting errors on the standards.




Counting error on the standards = ©.3%.

L

.. Counting error on Sg = 2 x 0.3% = 0.6%

Error In COUNT is generally 4%-6% since counts are
generally at least two or three times the background.
Then the total error on the uCi/mg determination

is about 5%-7%i

(ii) umole per mg extracted weight

umole data were obtained from autoanalyser peak
integrations, and the errors for the individual amino
acids are calculable from Table 11. In general errors

were * 2%,

(iv) uCi per umole

The error on the calculation of uCi/ mole of an
amino acid (i.e. specific activity) is the sum of the

errors on the two parts.

From part (ii) above, error on uCi/mg = 5-7%
From part (iii) above; error on umole/ing = 2%

+ error on uCi/ mole =z 7%-9%

(v) Plant variability onch vaﬁabﬂ#y of  ewbrection

In any calculations where the result is said to be
typical of a group of plants, the error represented by

plant variation must be taken into account.
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Variability of insoluble fractiun 6%

"

Variability of soluble fracticn 15%-20%,

(vi) Curve fitting

a. Straight line, y = ax + b
The best straight line through a series of n points,

X;¥;, was determined using the expressions,

gradient : © Lox;yy =2-x3 L yy

= a

2 2
ni X (6 xi)

intercept = = = b

These expressions are derived in Appendix 1. The
goodness of fit was expressed as a fit factor, this
being the sum of the squares of the distances of the
points from the line, measured parallel to the y axis,
for each value of Xy

L(y; - (axi + b))2

i.e. fit factor = = -

b,. Exponential curve, y = XK(1 - e %%)

If 'a' were known, then (1 - e 2*) would be a
function of x such that if

X = 1 - ™ 3%

1

v KX

Then the best straight line, y = KX could be determined

and its gradient would be K.
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Aprroximate valuzs for ‘a‘’ caa be determined since,

when y approaches K,

e"3X _ g
But, e ° = 0, approximately
.« for y = K, approximately
-ax = =5, approximately

5

a -‘=-}-€

X can be determined, since it is the value on the x axis
which corresponds to the point where the curve approaches
the horizontal. A range of values of 'a' which are

near this approximation can thus be chosen for each set
of data.

Ta8X was calculated

For each value of 'a', 1 - e
for each value of x, and the value of K which produced
the minimum fit factor was determined. This gives
a fit factor for each value of 'a', and the value of
'a' with the lowest fit factor was taken as the best,
This value of 'a' has a corresponding value of K, and
s¢ the best curve is completely described.

The goodness of fit is again expressed in the fit

factor,

¢, Refitting curves.
When a curve had been fitted to a set of points,
any points which were further than three times the fit

factor from the curve were discarded, The curve was
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then refitted to the wemaining points and a second fit
factcer computed for these points only. This second

fit factor is the one guoted in Results.

(vii) Computing

Whenever possible, calculations were done on the
University of Reading Elliot 4130 computer. Programs
were in FORTRAN and included curve fitting, histogram

plotting, and most arithmetic calculations.
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1.  Dbiurnel variation in sap volume

When groups of 20-30 plants were decapitated at
intervals during a 36h periocd, variation was evident
in the volumes of bleeding sap collected from the cut
surfaces. The proportion of cut plants which produced
bleeding sap also varied during this interval, being
maximum in the middle of the day and minimum at night.
Fig. 1-1, 1-2 and 1-3 illustrate mean sap volumes
collected in three such experiments, with the details of
temperature variation and the light - dark regime during
the experimental period.

The bleeding pattern appears to be diurnal. In
the November data (Fig. 1-1), the maximum bleeding
occurred at noon on both days. This was 4h after
the lights were switched on, and in both cases preceded
the daily temperature maximum. The minimum was not
investigated on this occasion. The March data (Fig. 1-2)
indicated that the plants did.not bleed Ffor a periqd at night,.
Again there was a bleeding maximum in the middle of the
day. The four samples recorded in Fig. 1-3 were
collected from plants grown under different lighting
conditions. During the cold weather the lights were
turned on at 3.00 a.m, to prevent the glasshouse from
freezing. This had the effect of keeping the temperature
minima and maxima, at about the same times of day as in
the previous experiments. Although only four samples
were collected, it could be seen that the diurnal pattern
of bleeding had been altered. The maximum sap volume

was produced at or before 6.30 a.m., 31 h after the




T(°C)
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LIGHT | DARK LIGHT

SAP(ul)

12200 [200
noon ; midnight . ~noon
TIME OF DAY
Fig. 1-1. Variation in light, temperature, and mean volume

of sap collected in one hour., Sap volumes are means of
volumes from 20-30 plants grown in a glasshouse in Durham in
November, 1968. Temperature readings were taken from a

thermohydrograph chart,
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Fig. 1-2, Variation in light, temperature and volume of sap

' collected in one hour. Sap volumes are means of volumes from

10-30 plants grown in a glasshouse in Durham in March 1969,

Temperature readings were taken from a thermohydrograph chart.
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Fig. 1-3, Variation in temperature and light, and some

bleeding sap volumes collected during the time interval.

Sap volumes are means of 10-12 samples collected in a

glasshouse in Durham in October 1969,
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lights were turned on,

The diurnal rhythm of bleeding thus appears to be
not directly dependent on air temperature or humidity.
(Humidity varied inversely with temperature in the
glasshouse). All three sets of plants were routinely
watered between 9.00 and 10.00 a.m., so that soil
moisture was probably not an important variable under
these conditions. The light~dark regime, however, does
seem to affect the timing of the bleeding maximum,

This is suggested, not only by the samples in Fig., 1-3
but alsc by the second peak at 16.00h on the first

day of bleeding in Fig, 1-2. The light period that day
was continuously dull and overcast, except for about

1% hours bright sunshine starting at 13.00h.

Again, bright light preceded the bleeding maximum, in
this case by about 3h. .

The phenomenon was not further investigated.

2. Qualitative sap analysis

(i) MNITRITE. Freshly collected sap gave a weakly
positive reaction for nitrites when tested with

sulphanilic acid and co-naphthylamine

(ii) NITRATE.  After removal of nitrites, fresh sap

gave a weakly positive reaction for nitrate

(iii) SUGARS, Sap subjected to TLE/TLC produced two
brown spots on the electrophoresis origin, when sprayed

with aniline hydrogen phthalate, and two spots which




fluoresnad y2llow under UV, iight, when suraved with
phiovroglrcinol veagent.

Sap sukjected to chromatcography as in the TLE/TLC
nethod and sprayed with aniline diphenylamine reagent
was shown tc¢ contain traces of fructose, gluccse and
sucrosz. These were present in SOpl sap at about

one tenth cf the amount in the 2ug sugar standard, as

estimated by eye.

Table 2-1, Sugers in sap
SAP

STANDARDS ; DISTANCE COLOUR i DISTANCE COLOUR

iectose | 10.3 , pink 10.0 pink
; =
giucose 5 9.6 : blue-grey 9. b blue~grey

galactose | 9.1 E blu=-grey [
; | !
|

sucrose . 3.6 pink=brown | ¢.5 |pink=-brown '
Distances are in om irow tne origin. The chromatcgraphy

was with two scivencs sucaazssively in one direction, asg

in the TLE/TLC method. 'The sugars were Located with

aniline diphenylamine vecgent
(iv? AMINO ACIDS. Sap, spotted on to paper and spraved

with ninhydrin reagent, produced a dark purple
colcuration indicating the presence of aminc acidas.
£ twn diwensicnal separvation of 100ul sap by the

-

TLE/TLC method ie illustrated in Fip. 2-1, Aspartic acid,

asparvagine, glutamic acid and gluiimine accounted Top

~

80-80% of the sap aminc acid content. L1 chen amino




ELECTROPHORESIS ——

CHROMATOGRAPHY —

i
l

Fig. 2-1. Two dimensional thin layer separation of bleeding
sap. The spots were located with ninhydrin reagent.

1l cys, 2 asp, 3 asn, 4 gln, 5 glu, 6 ser, 7 thr, 8 dopa,

9 ala, 10 val, 11 met, 12 tyr, 13 phe, 14 ile, 15 leu, 16 gly,
17 arg, 18 lys, 19 YAB.
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acids except lysine, y-aminobutyric acid end

dihydroxyphenylalanine were present in trace amounts only.

(v) ACIDS. Amino acids were removed with amberlite
1R120(H), The residual solution gave a negative
ninhydrin reaction. 50pl of this solution spotted on
to paper and sprayed with bromocresol blue produced a
dark yellow spot on a green background - indicating

the presence of acids.

3. Diurnal variation in sap composition

Analysis of the sap samples illustrated in Fig. 1-1
revealed small variations in amino acid composition
{Table 3-1). Both concentrations and volumes were lower
on the second day than on the first.

The principal amino acid components of the sap were
asparagine, glutamine, aspartic acid, and an unknown U8’
Ug ran ahead of tyrosine on the vertical axis of the
chromatogram illustrated in Fig. 3-1. Thin layer analyses
(TLE/TLC) suggest that U8 could be dihydroxyphenylalanine.
Avginine, methionine and tryptophan were not detected in
any of these samplez, although arginine was later shown
to be present in sap. US’ UB’ U7 and U9 ran close to
positions normally associated with dipeptides. U, and Ug
were detectable only in late afternoon and early morning
samples. This may be simply a reflection of variation
in overall sap concentration, or it could be that the
plant roots export small quantities of these substances

only at night.
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- absent; ftr faint trace; tr tracej str strong trace; + (2xstr)
The positions of the unknowns are illustrated in Fig. 3-1.

Each sample was S5ul of sap, subjected to dansylation and
polyamide thin layer chromatography. The samples were collected
in March in the glasshouse in Durham and their pattern of
bleeding is illustrated in Fig. 1-1.
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Table 3-2, Total amino acids in>sap

SAP CONCENTRATION MEAN SAP VOLUME MEAN AMINO ACID

TIME WEIGHT
D2§ mg/cm3 pl/plant/h Pg/plant/h
| 8.15  0.uu 35 15.4

12.00 L 0.27 79 21.4
14,15 0.39 71 27,7 |
16.00 0.31 48 14,3 |
18.00 0.30 19 5.6 |
20.15 0.50 6 0.3 |
22.00 0.26 6 0.2 |

Mean volumes are for 20-30 plants., Sap concentrations
were determined by aspiration of samples through the
external standard line of the amino acid analyser, and by
comparison of the optical density values with an alanine
standard. The samples were collected in the glasshouse

in Durham and their bleeding pattern is illustrated in Fig. 1-1.
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Fig. 3-1. Polyamide thin layer chromatography of dansyl
amino acids prepared from a sap sample. 5pl samples were used.
Serine and threonine were partially obscured by glutamine and

asparagine. U US’ U, and Uy are possibly dipeptides.
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Deiermination of total amino acid concentration
in sap revealed no obvious pattern of variation during
the day. However, the mean weight of amino acids
exuded per plant per h was shown to increase to a
maximum near the bleeding maximum and to decrease with
the sap volume later in the day {(Table 3-2). These
results imply that the extra sap produced at times of
maximum bleeding reflects not merely extra water in
the transpiration stream, but also extra amino acid

exported by the root system,
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4.  Incorpcreation of 770 inmte szap

when [1¥C] - CO, was fed to the lowest leaf of

2
3~leaf plants for 3h, label could be detected in sap
collected from plants cut at the end of the first hour.
Radioactivity in the sap increased during the remaining
2h. These results are presented in Table u-1.
Comparable amounts of radiocactivity were obtained

in the sap by fecding the [luC] - CO, to the whole tops

2
of L-leaf plants. When feeding was discontinued after
3h, label could still be detected in the sap after 23h,
at about one quarter of the 3h activity. (Table u4-2}.
The amino acids were removed from a labelled sap
sample with amberlite 1R120(H) and the residual solution
was shown to contain 63% of the original radioactivity
(Table 4-3). This distribution of label was also seen
when labelled sap was analysed by TLE/TLC followed by
autoradiography. The samples described in Table L4-2

were all shown to contain 14

C in aspartic acid,
asparagine and glutamine, and in no other amino acids.
The sugar and organic acid region of the chromatogram
had fogged the autoradiograph at least as much as had
the amino acid region. The same compounds appeared
labelled in all six samples, although the fogging caused
by 100ul sap was considerably fainter for the 23h sample.
A tracing of the 1lh sample is shown in Fig. 4-1,

The mobilities of the ninhydrin negative radioactive

spots 20, 21, 22 and 23 is compared, in Table u-u4, with

mobilities of known sugar standards. Colour reactions
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Fig. u-l.' Superimposed tracings of a thin layer separation

of sap and the autoradiograph prepared from it. Spots 20-23
~are in the sugar and organic acid region of the chromatogram.
Amino acids are: 1 cys, 2 asp, 3 asn, 4 gln, 5 glu, 6 ser,

7 thr, 8 dopa, 9 ala, 10 val, 11 met, 12 tyr, 13 phe, 1li ile,
15 leu, 16 gly, 17 arg, 18 lys, 19 YAB. '
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Table h=-1. Appearance of C in bleeding sap

TIME(min; SAP VOLUME(ul) CPM PER SAMPLE CPM PER ul

15 168 1 0.0
45 36 5 0.1
50 21 16 0.8
75 200 216 1.1
90 190 75 ‘ 0.4
105 216 205 0.9
120 110 119 1.1
150 68 155 2.3
180 103 212 2.1

The sap samples were each collected from a szingle
3-leaf plant. [‘*c] - CO,
of the plant for the time given. The plant was then

was fed to the lowest leaf

excised below this leaf and sap allowed to collect for
1h. The whole sample was transferred to a planchet
for counting. Counting =2rrors were 2% ~ 3% for all
samples after 90 min. The 75 min sample had a 10%
counting error, and the 15, 45 and 60 min samples a

20% - 30% counting error.
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Table -2, Appearance of e in bleeding sap

TIME SAP VOLUME CPM PER PLANT CPM PER Pl
(hours) (pl per plant)

1 123 709 0.72

2 79 289 0.87

3 6L 473 0.81

5 112 658 0.65

7 ay 465 0.55
23 76 150 0.22

Each sap volume is a mean calculated for volumes from
10~12 y-leaf plants. [luc] - CO2 was fed to the whole
plant tops for 3h by enclosing the plant pots
(containing 5-6 plants) in a polythene bag and releasing
the labelled CO2 inside the bag. Sap was collected for
1h and 100ul was used for counting. Counting errors

were 2%-3%.
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Table #-13, Digtribuiicn of 7 'C in sap

CPM ___NINHYDRIN -
200ul sap 134 £ 5 purple
ZOQul sap without

. . g4 x 3 colourless
amino acids

Amino acids were removed by pipetting the sap on to

a small quantity of amberlite 1R120(H). The resin
was washed 4 times with 3 drcps water and the washings
were dried on to a planchet. The planchets were
stained with ninhydrin, after counting, to ensure

thet amino acids had been removed from the sap.,
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Taltle H=-Uu, Mobilities of sugzavrs in zan
SAP SAMPLES STANDARDS
SPOT 1 2 3 g 7 23 MEAN
| i
| i
23 L.49 {1.47 1,52 11.53| 2,53 1.8 1.50 ?
22 1.33 /1.36 [1.37 {1.36] 1.39 l.32i 1.36 | FRUCTOSE 1.3t
21 .24 11,25 |1.22 | 1.24% 11,23 1,20 1.23 |GLUCOSE 1.,2%
20 1.08 {1,07 1,10 | 1.05 0.99f 1.06 | SUCROSE 1.12
i
] |

The samples are those described
referred to by their collection

+ime in hours,

in table 4~-2, and are
Mobilities,

for chromatography as in the TLE/TLC method, are given in

terms of alanine (1,00).

The distances moved by the

radioactive spots were measured on the autoradiograph

and divided by the distance moved by the alanine spot on

the corresponding chromatogram.

Spot 23 did not react
with the colour reagents for sugars,
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with phlorcglucinol and aniline dipheaylamine supported
the suggestion that spots 20, 21 and 22 concain sucrose,
glucose and fructose respectively. 23 gave no colour
reaction with the sugar reagents.

When piants were grown in pots ¢o the 20-30 leaf
stage and allowed to branch once near the base, label
could be introduced into the sap by feeding [1MC] - CO2
to the side shoot. In this way it was possible to label
sap on fruiting plants where the lowest leaves had

abscised., Plants fed [;HC] - CO, in this manner for 6h

14

2
C per ul in sap collected after 24h than in

had more
that collected at the end of the 6h feeding period.

This contrasts with the situation described in Table 4-2
for 4-leaf plants, where the label detectéble in the sap
was grzater at the end of the feeding period than at

2,4 and 20h later, The greater time to reaéh maximun
qu output in the sap probably reflects the larger size
of the root system of the 20.leaf plant.

Extracts of leaves, fruit and stém from the same
plants also coniained mcre luC in the 24h‘samples than
in the 6h ones. The internode immediately above the
side shoot contained more label than the internode
immediately below ithe lowest fruiting node, in both
samples. The ratio of cpm in the upper internode to cpm
in the lower internode was similar for the two plants.
This implies that an equal proportion (about 25%) of the
sap stream is removed by the two plants between the two
internodes-which were sampled.

The leaf subtending the lowest pod was approximately

equally labelled in the two plants, suggesting that the
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leaf pool was quinkliy satuiated by the sap C. The

pod and seed sciuble fractions weve gpoveciably morve

Lot
b

abelled after 24h then after sh. Incorporation of
I

,—J

C into pod and seed insolublce fractions was wvery
slight, even after 24h. In no case were the plant
extracts radioactive enough for the labelled

constituents to the identified. These results are

summarised in Table u-5.
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Table 4-5. Distribution of label in plants fed [ 'C] - CO,

through a side shoot near the base

SOLUBLE FRACTION

SAP (cpm/ml) 0.75% 5.98 SAP (cpm/ml)
INTERNODE 2-~3 INTERNCDE 1-2
(cpm/mg fresh wt) 0.11 0.34 (cpm/mg fresh wt)
INTERNODE 13-1k INTERNODE 1l4-~15
(cpm/mg fresh wt) 0.08 0.27 (cpm/mg fresh wt)
LEAT NODE 1u LEAF NODE 15
(cpm/mg extracted wt) 5,91 3.78 (cpm/mg extracted wt)
POD NODE 1u POD NODE 15
(cpm/mg extracted wt) 1.40 4.68 (cpm/mg extracted wt)
SEEDS NODE 1u SEEDS NODE 15

(cpm/mg extracted wt) 1.71 11.02 (cpm/mg extracted wt)
POD NODE 15

(epm/mg extracted wit) 1,36

SEEDS NODE 15 |

(cpm/mg extracted wt) 2.72

INSOLUBLE FRACTION

POD NODE 1u POD NODE 15

(cpm/mg extracted wt) 0.64 8.81 (cpm/mg extracted wt)
SEEDS NODE 1& SEEDS NODE 15

(cpm/mg extracted wt) 0,13 2,92 (cpm/mg extracted wt)
POD NODE 15

(cpm/mg extracted wt) 0.23
SEEDS NODE 15
(cpm/mg extracted wt) 0,00

Plants were fed 150uCi [luC] - Co,
shoot, below the lowest harvested internode, in a

by enclosing a side

polythene bag in the usual way, for 6h., At 6h and at

24h after the start of feeding one plant was decapitated
below the side shoot and sap collected for lh. The rest
of the plant was cut up and extracted as described in the




1iy

Legend to Table 4~5 continned.......

table. The fruit, all of age 30-35 days, had small
seeds with thick fleshy testas, except for the 6h,
node 14, sample. In this case the pods were more
developed and the testas had become thin.

Counting errors are about 20% for all insoluble fractions
and for soluble fractions containing less than 2 cpm/mg.
Errors for the remaining samples are about 6%.
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PART TVWO:

Preliminary experiments with leaves

photosynthesising in L1”C] - Co,

o

Preliminary experiment in C] - co, feeding

2

Leaf photosynthesis and export of labelled
photosynthate into the petiole

Photosynthesis of the bloom node leaf and
export of labelled photosynthate into the
pod and seed. |
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5.  Preliminary [T C} = 19,

i iy, SR I it

fe2ding experiment

[IMC} - C0, was i'ed to leaves subtending 17 day old
pods and, after 3h feeding, qu was detectable in the TCA
soluble fractions of both the leaf and pod. A small
amount of label was also present in the internodes
immediately above and below the node of attachment of
the fed leaf, 21h later lL!'C was still present in the
leaf, pod and internodes. During that time the amount
in the soluble fractions of the leaf had been reduced by
about half and that in the pod had increased more than
3 times. At both 3h and 24h, appreciably more label
was found in the internode below than in the internode
above the fed leaf., (Table 5-1).

Autoradiography of leaf extracts revealed 1“0 in
most soluble amino acids at 3h. Asparagine,
dihydroxyphenylalanine and basic aminoc acids alone were
unlabelled. Of these, the first two were labelled at
24h, At 3h, fogging of the autoradiograph was strong
for ecystine, aspartic acid, serine, glutamine, glutamic
acid, glycine, alanine, tyrosine and phenylalanine.
After 24h only aspartic acid, glutamic acid, glﬁtamine,
tyrosine and phenvlalanine were strongly labelled, The
ninhydrin negative region of the chromatogram along the
iine of the electrophoresis origin (the 'sugar and
organic acid region') was very heavily labelled for both
extracts. Table 5-2 describes this distribution of e
in the leaf scluble fraction.

In the 3h pod sample, the soluble fraction contained
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most of its lL'LC in three ninhydrin negative spois on

the electrophoresis origin of the chromatogram. These

were identified as sucrose, glucose and fructose (Table 5-3).
Only very faint traces of label were detected in amino

acids - in aspartic acid, glutamic acid, alanine, tyrosine,
and serine. After 24h almost all the soluble amino acids

of the pod contained some label, and a number of

ninhydrin negative compounds were labelled as well,

Sucrose, glucose and fructose appeared heavily
labelled on all the chromatograms of stem internocde extracts,
At 3h, these were the only labelled substances detectable
in the internode above the fed leaf, but at 24h this
internode also contained very small quantities of e
in asparagine, aspartic acid, glutamine, and glutamic
acid. The internode below the fed leaf contained trace
quantities of labelled amino acids at both 3h and 24h.
Asparagine was labelled in neither internode at 3h, and
in both at 24h,

The sugar and organic acid regions of the leaf
extract chromatograms caused such heavy fogging of the
autoradiographs that individual spots could not be
resolved. The presence of the sugars, which were

detected labelled in other extracts, could not then be

ascertained with certainty.
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Table E--7, Distrihution ~f C from a Leaf

photosynthesising in |*%,] - co,

3h 74h
b | '
LEAF, NODE 15 | 3098 % 61 | 1497 & 29
POD, NODE 15§ ; 513 = 10 ; 1703 + 34
INTERNODE, 15-15§ Mo 2| 104 = 2
INTERNODE,,lu-lSi 562 + 11 | 202 + &
i !

Activities are expressed in cpm per mg fresh weight

of sample. Soluble fractions only were counted.

Two plants were used. These were grown, in the
glasshouse in Durham, to 20-30 nodes. 15C0uCi was

fed for 3h, from 10,30 to 13.30, to leaves subtending
20-25 day old pods. The 3h sample was harvested
immediately after removal of the feeding chamber. The
24h sample was left in unlabelled air for another 21h,
Nodes are numbered from the plant base,




Table 5~2. Distribution of 1uC from a leaf

photosynthesising in {l”cj - Co,

leaf pod internode above internode below
3h 24h 3h 24h 3h "1 24h 3h 24h
CYS ++ + +
ASP ++ ++ + + + +
~ ASN + B + - + v
GLN ++ + + + +.ﬂ—
GLU ++ ++ + + + + + o
SER ++ + + + N
THR + +
DOPA + +
ALA ++ + + + L
VAL + + +
MET
TYR ++ ++ + +
PHE ++ ++ +
LEU + 1
ILE +
GLY ++
BASICS
YAB + + + —
NON~ |
@MINO ++ ++ & ++ ++ ++ ++ ++ ;

= absent; + = weak label; ++ = strong label;

The experimental conditions are described in the legend
to Table 5-1. The extracts were all made by grinding
once with 5% TCA and were, therefore, incomplete,
particularly for the leaf and pod tissues. qul samples,
corresponding to about %ug tissue, were used on each
chromatogram. Autoradiographs were exposed for 3 days.




R
4_‘_0

Tatle £-3, Sugars in pol and internnde axtracts -
mebilities
D internode internpd
ped  int “above BEFow

3h 2th 3h 24h 3h 24h  MEAN STANDARDS

a) |1.36  1.29| 1.36 | 1.44 | 1.38 | 1,37 | 1.37 | FRUCTOSE |1.34 |

b) | 1.2311.20} 1.27 l.33i 1.28 | 1.23 | 1.26 GLUCOSE 1.25

¢) |1.12{ 1,09 1.15| 1,09 1,18 {1.03 | 1.11 | SUCROSE |1.12

1

i ' R

Mobilities are expressed in terms of alanine (1.00)
by mesasuring the distance moved by the unknown

{on the autoradiograph) and dividing by the alanine
distance (from the chromatogram).
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6. Leaf photosynthesis and export of labelled

photosynthate into the petiole

When [140] - C02 was fed to the oldest leaves of

1y

3-eaf plants, the ~ C was incorporated into both the

TCA-soluble and TCA-precipitated (insoluble) fractions.
Total Ihe in the leaf extracts was plotted against
time, and linear and exponential curves were fitted

to the points.

Fit factor for linear curve = 46,99

Fit factor for exponential curve = 41,77

The two fit factors are not dissimilar, and the

exponential curve is the better fit. Thus the data

is best described by

K (1 - e 2%

y:
where K = 2813,5%4
a = 0,004

Then, when y is 99% of K

e™®* - 0.01

...0.0oux= ln O'Ol
o' x = 1200

1uC at an

Therefore, the saturated leaf will contain
activity of 2414 cpm per mg, and it will take 1200 min.
to become 99% saturated. This assumes that all parts
of the leaf which will become labelled contain some
activity at the end of the experimental period.
Conversely, the calculated saturation applies only to

those parts of the leaf which are labelled during the

experimental period.
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leaf insoluble fraction
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30 60 90 120

150 180
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Fig., 6-1. The distribution of ¢ between the soluble and
insoluble fractions of a’leaf. Ten leaves, the oldest on
3-leaf plants, were each fed 150 pCi [luc] - C02. One leaf
was harvested at each of the times given, which are in minutes
after 10.00 a.m, the start of feeding. Samples were counted
using the IDL Scalar 1700. Counting errors were about 3%,
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Fig., 6-2. The distribution of 14C between the soluble and
insoluble fractions of a leaf., . This histogram was obtained
from Fig. 6-1 by adjusting the histogram totals to lie

upon an exponential curve (see text).




The experimental perind is only 0.1°F ¢f “he time
to $3% saturacs the I:zaf. and vhis sccounts for the
similarity between the two fit factors. The first
section of an exponeatiel curve is almost linear,

The exponential cucrve is illustrated as the histogram
totals in Fig. 6-2.

lLLC between the soluble and

The distribution of
insoluble leaf fractions is illustrated in Figs. 6-1
and 6~-2. Fig. 6-2 was obtained from Fig. 6~1 by
adjusting the histrogeram totals to lie upon the
exponential curve ard sealing the contents of each-
histogram colwan. Incorporation of luC into the two
fractions can Le seen from Fig. 6-2 to be approximately
linear. luC in leaf protein did not reach a measurable
level until 30 min. after the start of feeding, and it
then increased in a Jinear manner for the rest of the
3h. The soluble leaf fraction showed rno sign of becoming

1L}C during this time interval.

saturated with
The leaf petioles, which had been smeared with

. . . 1!
plastici ne~vaseline mixture to exclude Ll+C] - 002

-

and prevent photosynthesis, contained LuC in the

soluble fraction after 15 min., (Table 6-1). The total
activity in the pitiole increased for the whole 3h of
the experiment. A very small quantiiy of e was
incorporated into the petiole insoluble fraction, out not
until the 120 min. sample. The low activity of the
insoluble fraction suggests that most of the soluble

1

petiole ¢ was being trasics:zted through the petiole

znd not being absorbed by it.
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Table ¢-1. C distributicon 1n peticles

TIME AYTER START SOLUBLL INSOCLUBLE TOTAL

(nin) FRACTTON FRACTION
15 0.k 0.0 0.4
30 2.8 0.3 3,1 |
45 1.6 0.0 1.6
60 2.9 0.0 2.9
75 8.5 0.2 8.7
90 2.8. 0.5 3.3
105 5.8 0.6 6.4
120 11:5 1.2 12,7
150 58.3 2.3 60.6
180 14.3 1.3 15,6

MEAN PLANCHET COUNT

15 600 450
30 12C0 4500
150 2800 450

MEAN ERROR (PERCENTAGE)

15 10 3y |
30 I 34 :
150 2 3y !

Activities are expr ssed in cpm per mg extracted weight

of petiole. Background was 23cpm. Errors were

calculated as described in Preliminary Results. section 6(i).
The leaves were fed [1uC] - C0, for 180 min and the

petioles, which had been smeared with plasticine-~vaseline

to excluce gases, were harvested individually at the times
given. The extracts were counted using the IDL scalar 1700,
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Whzinn the activity in the petiolie is =xpressed
per mg of leaf to which it was attached, the pattern
of expurt of labelled materials becomes more evident.
This assumes that, for petioles of similar sizes, the

translocation channels will be of comparable volume.

1y

For constant rate of export from a leaf, C per petiole

luC per unit time. Fig., 6-3 illustrates

1y

is then equal to
that after a lag phase of 30-45 min, C per petiole
increases linearly. This linear increase must represent

%c in that leaf pool which is active

a linear increase in
in export of photosynthate from the leaf. The lag phase
must represent the time taken to saturate the precursors
of this active leaf pool. Saturation of the petiole is
not approached during the 3h experiment, This is,
perhaps, to be expected as leaf saturation is not
approached during this time interval.

If the data in Fig. 6=~1 are used to calculate the

f qu by the leaf, per h, it is seen that

net uptake o
the 30 min sample has a higher net uptake than any

other, and that the 45 min sample is also large (Table 6-2).
These figures can be accounted for, since export from

the leaf into the petiole is very small until fhe 45 min

luC uptake by the leaf must

sample (Fig. 6~3) an’ so net
appear larger, This does not account for the small value

for the 15 min sample.
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CPM PER PETIOLE PER MG LEAF
@
\

2k
O [ [ () 3 . 1 4 1
(o) 30 60 90 120 150 180 210
TIME AFTER START (MIN)
Fig. 6-3. e in the petioles of leaves photosynthésising

in [1*c] - co,.

The leaves were fed [1uC] - Co, for 180 min and the petioles
, . were smeared with plasticine-vaseline to exclude gases. Each

sample is a single petiole and was counted using‘the IDL

Scalar 1700. Errors are discussed in the legend to Table 6-1.
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Table -2, “'C uptake by the lear

TIME(min) 15 30 45 60 75 90 105 120 150 180

UPTAKE ‘
(cpm per h) 428 1436 985 443 490 888 571 272 ull 529

Uptake = activity in leaf x 60/time of [luC] - co,
feeding (min). The leaves were fed [luC] - €0, for the

whole 180 min.

Autoradiography of leaf extracts revealed that at
least 90% of soluble luC was in ninhydrin negative
compounds which ran in the sugar and organic acid regions
of the chromatogram. No attempt was made to identify
these, At 15 min, luC was also detected in dihydroxy-
phenylalanine, aspartic acid, serine and glycinés-:.

All but the first of tlhiese remained radiocactive throughout
the 3h. At 75 min glutamic acid, tyrosine and
phenylalanine became labelled, and these six amino acids
retained most of the amino acid label throughout the
rest of the experiment. These labelled amino acids

were among the most concentrated soluble amino acids in
the leaf. Cystine and glutamine, also present in high
concentration, were iabelled only weakly. Dihydroxy=-
phenylalanine, which accounted for about 50% of the
amino acid in the leaf soluble fraction, was similarly
weakly labelled,

Serine was the first leaf protein amino acid to appear
labelled (at 30 min), followed by alanine and glycine
(45 min). Tyrosine, phenylalanine and aspartic acid

in protein were labelled in the 105 min sample.




126

All these protein amino acids were labelled In the
soliuble leaf fraction, but not all the labelled soluble
amino acids gave rise to dstectable quantities of
labelled protein amino acid (Table 6-3),.
Autoradiography of petiole extracts showed that
the detectable luC was almost entirely in sugars or
organic acids. Serine and glycine were labelled at
30 min and serine retained the label, which gradually
decreased, until 105 min. The remaining autoradiograph

fogging was never well resolved, and the [lu

c] sugars
and/or organic acids were not identified (Table 6-3).
Leaves subtending 25-30 day old pods were fed

[luC] - CO, for 1h, in a like manner and soluble petiole

2
extracts were subjected to autoradiography. Six labelled
compounds were detectable in the extracts - serine,
glycine, sucrose, glucnse, fructose and an unknown moving
just ahsad of fructose on the electrophoresis origin,
Almog: half the label was in sucrose., Glucose and fructose
appeared to contain similar amounts of label, at about

half the activity of the sucrose. Serine and glycine

were weakly labelled by comparison.
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7. Photosynthesis of the blcom node leaf and
export of labelled photosynthate into the

pod and seed

When the bloom node leaves subtending 20-28 day old
pods were allowed to assimilate [luC] - CO? for 3h,
and leaves and pods were harvested at intervals for

F 14

another 16h, a small transfer o C from leaf to pod

1L}C in the leaf-pod system fell

was detected. The total
from 576 cpm/mg at 1lh to 98 cpm/mg after 1%h from the
start of [luc] - Co, feeding. Variability between
samples was large so that although it can be said that
the system lost 400-500 cpm/mg during the 18h after the
first sample, precise values cannot, with any meaning,
be assigned to the individual samples,

1

In the lh sample the uC was restricted to the leaf

and present in both the soluble and insoluble fractions.

f l"‘C was present in the

By 3h, a significant amount o
soluble fraction of the pod, but label was not detected
in the insoluble pod fraction until the 7h sample.

This distribution of 14e in the leaf-pod system is
illustrated as a histogram in Fig. 7-1. An expanded

uC in the leaf

histogram showing the distribution of 1
samples only (Fig. 7-2) is almost exactly the same shape
as the histogram for the whole system. This emphasises
the fact that the 20-25 day old pod had only a small
effect on this leaf-pod system, and that only a small
part of the qu exported from the leaf was finally found
in the pod.

Autoradiography of pod and leaf extracts revealed




] ieaf soluble fraction

teat insoluble fraction
= pod soluble fraction

[l pod insoluble fraction

CPM/ MG
W

TIME AFTER START (h)

1uC in a leaf and pod system,

Fig. 7-1. Distribution of
Each sample was the extract from a single plant grown
outdoors in Reading in the summer of 1970, The plants were
grown to about 15 nodes, and these samples were the leaf and
pod at nodes 12, 13 and 14, The pods were 20-25 days old.
Feeding of [1MC] - €0, was from 11.00 - 14.00. The seeds
were very small (1-2mm long) and were extracted with the pod.
Samples were counted usihg the IDL scalar 1700. Counting
errors were 2-3% for soluble fractions and 4-6% insoluble

fractions.




] teaf soluble fraction
or leat insoluble fraction

N

CPM / MG x 10-2

] (4 1 [  § o1 1

3 7 0 5 19
' TIME AFTER START (h)

Fig. 7-=2. Distribution of ll*C in the leaf of a leaf and pod
system.

_The leaves subtended 20-25 day old pods at nodes 12, 13 or 1bu

of a 15 node plant. The experimental conditions are described

in the legend to Fig., 7-1.
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that a considesrable portion of the ™ 'C in al’ samples
was in ninhydrin negative compounds, No labelled amino
acids were detzcted in pod protein and only six amino
acids in the pod soluble fracticn became labelled
(Table 7-1). After 1h [*'C] - C0, feeding, the only
[1uC] - amino acid in the pod was dihydroxyphenylalanine
and this accounted for about half of the detectable
qu. At 3h tyrosine was as strongly labelled as
dihydroxyphenylalanine and traces of label were present

in serine and alanine. Tyrosine and dihydroxyphenylalanine
remained the most heavily labelled amino acids for the
rest of the 19h, and trace quantities of label were
detected in glutamic acid and glutamine as well as in
serine and alanine. The ninhydrin-negative radicactive
compounds in the soluble pod fraction contained about

half of the label (as ~2stimated from intensity of
autoradiograph fogging) throughout the experiment. The
iabelied region was never resolived into spots and so

its sugar components were not identified, but could have
included sucrose, fructose and glucose, as in earlier

pod samples. The insoluble fractions of leaf and pod,
after 7h, contained an unidentified ninhydrin-negative
substance which moved on the electrophoresis origin to

the chromatography front. This substance must have

lL‘C recorded for the

contained most, if not all, of the
insoluble pcd fraction.

These pods had been damaged slightly by a storm
about two days before the experiment, and many of the

unused pods of equivalent age developed no further, but
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withered and aborted. Thus the pecds used may have not
been actively growing, and this may account for the
marked difference between these results and those in
the Preliminary experiment (section 5.), which were.
of a comparable age.

A number of soluble leaf amino acids became
labelled and a considerable proportion of leaf
radicactivity was incorporated intc leaf protein. At
1h, le was detectable in soluble aspartic acid,
glutanic acid, serine and alanine, but at 3h only
cystine, asparagine, dihydroxyphenylalanine, leucines
and basic amino acids were unlabelled. By 2h after the

-

end of [*'C] - CO, feeding, the amount of label in

2
soluble amino acids was markedly reduced. The small
amount of label present from 5h onwards was mostly in
aspartic and glutamic acids. In contrast, the label

in the sugar and organic acid regions of the
chromatograms remained strong for all extracts, first
showing signs of lessening in the 13h sample.

Most of the amino acids in the leaf protein were
labelled by 7h and remained so until the end of the
experiment, Exceptions were glutamic acid, which was
not labelled before the 19h sample and cystine, proline
and arginine which were not labelled at all. Cystine
and proline are present in small quantities in leaf
protein and so any 111‘C may have been undetectable.

Arginine and glutamic acid are major amino acids in the

protein.
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When [th] - €0, was fed to leaves subtanding

30-35 day old pods, lLC was seen to be transierred
from the leaf into the pod and its seeds. The total
luC in the leaf, pod and seed system rose to 720 cpm/mg
extracted weight of sample at the end of the 3h feeding
period, and then fell to 250 cpm/mg 6h later. From

% in the system rose again until

11h to 19h the total
at 1Sh it reached 340 cpm/mg. The difference between
these minimum and maximum activities is considerably
greater than the 100-200 cpm/mg variation between

plants (as in Fig. 7-1). The distribution of luC
between the various parts of the system is illustrated
in Fig. 7-3. Fig. 7-4 is a histogram of the leaf
samples alone, and is quite different from the histogram
for the whole system, In the leaf, the total lL‘C

decreased rapidly after [qu] - CO0, feeding ended, and

2
then remained almost constant at 180-240 cpm/mg. The
pod made a considerable contribution to the total 1L‘C
in the system, unlike the 20-25 day pod in Figs. 7-1 and
7-2. A closer examination of Fig. 7-3 reveals that the
incirease in cpm/mg after the 1lh sample is accounted for
almost entirely by an increase in the activity of the
soluble seed fracti.n., This rose from 113 cpm/mg at
9h to 606 cpm/mg at 19%h. During this time interval the
soluble pod fraction activity fluctuated between 6 and 18
cpm/mg.

The leaf insoluble fraction had its maximum activity

of 101 cpm/mg at the end of the feeding period. Afier

this it fluctuated between 20 and 50 cpm/mg for the rest
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[ teat soluble traction
leaf insoluble fraction
E= pod soluble fraction
seed soluble fraction
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TIME AFTER START (h)

Fig. 7-3. Distribution of lU'C in a leaf-pod-seed system.
Leaves at nodes 7-11 on 15 node plants were fed lSOPCi

[luC] - CO2 for 3h from 12.15-15,15 in the summer of 1970.
The leaves and the 30-35 day old pods which they subtended
were harvested at intervals during 19h. Pods and seeds were
extracted separately. Each sample was a single plant.
Extracts were counted using the IDL scalar 1700. Counting
errors were 2-3% for soluble fractions, 4% for insoluble leaf

fractions, and 30-40% for insoluble pod and seed fractions.
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Fig. 7-u4. Distribution of %0 in the leaf of a leaf-pod-seed
system. The leaves, af nodes: 7-11 on 15 node plants grown
outdoors in Reading in the summer of 1970, subtended 30-35 day
old pods. lSQpCi [1uC] - CO, was fed to the leaves for 3h
from 12.15 to 15.15. Errors are described in the legend to Fig. 7-3.




CPM / MG

TIME AFTER START (MIN)

% in the insoluble fractions of pod and seed.

1”C for 3h via

Fig. 7-5.
The pods were 30-35 days old and were fed

their subtending leaf. The experimental details are described

in the legend to Fig. 7-3.
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of the 13h. 1D'C incorporated inio the pod insoluble
fraction was very low and variable, having & maximum
of 3 cpm/mg at 1llh. Insoluble 1”0 in the sced was
also very low but increased steadily throughout the
experiment, reaching 6 cpm/mg at 19h. These values,
too low to be shown on Fig. 7-3, are plotted on an
expanded scale in Fig. 7-5.

Autoradiography did not detect any radioactive
amino acids in the pod and seed extracts, Maximum
loadings of soluble fractions contained 50-100 cpm per
chromatogram and this was suffiecient only to fog the
sugar and organic acid areas of the autoradiographs.

Any radioactive soluble amino acids were pr=zsent in pods
and seeds below thé detectable level, and the marked

i ncrease in soluble activity in the seed must have

been due almost entirely to sugars and/or organic acids,
These compounds were not resolved. Maximum chromatogram
leadings of insoluble fractions contained 3=6 cpm par
chromatogram, and thus had no effect at all on the
autoradiograph, even after 6 weeks exposure,

All the soluble pod fractions contained radioactive
compounds which were not resolved in autoradiography.
They moved on the electrophoresis origin and had a mean
chromatography Rf. relative to alanine of 1.29. At least
in the later samples the radicactive area contained more
than one substance which could have included the sugawrs
glucose (Rf. 1.25) and sucrose (Rf., 1.12), but probably
not fructose (Rf. 1.34) until after %h. (Table 7-2).

The chromatograms of seed coluble fractions from 3h
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onwards contained a similar unresolved}radioactive
area with a mean Rf relative to alanine of 1.22 at 3h
and 5h, and of 1.32 from 7h to 19h. These correspond
approximately to glucose, possibly with sucrose at 3h
and 5h, and to fructose, probably with glucose and
sucrose in the later samples. Since the mobilities of
sugars in chromatography are notoriously variable, and
other radioactive substances may have been present as
well, these interpretations must be treatéd with caution.
In the pod samples at least the analysis can be justified
by comparison with earlier results (Section 1.), but in
the seed samples the radioactive area was a single, large
and symmetrical spot and its interpretation as a number
of sugars is open to doubt, The mobilities of the fronts
of the radioactive areas are listed in Table 7-2,
Radiocactive amino acids in the leaf fractions are
listed in Table 7-3. At 1h almost all the soluble amino

acid 1

uC was in serine, but by 3h aspartic acid, glutamic
acid, glutamine, threonine and alanine were as heavily
labelled. From 5h, aspartic acid and serine were the
most heavily labelled amino acids in all samples. The
sugar and organic acid region of the chromatogram caused
at least 90% of the autoradiograph fogging, for these
extracts. In the insoluble fractions the only ninhydrin
negative radiocactive substance was the unknown which
moves on the electrophoresis origin to the chromatography
front. This was also present in the soluble fractions of

these leaves. The first protein amino acids to be

detectably labelled were serine, alanine, phenylalanine
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Table 7"'30

1k

C distribution in lear amino acids

SOLUBLE FRACTION INSULUBLE FRACTION
1357 911 13 15 17 19 1357 911 13 15 17 19
CYS |
ASP SRR LN + 4+ + 4+ 1 0+ |+ +
ASN 1 )
GLN [ 4+ |+ |+ w1+
'GLU +lele e+ + | 4+ + ] + 9 + + |+ +
SER ikl |+ + |+ + | + + [+ |+ |+ + + +
THR + +i+ + |+ + |+ + + + |+
~ PRO |
DOPA |+ |+ i+ |+|+ | + | +
ALA L4+l + i+ |+ ]+ + | + O I N P + + [+ 4
VAL + [N +
MET
TYR + i+ 0+ [+ | ]+ + B
PHE i+ ]+ |+ + ] + +f+ + |+ + + | + B
ILE + + i+ |+ +1 4| +] +
LEU | ‘ + |+ |4+ + 4+ +
GLY 41+ + i i+ |+ 1+ + 4
ARG e+
- HIS i
LYS + + +
BALA
YAB + + |+ o+
OTHER| +| + +l+ o4+ +1 + + e 4] + 4]+

= absent + =

12515 - lSAlS.

in the legend to Fig. 7-3.

The experimental conditions are described

present (radioactivity)
The leaves were fed [luC] - CO, for the first 3h from
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and giycine (at 1lh). By 3h most of the amine acids
which became labellad during the 19h were radioactive.
Glutamic acid, arginine and 1ysine, all present in high
concentration in the protein, were labelled only
feintly in these extracts. Qther uniabelled amino
acids were present in small quantities only. The
distribution of 1% in the soluble amino acids bore
very little relation to its distribution in protein
amino acids,

{l%cj - C0, was fed to leaves subtending 20-25
day old pods for 3h and the leaves, pods and seeds

1y

were extracted 21h later. C was detected in all

extracts, Variability between the trace samples was
considerable, +the largest total l”‘C for the system being
alwost twice the smalles*, Means, standard errors and
percentage errors are given in Table 7-i,

1l+C amino acids

Autoradicgraphy »f extracts revealed
in leaf, pod and seed protein. (Table 7-5). The pattern
of labelling in leaf protein was like that seen
previcusly (Tabies 7-1 and 7-3)., Pod and seed protecins

were weakly rad:oactive with the label distributed

feirly evenly among the radicactive amino acids.,
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Table 7-5. C amino acids in protein

- INSOLUBLE FRACTIONS

leaf pod seed

CYS
ASP
GLU
SER
THR
PRO
ALA
VAL
MET
TYR
PHE
ILE
LEU
GLY
BASICS

+ + 4+ o+
+ + o+ +

+ +
* 4+ o+ o+ o+ + o+
+ + 4+ + 4 o+

+ + o+ + o+ o+

= absence of label, + = presence of label,

The leaf, which subtended a 20-25 day old pod,

was fed [*¥C] - CO, for 3h. The leaf, pod and

seed were harvested 21h later. The experimental
conditions are described in the legend to Table 7-4.
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was fed to leaves subtending 22-27
IR

[t*c] - co,

day old Ddds for 3h, and C was detected in both
solubie and insoluble fractions of pods and seeds
harvested at 3, 6 and 12h after the start of feeding.

lL{‘C in the pod and

(Table 7-6). The changes in total
seeds after the 3h sample are similar in size to the
chance variations obtained with the three replicate
samples described in Table 7-4. Thus, the only
significant change in activity of the pod and seed
fraétions after 3h may be the increase in luC in the
seed insoluble fractions. Other differences represent
fluctuation rather than increase.

Avtoradiography did not detect any labelled amino
acids in the pod insoluble fractions where the only
radiocactive compound was the unknown on the
electrophoresis origin and chromatographyﬁfront.

This substance was also labelled in the seed insoluble
fractions, but in neither pod nor seed soluble fractions.
Seed protein amino acids were first cetectably labelled
at 611 when nine amino acids were radicactive. At 12h,
only aspartic and glutamic acid., serine and phenvlalanine
were labelled. (Table 7-7). The pod and seed soluble
{ractions were all . =ry heavily iabelled over the whole
sugar and organic acid area of the chromatograms., In
the pod, amino acid labelling was strongest in tyrosine
in all three samples. In the seed soluble fractions,
¥aminobutyric acid was the only labelled amino acid to
acquire its label after the First sample. Apart from
increasing intensity of lahelling, the autoradiograph

pattern changed very little between the 3 samples.




Table 7-6. t%c distribution in tne ped and seeds of a

leaf-pod~seed system

SOLUBLE INSOLUBLE
pod seed pod seed TOTAL
sh | 365 | 932 86| 36 1419
6h % 368 [1882 146 | 266 2661
12h | 203 { 71 81| 125 1123

Activities are expressed in cpm/mg extracted weight
[luC] - €0, was fed to leaves at

node 7 of glasshouse grown plants, for 3h. At 3h,
6h and 12h after the start of feeding, the 22-27 day

oid pods, subtended by the leaves, were harvested.

of sample. 75 aCi

Each sample 1is a single pod and its seeds. Extracts
were counted using the IDL scalar 1700. Counting
errors were less than u4%.
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Table 7-=7. l"“!"C amino acids in 22-27 day old pods and seeds
POD SEEDS
SOLUBLE SOLUBLE INSOLUBLE
3 6 12 3 B 12 36 12
CYs + . + + | N
ASP + + + + + + +
ASN + -
GLN + + + +
GLU + + + + + + + +
SER + + + + + +
THR
PRO !
DCPA + + + + + +
ALA + + + 4 |+ + +
VAL | | * 3
NET ] | -
TYR + |+ + + g + + +
PHE + f + + +
ILE T 1
LEU } |
GLY | | +
BASICS | +
i
BALA
OTHER + + + + + + + +

= absence, + = presence of label.

{luC] - €O, was fed to leaves subtending 22-27 day old
pods for 3h. The pods were harvested at 3, 6 and 12h

after the crart of feeding. Experimental details are

given in the legend +o Table 7-5.
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PART '\'HREE:

Sources of carbon for the developing

pod and seed

8. Pod photosynthesis

9. Bloom node leaf photosynthesis




8.  Pod photosynthesis

When [luC] - €O, was fed directly to 25-35 day
old pods, uptake of 1“C into the pod was observed.

c in the pod

During the 3h feeding period, total
and seeds rose rapidly and then remained more or

less constant at 1200-1300 cpm per mg. Linear and
exponential curves fitted to the data had fit factors

of 129.51 and 50.90, respectively. The data was best

described by the curve

= k(l-e™2%)
where XK = 1337.17
a = 0,023

The pods could, then, be expected to approach
saturation in 4.5-5,0h.

The distribution of 140 in the pod and seed system
is shown in Fig. 8-1., Fig. 8-2 was obtained from
Fig. 8-1 by fitting the histogram totals to the
calculated exponential curve, and then scaling the
contents of each histogram column. The histograms [

illustrate the fact that 14

C in the soluble pod
fraction fluctuated rather than increased after about
75 min [*¥c] - Co, feeding. The *¥C in the insoluble
ped fraction did not increase after 105 min., In both
pod and seeds increase of label in the soluble fraction
preceded that in the insoluble fraction. The scluble
seed fraction was first appreciably labelled at 75 min,

and the insoluble seed fraction at 165 min. Séed

samples collected after the end of the feeding period




% pod soluble fraction
‘ {Hm]] pod insoluble fraction

'///A éeed soluble fraction

seed insoluble fraction

12

10¢

o

W %

>
' .

h
¥

CPM / MG x 10~ 2
N

15 75 135 195
TIME AFTER START (min)

Fig. 8-1, Distribution of **C in pods and seeds.

Plants were grown in the glasshouse in Reading until

June 1971. 75 uCi [14C] - CO0, was fed directly to the
'25-35 day old pods at nodes 10-13 on 20-25 leaf plants.
Feeding was continued for 3h, Each sample is the extract
from a single pod and its seeds. Extracts were counted
using the IDL scalar 1700, Counting errors were about 2%
for all samples except the seed insoluble fraction where
they were about 10%.




legend as Fig.8

16
14t "’1
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12}
1o}
i
O gl 7/
x 7,
$
'/
; 6} //
o 7
7
4.
2.
Oh
5 75 135195

TIME AFTER START (min)

Fig. 8-2, Distribution of e in pods and seeds.
This figure was obtained from Fig. 8-1 by fitting the
histogram totals to the calculated exponential curve (see text),

and scaling the histogram columns.




—o— pod soluble
3F —@— seed inscluvble

o

CPM / MG x 1072

TIME AFTER START (h)

. 1y solulole. enol

Fig. 8-3, Distribution of C in the insoluble fractions
of ped a2nd seeds.

[luC] - 002 was fed directly to the 25-35 day old pods for 3h,

Experimental details are given in the legend to Fig. 8-1.
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. . . , R L, N
showed continued increase ia total ‘2 vntil the 3.7th

sample. followed by a marked decrease, (Iig. 8-3).

1k

By 5h, the ~ 'C in the soluble seed fracticn had fallen

below its value at the end of the feeding period, while

1y

the C in the seed insoluble fraction did not show a

corresponding decrease. The 45-75 min delay in the loss

1

of uC frem the soluble seed fraction, after the end of

[luc] - CO2 feeding is of comparable size with the 45-75 min

interval after the start until the soluble seed fraction

showed its first increase in 14

C. This suggests that
only recent photosynthate is exported by the pod to
its seeds.

Autoradiography of the soluble pod extracts revealed
that the activity was divided approximately equally
between ninhydrin positive and ninhydrin negative
gsubstances. The labelling pattern was not unlike that
of the photosynthesising leaf, at least in its major
components. (Tables6-3, 8-1). In early samples most
label was found in aspartic acid, serine and alanine.

By 105 min tyrosine was also heavily labelled. Label

in dihydroxyphenylalanine was very weak at first, but
increased steadily during the 3h. Label was always
present in small quentities in glycine, although glycine
was present in only trace amounts in these pod extracts.
Label was never detected in asparagine or glutamine
although pods contain these amides in high concentration.
The labelled ninhydrin negative compounds ran in the
sugar and organic acid region of the chromatogram.

. v . . 4
Incorporation of C into pod protein was rather
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differvent fxom thet in the leaf. Tyrosine and
phenylalanine were the first labelled protein amino
acids, followed by serine and glycine in the 45 min
sample and alanine at 75 min., Other amino acids were
never as strongly labelled as these. The ninhydrin
negative compound listed in Table 8~1 was the unknown
which runs on the electrophoresis origin to the
chromatography front.

In the soluble seed fraction at 75 min most of the
e was in aspartic acid, with smaller quantities
in the other amino acids sugars, and/or organic acids.
These latter included spots with mobilities like those
of fructcse, glucose and sucrose, Other labelled
ninhydrin negative compounds with lower Rf Qalues
were present as well. By the end of the 5h asp
contained only a trace of luC and glutamic acid,
glucamine, alanine and serine were most strongly
labelled. <t%c incorporation into protein was restricted
to seven amino acids for the first 4th of the experiment.
Label was never detected in threonine or alanine, both
presant in the protein in large amounts and both

ilabelled in the soluble seed fracticn.
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g, Bloom node leaf photosynthesis

was fed for 3h to leaves subtending
1uc

14
[~'c] - co,

25-30 day old pods and during the subsequent 3h

was detected in all extracts of the leaves, pods and

1

seeds. (Table 9-1). The total l'c in the leaf-pod-seed

system increased steeply between the 40 and 90 min
samples, and then decreased again just as steeply.

1”c.

"hic wee mostly due to a rise and fall in the leaf
This pattern is more reminiscent of that illustrated
in Fig. 7-4, for loss of 1”0 from a leaf-pod-seed
system at the end of the feeding period, than of any
of the data produced during continuous feeding. It is
indicated that the plants did not take up !lqcl - co,
afver the 90 min sample. PErhaps due to stomatal
closure in response to saturation of the atmosphere
in the feeding bag.

For the two samples taken during [luC] - ¢o,
uptake an approximate description of the leaf photo-
synthesis was obtained, as follows:

y = K(l-e™%)

K(l-e'auo

ago

)

when x = 40, v = 4261 ¢ e U261

x 90, y 16845 ,".168u45 K(l-e )

Simplifying, we obtain
5 InK = 9 1n(K~-4261) - & 1n(K-16845)

This equation may be solved for K by trial and error.

We find

K =70,000




L
o
Q

Substituting in the origin:=l equatvions,
a = 0,003

When the leaf is almost saturated, y is 99% of X,

Then,
e™®* = 0,01, a = 0.003

.
il

1533.

The leaf would, then, reach saturation (of the parts
containing label at 90 min) after about 1500 min.
At 90 min it was nearly 25% saturated.

The calcuiated time until saturétion is
comparable with the time determined for the leaves in
section 6. (1200 min), The very much higher value
for X (70,000 as compared with 2,400) reflects the
more active photosynthesis of these leaves.

At the end of the 90 min feeding period the total
activity in the system decreased rapidly, and from
150 min to 330 min it remained approximately constant
at 9000-10,000 cpm/mg., Activity decreased slightly
in the last sample at 380 min. The samples at 125 min
and 270 min were considerably less active in ll‘C
uptake than any of the others and so are disregarded
in the following discussion.

The leaf fractions were strongly labelled
fhroughout the 6h, no marked loss of luC occurring
after the 150 min sample. The pod soluble fraction
reached 400 cpm/mg at 90 min and fluctuated rather than

changed after this time. The pod insoluble fraction

took rather longer, 150 min, to approach its maximum




161

«aA0qP USATS 2dE SJAOII® SUTIUNOD pue CQOLT JBTROS QI 9y} SUTSR DPOIUNOD oa9M SIOBAIXI
oo - [0, ]
N .
00 - [0l
1oV §4  *seaesy §Z-07 PRY A8yl usym TL6T ATnp TIIun Surpesy ur asnoysseid e ur

'juerd a78urs P wouy 3OPIIX® 9yl sT oTdwes yoez ‘urw 06 ao3ye dn use3 Sem
OoN °spod p1o Aep Qu-§¢ TUTpuUaiqns (QT-, SOPOU 3® SIABIT O} YE I0F PoF sSem

umMoa® aa9M sjueld °*STGaes Jo 3IY3Tsm paloeaixs Buw xod wdo ur pessadadxs 2aR SITITATIOV

$0T-9 52 52 42 $2 32 et

000'T| 000°4  000°7}  000°S| ©000°S | 000‘0S| . SHCEO

NVIH
28z {1 - 26 | usot LT £69 80ZT © | Z90M o9
0L06 9t T OLTT $61 £L9 626T L6 0ee
0Z66 8y £8L Lh 29 §99T hOEL 00¢
LhOT 9 L6 nT £g ehT seL oLz
- £s 66TT | 66 9gs - £099 $hz
Lh96 9y RGN T 505 90ST | SHOT £h0S 081
1826 I T0M £6 agn 8SLT 2689 0ST
9z1e . ohT ot anT 9¢5 1622 szt
TEHLT z ghT he ZTh 1€5¢ RTEET 06
L3Th € T z £ £L9 88S€ o

T7LOL - JT7INTINSNI I7dnT0S ITANTOSNI IT4NT0S ITINTOSNI FTANTOS  (UTW) LYVIS
a3ds aod dvant ¥ILIY JWIL

we3sAs spaos-pod-Jeal B UT O, 3O UOTINGIJIST@  °T-6 °IqEL

T




162

activity and variability masked any trends after this
time, By 245 min the seeds had absorbed more soluble
e per mg than had the pod and the level remained . °
higher for the rest of the 6h. Variability between
plants was least evident in the seed insoluble
fraction where the cpm per mg increased fairly
steadily for the whole 6h.

Autoradiography of extracts revealed that more
than half of soluble activity in leaf, pod and seeds
was in ninhydrin negative compounds. In all cases
the radiocactive areas were not fully resolvable
into spots, but at least in leaves and pods probably
included sucrose, glucose and fructosé. Insoluble
fractions all contained the radioactive unknown which
runs on the electrophoresis origin to the chromatography

140 was incorporated

front. In leaf, pod and seed some
into insoluble amino acids before the end of the 6h.
(Table 9~2).

All the amino acids in leaf protein became
labelled, and some very strongly, although valine,
methionine and basic amino acids were never detected
labelled in the soluble fraction. This data is
discussed quantitatively in section 10. At 90 min most

14

of the soluble amino acid C in the pod was in serine

and alanine, and these amino acids contained less than

5% of the total soluble *

"c. Glutamic acid, glutamine
and tyrosine were the only other soluble amino acids

to become as strongly labelled. Aspartic acid,

asparagine, dihydroxyphenylalanine, valine and
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¥-aminobutyric acid were all present in the pod soluble
fraction at equal or greater concentrations than the
labelled compounds (see appendix), but were labelled
weakly or not at all. Glycine, which was present in
trace quantities only,was labelled in two samples.

In the pod protein, serine, glycine, alanine, tyrosine

1

and phenylalanine contained most l"LC. These are the

same amino acids which were strongly labelled in pod
protein after pod photosynthesis. Sefine and alanine
were the only 14C amino acids detectable in the seed
before the 180 min samples. At 180 min label appeared
in numerous soluble seed amino acids. This coincided
with a marked overall increase in the amount of

1%¢, Label then remained predominantly in

amino acid
serine, alanine, glutamic acid and glutamine for the
remainder of the 6h. Serine and alanine were also the
most strongly labelled amino acids in seed protein,

with tyrosine and phenylalanine being the only others

with more than trace amounts of label.
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[luC] - €0, was fed to the bloom node leaf for 3h, but was only

=

taken up for 90 min. .

_ For

&

>~

The .pods were 25-30 days old.
experimental details see the legend to Table 9-1,
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experlmental details see the legend to Table 9-1.
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PART TOUR:

Quantitative analysis of

radiocactive amino acids

10. Leaf photosynthesis
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10. Leaf photosynthesis

The leaf samples described in section 9 were
analysed for amino acids and the per amino acid as
described in Methods. This was the only whole set

lu’C for

of samples containing sufficient protein
analysis in this manner. The results of the amino
acid and radioactive analyses are presented in

Tables 10-1 to 10-4. The data in these tables is
directly comparable with the autoradiograph data in
Table 9-2. In general the two analyses agree, but
the autoradiography appears to be slightly more
sensitive. In part, at least, this must be due to
the policy of ignoring peaks in the planchet counting
data which were not higher than twice the baseline
count. The changes with time in the activity of the
more strongly labelled amino acids are illustrated in

luC into

Figs. 10~1 to 10-5. The total uptake of
soluble and protein amino acids is plotted in Fig. 10-5.
From these figures it is evident that the incorporations
of [luC] - serine, alanine, glycine, tyrosine and
phenylalanine into protein all followed a similar
pattern, and this pattern is different from that shown
by glutamic and aspartic acids.

The former group of amino acids (group A) follows
the same pattern of 1L‘C incorporation as is seen in
the graph of incorporation into total amino acids.

1

The uC in both soluble and insoluble fractions rose

steeply to the 90 min sample (effective end of feeding
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Experimental details are described in the legends to
Tables 9-1 and 10-1. Samples were counted on the

Tracerlab gas flow couater. Counting errors were always
less than 10% and generally 5-6%. Amino acid activities

-are in uCi per g extracted weight of leaf. Total l4c is

~the sum of the amino acid activities. Sample Lt

C is
calculated from the cpm/mg for the whole sample (Table 9-1).
;Sebine activity includes that of threonine

© ’ N o : ) i
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period) and then dropped almost as steeply as it rose.
The activity of the 150 min sample was not very

1uc

different from the 40 min one, After 150 min the
in the soluble fraction decreased slowly while the
insoluble fraction became slowly more radioactive.

1”0 in the two fractions

In most cases the change in
was similar, and one can visualise that soluble l%}amino
acid was being incorporated into protein. The rapid

1

decrease in L’C in both fractions after 90 min cannot

be accounted for by exchange between the two fractions.
The 1uC here lost must have been removed from the
leaf - by export or by respiration,

Incorporation of qu into soluble aspartic acid
followed much the same pattern as incorporation into
group A amino acids, although loss of luC after 90 min
was not as steep. Soluble glutamic acid followed a
very different pattern, rising steeply to about
3uCi per g at 90 min and then oscillating between
1.0 and 4,5uCi per g for the rest of the experiment.
This oscillation is similar in size to the estimated 20%
variability between samples, and can perhaps be accounted
for in this manner. Insoluble glutamic and aspartic
acids did not show the dramatic increase in activity
during the first 90 min. In both cases activity rose
less steeply to a plateau where it remained between the
90 and 180 min samples, and began to rise again before
the 300 min sample. Since no sample is recorded
between 180 and 300 min it cannot be established whether

or not the second rise in activity was -associated with
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£ e

removal of the feeding chamber. Incorporation o
into protein between 300 and 360 min is noticeable
for all amino acids.

Of the less strongly labelled protein amino acids,
cystine, isoleucine, leucine, lysine and arginine

lL*C incorporation similar to that

followed a pattern of
of group A, discussed above. Valine and methionine
alone did not show a peak of activity at 90 min.

The proportion of total activity in amino acids
was about 10% for the soluble fraction and 30% or more
for the insoluble fraction. Both percentages tended
to increase towards the end of the 6h. Variability
in total uptake was high. From the figures in Tables
10-3 and 10-4 some details of the leaf system can be

calculated, very approximately.

For a leaf weighing 0.05g (extracted weight),

Activity at 90 min 548 uCi/g

it

24 pCi‘per leaf

Activity at 150 min 196: uCi/g

i

10 nCi per leaf,

."+« In 60 minutes, luC loss from leaf is IO}pCi
1

-*

. "« In 90 minutes, L’C loss would have been 15 pCi

<"+ In 90 minutes, the leaf must have removed 24 + 15,

i.e. 39 nuCi luC from the feeding chamber - over half
of the supplied [T*c] - co,.
An estimate of the metabolic pool size for an amino

1% can be obtained by fitting an

1

acid taking up
exponential curve to the e analysis data. Division
of the nCi per g data by the specific activity of the

source carbon would convert the data to umoles of carbon
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at the same specific activity as the source., However,
since only two samples were obtained during 1”0
uptake into amino acids, this method could not be
applied with any accuracy to the present data. The
amount of amino acid labelled at 90 min can, however,
be determined and compared with the total amino acid
in that sample,

For example,

1"lC per g.

At 90 min serine contained 14,6uCi
.*. Amount of serine labelled at the same specific
activity as the applied [14C] - €0, is

;§%§ pmoles carbon

i.e. 116 pmoles serine per g extracted weight

12x3

i.e. 0.41 aumoles serine per g extracted weight

But from Table 10-1, the leaf contains 140 umoles of
serine per g in its soluble fraction. A very small part
of the total leaf serine is affected by 90 min
photosynthesis in [;“c] - CO, and this is so for all

the amino acids.
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Fig. 10-1, % in soluble and protein amino acids of leaves.

The leaves were fed 75 uCi [1uC] - C0, for 3h, but took it up
only for 90 min. Feeding began at 10.00 a.m. and times are in
minutes after the start. Experimental conditions are described

in the legend to Table 8-1. Errors are estimated in the

legends to Tables 10-3 and 10-Y4,
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Fig. 10-2. % in soluble and protein amino acids of leaves.

The leaves were fed 75 FCi [luC] - CO2 for 3h, but took it up
only for 90 min. Feeding began at 10.00 a.m. and times are in
minutes after the start., Experimental conditions are described
in the legend to Table 9-1. Errors are estimated in the
legends to Tables 10-3 and 10-4,
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Fig. 10-3. luC in soluble and protein amino acids of leaves.

The leaves were fed 75 PCi [luC] - CO2 for 3h, but took it up
only for 90 min. TFeeding began at 10.00 a.m. and times are in
minutes after the start. Experimental conditions are described
in the legend to Table 9-1, Errors are estimated in the legends
to Tables 10-3 and 10-4,




.

-2

TYR
o8t
J
3]
L o4t
% 20 240 360
r6r PHE ' -©- soluble

-@- protein

%% 120 240 360
' TIME (MIN) )
Fig., 10-u, luc in soluble and protein amino acids of leaves.
The leaves were fed 75 PCi [luC] - CO2 for 3h, but took it up’
only for 90 min., Feeding began at 10.00 a.m. and times are in

minutes after the start. Experimental conditions are described
in the legend to Table 9-1. Errors are estimated in the legends
to Tables 10-3 and 10-4.
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1l+C in leaf amino acids.

Fig 10-5. Total
The leaves were fed 75 pCi [Y"C] - cO, for 3h, but took it
up only for 90 min. Feeding began at 10.00 a.m. and times
are in minutes after the start. Experimental conditions are
described in the legend to Table 9-1. Errors are estimated

in the legends to Tables 10-3 and 10-4.




DISLUS3ION

In all the experiments hsre descrived, except those
involving collection of sap, single plants were sampled.
This was done in order to minimise the use of radicactive
materials, and in the belief that more information would
be obtained from ten consecutive individual samples, |
than from three or four more widely spaced samples
containing two or three replicates. Variability between
plants was high, and the fitting of curves to experimental
data has bgen used in an attempt to overcome this
variability\and simplify the interpretation of results.

In the two <ontinuous feeding experiments where leaf

and pod photosynthesis were studied, uptake of Ilqcl - Co,
was found to be exponential, and the properties of the
system were analysed in detail. In the pulse-feeding
experiments, resul®s were complicated by the simultaneous

lqC«into and out of the different parts of

movement of
the system, and the fitting of a simple curve to the
data was no longer meaningful,

The system studied was the deVeloping broad bean
fruit between its 20th and 35th day of growth. Davis
(1966) has discusse. the problem of ageing fruits in
terms of days after pollination in the light of studies
of embryo formation by Rau (1951). Flowers open"wighin
one dav of the start of embryo growth, and this event
can quite reasonably be called day 1 in the life of the

fruit. However, considerable variation is observed in

the subsequent rate of maturation of the pod and seeds,
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and age in days is no aulways a reliable estimate of
its physiological age.

Robertson et al (1962) describes how seed development
ié affected by'a number of environmental factors.
Briarty, Coult and Boulter (1969) define the broad bean
fruit that they study as 'mid-season fruit' because of
the varying rate of maturation with time of year, weather,
etc. This variability is not surprising in the light'of
work such as that of Steward et al (1959) in which it
is shown that the chemical composition of plants depends
markedly on photoperiod, temperature, mineral nutrients,
diurnal vériations and interactions between these factors.
Therefore it is important, for comparative discussion,
to determine the physiological age of the fruits being
studied.

Protein formation in the broad bean fruit has been
analysed in detail by Davis (1966) and Briarty, Coult
and Boulter (1969). Davis describes the appearance of
the growing pod at different stages of development.
At 20 days pods were 8cm long, swollen, spongy to touch,
and the seeds were not apparent. At 32 days the pods
were l7cm long, hardening and beginning to reveal the
seeds as bumps., At 48 days the 26cm long pods were
hard, green and beginning to dry. Analysis of the
protein in seeds taken from these pods\demonstrates
that each pod type just mentioned falls into one of the
three phases of development described by Briarty, Coult
and Boulter (1969), which are summarised in the

Introduction to this thesis. In the present work, the
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20-25 day old pods deerrilbed in Fig. 7-~i are like the

20 day old pods of Davis (1966) and must be at the end
of Phase I of development. The seeds were very small
and were nearing the end of the rapid mitotic phase.

The 30-35 day old pods described in Fig. 7~3 were aged
between the 32 day and 48 day pods described by Davis.
The testas were no longer thick and fleshy and the seeds
were hard. These samples must have been at the
peginning of Phase III and undergoing rapid accumulation
of insoluble reserves. All other fruits used in this
work were alike physiologically, although they varied

in age from 25 to 35 days. The seeds had fleshy testas
and smalill, aboﬁt 8mm long, cotyledons. The pods were
7-10cm long. These were younger than the 32 day old
pods described by Davis and must have been in Phase II
of dzsvelopment. Protein formation in the seeds of these
samples must have peen chiefly albumins, i.e. structural
and metabolic protein. Accumulation of legumin and
vicilin would not have begun. (Davis, 1966).

Aiino acid metabolicm has been extensively studied
during the last tw- decades, and biosynthetic pathways
For almost all thes amino acids found in plants are knowﬁ.
Many of these pathways have been demonstrated to operate
in tissues from a number of plant spezies. Others are
assuned to be operative by comparison with animals or
miecrocrganiems., Amino a~id biosynthesis has been
reviewad by Meister (19555, and in plants by McKee (1962),
Towden (1.967), Davies (1968), Miflin f1973).

Nitrogen enters into organic ccombination via ammonia,
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either frem nitrate or nitrite or from atmospheric
nitrogen in root nodules. Glutamic acid and glutamine
are the primary products of root nodule fixation.
(Kennedy, 19663 Cocking and Yemm, 1961), Glutamic acid
is the primary product from nitrate reduction (Beevers
and Hageman, 1969). The combination of émmonia with
a-ketoglutarate to produce glutamic acid is catalysed

by glutamic dehydrogenase, an:enzyme which has been
isolated from a number of plant tissues (see Introduction).
Glutamic acid is the only amino acid for which a
dehydrogenase is known in higher plants, and so nitrogen
must enter other amino acids by transamination from
glutamic acid.

Transamination was first reported in muscle tissue
by Braunstein and Kritzmann (1937) and shortly afterwards
in 'vegetable materials' by Kritzmann (1939).
Transaminations have been reported from a large number
of plant tissues and shown to transfer the amino group
of most amino acids to aketoglutaric acid., Wilson,

King and Burris (1964) used three indepehdent methods
to demonstrate the presence in plants of transaminases
which would transfer the amino group from each of
seventeen amino acids to aketoglutaric acid. Alanine
has been shown to be synthesised by transamination of
pyruvic acid with aspartic acid in peas (Virtanen and
Laine, 1938) and of pyruvié acid with glutamic acid in
wheat germ (Cruickshank and Isherwood, 1958) and mung
bean mitochondria (Bone and Fowden, 1960). Aspartic

acid is synthecised by transamination from oxaloacetic
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acid in cauliflower (Ellis and Davies, 1961), oat
seedlings (Albaum and Cchen, 1943), wheat germ
(Cruickshank and Isherwood, 1958) and mung bean (Bone
and Fowden, 1950). The last two grocups of workers
demonstrated that the alanine-glutamic acid and aspartic

acid glutamic acid transaminases were different enzymes,

Transamination to either aketoglutaric acid or oxaloacetic

acid rrom y-hydroxyglutamic acid, y-methylene glutamic
acid, p-hydroxyaspartic acid, cysteic acid and cysteine
sulphinic acid was demonstrated for cauliflower by Ellis
and Davies (1961). An aromatic amino acid transaminase
from mung bearn was isolated and shown to transaminate
tyrosine or phenylalanine with aketoglutarate or
pyruvate by Gamborg and Weller (1963). y-methylene=-
glutamic acid and y-methylglutamic acid have been shown
by Towden and Don= (1953) to transaminate with
aketoglutaric acid, pyruvic acid and oxaloacetic acid
at comparable rates to the other amino acids in ground
nut sesdlings. Transamination is the last step’in
+he rormation of many amino acids, inciuding valine,
ieucine, isoleucine, as well as those described above
(Rudman and Meistow, 19533 Adelberg and Umbarger, 1953).
Transamination of pyruvate appears to be one of
the main synthetic pathways to alanins, but Smith,
Bassham and Xirk (1961) suggested that alanine is
formed also by reductive amination of phosphoenolpyruvate
formed in photosynthesis., Balanine has been shown to
be formed by transamination from malonic semialdehyde

in Pseudomonas (Nishizuka et al 1959). Evidence for

the presence of B-ala-c-ala transaminase has also been
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obtained for Lactobacillus sp. <Roberis eif al 1953)

and plant tissues. (Davies, Giovanelli and Ap Rees, 196U4),.
These authors also report the formation of Balanine by
decarboxylation of aspartic acid in bacteria and in extracts
of squash fruit.

Aspartic acid is biosynthesised by transamination
of oxaloacetic acid which arises, either from the
tricarboxylic acid cycle or by carboxylation of
phosphoénolpyruvate. Withdrawal of oxaloacetic acid
from the TCA cycle would inhibit the respiratory function
of the cycle, and so the alternative route is the
generally accepted pathway. All the enzymes involved
in the carboxylation have been found in plants and the
results of a number of labelling studies have confirmed
that aspartic acid is biosynthesised in this manner.
(Gibbs, 1951: Tchen and Vennesland, 19553 Randurski
and Greiner, 1953). However, experiments with feeding
labelled acetate to wheat plants indicate +that the TCA
cycle is important in supplying carbon skeletons to the
dicarboxylic amino acids (Bilinski and MecConnell, 1957),
and so, either the TCA cycle is operative in more than
one separate metabolic pool, one of which does not
fulfil the respiratcry function, or else some of the
intermediates in the cycle can interchange with other
pocls which thereby would become labelled from fed acetate.
It has also been suggested that some aspartic acid must
be formed by a C2 + C2 (Thunberg) cocndensation, since
aspartic acid labelled in carbon atoms 2 and 3 is produced

in broad bean leaves photosynthesising in [luC} - Co,
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(Nelson end Krotkov,‘1956). Other workers have
confirmed this labelling pattern (Davies, Hanford and
Wilkinson, 1959), but details of the reactions have
not been established.

Asparagine is formed from aspartic acid by
re;ctions analogous to glutamine synthesis. Asparagine
synthetase has been reported in extracts of lupin
seedlings and wheat germ (Webster and Varner, 1955).
Other workers have reported luC labelling patterns
which indicate that asparagine is biosynthesised from
espartic acid. (Bidwell, 1963)., Glutamine synthetase
has been more exhaustivel& studied than asparagine
synthetése. Elliott(1951) demonstrated glutamine
synthesis in extracts of lupin seedlings, and Webster
(1953) showed that glutamine is formed from glutamic
acid in a wide variety of plants including bean seedlings.
Other workers (Levintow et al 1955; Loomis, 1959) have
shown that glutamine synthetase catalyses the glutamyl
transfer reaction, glutamine + hydroxylamine -
yglutamethylhydroxamate + ammonia as well as the
‘conversion of glutamic acid to glutamine.

Other amino acids which -are synthesised directly
from glutamate include y-aminobutyrie acid, proline and
arginine. Decarboxylation of glutamic acid to produce
v—-aminobutyric acid has been demonstrated in legumes
(Fowden, 19543 Kulkarnie and Sohonie, 1956) and barley
(Beevers, 1951). Thé enzyme, glutamic decarboxylase,
has been purified and characterised (Schales, Mims and

Schales, 1946). vy-aminobutyric acid has been shown to
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transaminate with oketoglutaric acid forming succinic

semialdehyde in Aspergiilus fumigatus and E, coli

(Roberts et al, 1953). Steward, Bidwell and Yemm (1956)
showed that yaminobutyric acid supplied to carrot root
tissue culture was converted readily to glutamic acid
and glutamine but was not synthesised from these amino
acids. This suggests that yaminobutyric acid is not
simply an end product of glutamate dedarboxylation but
also an important metabolite, donating carbon to
metabolism,

The formation of proline from giutamic acid in
higher plants has been frequently demonstrated.
(McConnell, 1959, Meister et al, 1957). The synthetic
pathway via glutamic semialdehyde and A'-pyrroline-5-
carboxylic acid has been demonstrated in Neurospora
A(Vogel and Bonner, 1954) and evidence for its existence
in plants ié étrong (Mann and Smithies, 19553 Meister et_al;
1957). The involvement of acgtylated int?fmediates is
suggested by the work of Morris, Thompsén and Johnson
(1969) who demonstrated that N-acetylglutamate donates
cerbon to proline,

Arginine is generally accepted to be biosynthesised
from glutamic acid via ornithine and citrulline in the
Krebs and Hensleit (1932) urea cycle. The amino acids
ascociated with this pathway have been repofted from
many plant species including wheat, barley and watermelon
(Kasting and Delwiche, 1955), jack bean (Walker oud
liyers, 1953), peas (Davison and Elliot, 1952}, tree sap

(Bollard, 1957) and alder (Miettinen and Virtanen, 1952).
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A number of authors have demonstrated close metabolic
relationships between ornithine, citruliine and afginine
in plants, (Skinner and Street, 1954; Fries, 1953;
Bone, 198593 Racusen and Aronoifi, 1954)., Acetylated
intermediates have been shown te participate in arginine
synthesis (Maas, Novelli and Lipman, 19533 Dougall and
Fulton, 1967) and it is likely that this pathway
normally opérates in plants. Both labelled ornithine
and arginine are utilised by plants with the formation
of labelled glutamate and proline (Naylor, 1959) and
the apparent reversal of expected arginine synthesis
is interpreted as being due to flooding of the metabclic
pools with the exogenously supplied metabolite.
Citrulline is synthesised from ornithine and carbamyl
phosphate (Jones, Spector and Lipmann, 1955; Glasziou,
1956). Carbon fixation in the presence of carbon dioxide,
ammonia and ornithine can occur, with carbamyl phosphate
acting as carbamyl group donor (Bone, 1959), Citrulline
and aspartate then preact to form arginosuccinate which
is broken down by arginosuccinase to arginine and fumarate
(Ratner, et al, 1953). This enzyme has been shown to
be widely present in piant tissue (Davison and Tlliott,
19523 Walker and Myers, 1953). All the other enzymes of
the cycle have also been found in plants (Miflin, 1973).
Homoserine and threonine are biosynthesised from
aspartic acid. The formation of homoserine via Raspartyl
phosphate and aspartic-f-~semialdehyde was first descipibed
in detail for yeast by Black and Wright (1955) who

characterised the ‘enzymes involved. The conversion has
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also been demonstratec in E, coli ﬁAbelson,llgsu) and
Dougall and Fulton, 1967b; Dunham and Bryan, 1971).
The enzyme systems have been described for pea seedlings
by Sasatka and Inagaki (1960), and shown to resemble fhe
yeast enzymes. The conversion of homoserine to threonine
in plants has been demonstrated (Naylor et al, 1958;
Dougall and Fulton, 1967bj; Dunham and Bryan, 1971).
In yeast, this conversion has been shown to involve two
enzymatically controlled reactions (Watanabe et al, 1955),
but the details in higher plants have not been elucidated.
Two distinct pathways for lysine biosynthesis exist.
In yeast (Strassman and Weinhouse, 1953; Weber et al, 196u4),
a pathway beginning with the condensation of acetyl=-
coenzyme A and oa-ketoglutaric acid results inthe production
of ocaminoadipic acid which is converted to lysine. The
enzymatic evidence for this pathway is reviewed by
Broquist and Trupin (1966). This pathway has also been
demonstrated in a number of other fungi. In E. coli
aspartic-f-semialdehyde enters reactiOns leading to
diaminopimetic acid and a specific decarboxylase acts
to give lysine (Edelman and Gilvarg, 1961)3; Gilvarg, 1962)
Considerable evidence has been accumulated which suggests
that the diaminopimelate pathway operates in higher nplants,
alihough under some conditions or in some species there
is evidence for the functioning of the aminoad ipate
pathway. This literature is reviewed by Miflin (1973).

The formation of histidine in Neurospora crassa has

been shown to involve the conversion of imidazoleglycerol
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phesphate in two steps to histidinol»which is converted
directly to histidine. The enzymes controliing these
reactions have been characterised (Ames and Mitchell, 1955;
Ames, 1957a, b; Ames and Horecker, 1956). Work with

E. coli suggests a similar pathway (Westley and Ceithaml,
1956). It has also been shown that the amide nitrogen

of glutamine is incorporated preferentially into N1 cf
histidine, while N3 originates most readily from adenine

(Neidle and Waelsh, 1959). In Salmonella typhimurium

imidazoleglycerol phosphate is similarly converted to
histidine and is shown to be formed in a number of steps
from phosphoribosyl AMP (Ames and Martin, 1964). In this
case, all ten sfeps of the synthesis have been identified
with one of the nine genes of the histidine operon.

Little is known of histidine biosynthesis in higher plants
except that histidinol (Dougall and Fulton 1967b) and
imidazoleglycerol phosphate would appear to be intermediates
(Seigel and Gentile, 19663 Davies, 1971).

Arcomatic amino acid biosynthesis has recently been
reviewed by Yoshida (1969)., The biosynthetic pathway in
microorganisms is well established. Condensation of
phosphoenolpyruvate and erythrose phosphate (arising from
glutamate breakdown) gives rise in a number of steps to |
shikimic acid, chorismic acid and then prephenic acid.
Conversion of prephenic acid to phenyl pyruvic acid or
p-hydroxyphenylpyruvic acid, followed by transamination,
gives rise to phenylalanine or tyrosine respectively.
Tryphophan arises from chorismic acid via anthranilic acid

and indole~3-glycerol phosphate. Considerable evidence
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for the operation of this pathway in plants has been
published (McCalla and Neish, 1959; Gamborg and Neish,
19593 Yoshida and Towers, 1963) and a number of the
enzymes concerned have been identified (Yoshida, 1969;
Miflin, 1973). There is, however, evidence that this
is not the only pathway to tyrosine and phenylalanine
in plants, and the involvement of quinic acid in the
alternate biosynthesis has been demonstrated (Weinstein
et al, 1961). Dihydroxyphenylalanine, which is present

in large quantities in Vicia faba is formed from tyrosine,

probably by direct hydroxylation catalysed by phenolase.
The reaction has not been studied in detail and other
pathways from tyrosine may also be operative (Pridham, 1965).
The sulphur containing amino acids, cysteine and
methionine, are synthesised in miéroorganisms by the
combination of sulphide or, perhaps, thiosulphate with
serine or homoserine. The cysteine or homocysteine
produced gives rise to methionine. (Nakamura and Sato,
1960; Horowitz, 1947; Meister, 1965). Cysteine can be
formed by plant enzymes by the reaction of o-acetyl
serine with HZS‘ Serine is relatively inactive’in»this
reaction (Giovanelli and Mudd, 1967, 1968; Morris and
Thompson, 1968). The formation of o-acetyl serine has
noct been demonstrated. A number of pathways to ‘methionine
have been demonstrated in plants. Transsulphuration of
either o~acetylhomoserine or o=-succinyl homoserine to
cystathionine, followed by its conversion to homocysteine
has been demonstrated in spinach extracts by Giovanelli

and Mudd (1966, 1971). The direct sulphuration of c-
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acetylhomoserine to homocysteine has also been shown
to take place in spinach extracts. (Giovanelli and
Mudd, 1967).

The pethway of icoleucine and valine biosynthesis
was established using mutants of E. coli and N. erassa
(Wagner et al, 1958), and the same sequence of
intermediates demonstrated for isoleucine synthesis in

Phaseolus radiatus seedlings (Satyanarayana and

Radhakrishnan, 1962). The deamination of threonine
by threonine deaminase yields a~ketobutyrate which
~condenses with acetaldehyde and., in a number of steps,
yields isoleucine. Analogous reactions where pyruvate
replaces the oketobutyrate yield valine. Leucine is
synthesised from aketoisovalerate, the immediate
precursor of valine. This close metabolic relationship
between leucine and valine has been often demonstrated
in plants, the formation of valine and leucine from
labelled acetate being a common occurrence.
(Arreguin et al, 1951). The enzymatic evidence for
these biosynthetic pathways in plants is summarised by
Miflin (1973).

Serine and glycine are readily interconvertible
by a reversible reaction requiring tetrahydrofolic acid
and catalysed by serine hydroxymethylase. (Blakley, 19583
Huennekens et al, 1958). Glycine is synthesised in
plants from glycolic acid. The enzyme which reversibly
oxidises glycolic acid to glyoxylic acid is present in
a wide variety of plants, but absent in dark grown plants

and in roots. (Zelitch and Ochoa, 1953} Tolbert and
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Cohen, 1953). In wheat and barley the major products
of glycolic acid metabolism are glycine and serine
(Tolbert and Cohen, 1953). Experiments with [luC]-
formate and [luC] glycine in wheat plants indicate that
serine is formed by condensétion of formate, or its
carbon atom, with glycine, or its C-2. (McConnell and
Bilinski., 1959). Tolbert (1955) also demonstrated
incorporaticn of carbon from [luc]-formate into the
B-carbon of serine. Numerous workers report that serine
and glycine are readily labelled in [luC] - €0,
rhotosynthesis, and that either serine or glycine can

be labelled first. This indicates that serine cannot
always be synthesised from glycine. Tolbert (1963)
demonstrated that both serine and glycine are synthesised
from photosynthetic intermediates by the glycolate
pathway, or, more directly, from phosphoglycerate and
glycerate. The two routes are partly located in leaf
peroxisomes and form a carbon cycle from and back to the
photosynthetic carbon cycle. As much as half of the
carbon fixed in photosynthesis may flow through this
system, en route to sugars (Tolbert, 1963). The
peroxisomes are permeable to serine and glycine, and

the glycine-serine interconversion enzymes are found
elsewhere in the cell.

These biosynthetic pathways can account completely
for the observed labelling of amino acids in the present
work, and are summarised diagrammatically‘in Figs. 11~1
and 11-2.

Labelled carbon was introduced into the bean leaves
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by allowing photosynihesis to occur in the presence of
[luC] - C0,. The products of such photosynthesis,
particularly in the short term, have been extensively
studied. (Calvin and Benson, 1948, 1949; Bassham et al,
1950; Vernon and Aronoff, 1950; Aronoff and Vernon, 19503
Aronoff, 1951; Gibbs, 19513 Kandler and Gibbs, 1956).
In the present work, serine and glycine were always
among the first soluble leaf amino acids to be labelled,
and remained strongly labelled during the (luC} - Co,
feeding period. This is in agreement with their
biosynthesis from intermediates of the photosynthetic
carbon fixation cyclé. ‘The channelling of almost halfs
the photosynthetically fixed carbon through glycine and
serinervia the glyoxylate cycle would account for the
uniformly high activities of these amino acids. Aspartic
acid labelled in leaves could have arisen from Krebs
cycle intermediates labelled through sugar breakdown,
or from direct fixation of [luC] = €O, into oxalacetic
acid from phosphoenolpyruvate, Tyrosine and phenylalanine,
always strongly ‘labelled, would alsc arise from
’phosphoenol-pyruvate. Threonine must have acquired its
label from aspartic acid, cysteine indirectly from serine,
and proline, glutamine and yaminobutyric acid from
glutamic acid, and dihydroxyphenylalanine from tyrosine
by the pathways already described.

Incorporation of ke into leaf amino acids was not
constant, but varied under the different experimental
conditions employed. Dihydroxyphenylalanine was labelled

in mature leaves photosynthesising outdoors {(Table 7-3)




196

PAPTSURPA A O

sfemyied ot3ayaulsotrd T-TT *3T3

aa2ydsouyd

- dINID¥Y < GNITHNEIID €~ [fweqaed

ININTHLINYO
A

SUTYLTUJO TAlaCe=y
AN
|

opAyepTeIwss~-A-0TWRINTE {41908~y 59B120V0 [BXC

|

P e e e . e

|

\

proe otweini3eTLieoe-yN i JTOARD
% , m sgdaAd
ANIWVINTD mmuuu QIOV JIWVINTY ~—— > 23Baeinisoras !

QIOV OT¥AING ONINV=Aypcusprerdes ovuweant3 |
v v
PIO® OITAXOQURO=-G~3UT Todaid ININVIV
|

v
ANI108d

vmt — —_— — - - - st b

ININOTYHL
\7

~

t
ojeydsoyd sutassouwoy

ﬁ
INTY¥ISOWOH

i

opAyspierIues-g-oTidedse
AN

aarydsoyd TAzaedse-g

N

¢ dTovV I MVdSY ——> ANIDVYEV4SY
w N ,
| ANINVIV-9
v
opAyepreTwes TAjaedse
S
v
proe orzeuwrdoutuweIp
v
INISAT




197

SpIO® outue
Jo stsayjuhksojoyd Z-TT *ST4

pTo® OoTJdeiInT30ley-0 —a IOV JIWVINID

1

317040 sgoay
T
(3se1dcaoTyo ut) PIOR OTAIID

Vo0 ﬁﬁmo«%

pPTO® OTTRW 4&——— 93B320V0TBX0 —> IOV OIIYVdSY

INISO¥AL

X

/
proe otusydaoad ©— &— sjyrvanahdyiousoydsoyd -——> ININV'IV
\

ININVIVIANIHd

21pa00fT80oydsoyd-¢g —> o3eaeoAT3oydsoyd 7 — TININAS

AN \ A
" VaHL |
%,trzl.;fvzui.._ \ _ _\

i e

| SISZHINASOIOHd | —> ©®3BT00AT8 ———3> INIDATOD
R

4
sayeydsoud avdns




198

but not in younger, but fully expanded, leaves on similar
plants on the same day‘ (Table 7-1). Dihydroxyphenylalanine
was never labelled in leaves on glasshouse grown plants.
Cysteine was detected labelled in only one experiment
(Table 9-~2) but, being pbesent in the leaf in very small
quantities, its label could readily have been undetectable
without a large difference in its specific activity.

This is so for all the amino acids present in leaves in
low concentration - methionine, leucine, isoleucine,
arginine and histidine, However, asparagine, glutamine,
veline, lysine and dihydroxyphenylalanine were present

in the soluble leaf fractions in high concentrations,

were rarely detected labelled, and then only weakly.

If these substances were synthesised in these leaves,

the synthesis must have taken place at a point very remote
from carbon fixation in photosynthesis, Mature leaves
import very little, if any, assimilate from other parts

of the plant shoot (Thrower, 19623 Thaine, Ovenden and
Turner, 1959) and so, under normal conditions of growth,
they must synthesise or conserve any necessary substances
not provided by the xylem sap. In the bean the sap
contains large quantities of aspartic acid, asparagine

and glutamine, and it may be that the asparagine and
glutamine in the sap is sufficient to supply the needs

of the leaf and to prevent their synthesis in the leaf.
Lysine, valine and dihydroxyphenylalanine are also present
in sap, in lower concentrations, and it is possible that
the same argument applies. The literature contains

descriptions of a number of such situations. Vernon and
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Aronoff (1950) showed that in soybean leaves, short
term photosynthesis labels alanine, serine and glycine,
and that although the plants contain large amounts of
asparagine or aspartic acid (depending on the history
of the plant) these do not become labelled., Pate (1966)
showed for field pea plants that leaf photosynthesis

in [Y*c] - CO, introduced label into leaf protein chiefly
in glycine, serine and alanine, and that these amino
acids were not labelled when the 1u’C was supplied
through the transpiration stream in the normal components
of the bleeding sap. Similarly, in the shoot apex of
field pea, amino acids in the transpiration stream
supplied carbon to protein through a set of amino acids
essentially complementary to those sﬁpplied by the
photosynthesising upper leaves of the plant. Oaks (1966)
showed for maize root tips that asparagine normally
suppliedvto the root tip from the endosperm via the
transport system was not synthesised in the root tip
although extensively incorporated into protein there.

In all these cases, control of the synthesis of
asparagine is implicated. The results do not distinguish
between feedback inhibition of enzyme activity and
feedback repression of enzyme synthesis as the control
mechanism. Isolation and characterisation of the enzymes
involved would be necessary to distinguish between these
mechanisms, and such work has not been done for
asparagine synthesis., Lysine and valine have been shown
to be subject to feedback inhibition in some plants

(Miflin, 1973),
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Protein synthesis during phctosynthesis has
been demonstrated by a number of workers including
Racusen and Aronoff (1954), 1In the beaﬁ9 synthesis
of leaf pbotein was very evident, and all the amino
acids labelled in the leaf soluble fraction were
also labelled in the protein. However, valine, methionine,
proline, leucine, lysine and arginine were labelled in
leaf protein before they were detected labelled in
the soluble fraction. This suggests that either thesa
amino acids are incorporated into protein as soon as
they are synthesised (¢.f. Steward, Bidwell and Yemm,
1956) or that the amino acid pooli from which amino

ds are taken for protein synthesis is very small

]
I

c
and isolated frcm the rest of the soluble leaf pool
of that amino acid, It also demonstrates that these
six amino a&cids are synthesised in the Zeaf which does
not, than, depend on the trenspiration stream for its
whole supply of these compounds. The data suggescs
thzt photosynthesis supplies the leef with valine,
msthionine, proline, leucine, lysine aund arginine for
protein synthesis, and the transpiration stream or
protein breakdown irn the leaf supplies these amino
acids, or their precursors, to the soluble ieaf pool,
A very small part of the total leaf amino aciis
is labelled by photosynthesis in [14C] = CO, in these
experiments. In the young plant, (Table 6-3), serine,
glycine and alanine appeared to reach maximum specific
activity after 60 min [;HC] - CO, uptake, Aspartic

acid, glutamic acid, tyrosine and phenylalanine were
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still increasing in activity at 3h, These leaves,

at node 3, had two large leaflets and were green and
healthy although pale in comparison with the leaves
at node 10 on the older plants described in Table 9-1,
Both leaves would have reached fluC]~ saturation in

1000~1500 min of [luc] - CO, uptake, but the lesaves on

2
the older plant would have contained 25-30 times as
much 14C per mg leaf, at saturation. This difference

is perhaps in enhanced density of chloroplasts and
therefore photosynthetic capacity of the older leaf,

but direct measurements of photosynihetic rate would

be necessary to confirm this. In any case, the time
course of labelling in the two sets of leaves appears
to be comparable, and so serine, glycine and alanine

in the mature leaf should have been saturated with %”c
at %0 min or at least soon aiter. At this time, less
than 1% of the total soluble pools of serine, glycine
and alanine were labelled. This is a very different
result from that of Smitn, Bassham and Kirk (1961} for
algal cultures., They found that alanine bzcame saturated
with qu from photosynthesis in 20~30 min and at this
time, nearly half the soluble alanine pool was labelled.
The diiference reflects, perhaps, the more complex pool
ztructure of the leaves of higher plants. In the algae,
arino acids represented 32% of éarbon fixation, but in
the bean it was not more than 10%. Other workers, who

have fed {qu] - CO, to leaves for comparable time

2
intervals, either have not investigated the soluble leaf

fraction (Pate, 1966) or have not expressed their results
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in a form such that the proportion of the amino acid
pool affected by the iabelrcan be calculated
(Hellebust and Bidwell 1963a, 1963b, 1964).

At the end of [*%C] - cO, uptake, label in both

2
soluble and insoluble fractions in leaves decreased
quickly. (Fig. 7-4, Table 9-1). This suggests rapid
respiration or export from the leaf of newly formed
photosynthate. There are numerous reports in the
literature which demonstrate that assimilate exported
from leaves is always from recent photosynthesis
(fellebust and Bidwell, 1963b; Eschrich 19663 Khan and
Sagar, 1969), and this doubtless accounts/for part of
the decrease in the soluble fraction., Respiration of
newly formed sugars and conversion of soluble to
insoluble compounds must &ccount for the rest of the
luC loss from soluble fractions. Individual soluble

amino acids also showed rapid loss of lU'C (Table 10-3).
indicative of their high rates of turnover. This decrease
in [luC]- soluble amino acids was not paralleled by an
incirease in 4 in the corresponding protein amino acid,
Tn fact, the protein amino acids lost label almost as
steeply as the soluble fraction at this time (Table 10-4).
Later in the experiment, between 5h and 6h from the

1y 14 .
f C uptake, a transfer ¢f ~ 'C frem the soluble

start o
to the insoluble fraction was evident, and suggests
incorporation of free amino acids into protein. Steward,
Bidwell and Yemm (1958) demonstrated for carrot root

tissue cultures that the free amino acids of the tissue

are not the immediate precursors of protein. protein
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amino acids being sgynthesised from carbohydrate and
nitrogen residues at the site of their incorporation

into protein., However, Oaks (1965b) showed that

leucine is incorporated into maize root tip protein

at the expense of soluble leucine, and Zielke and

Filner (1971) demonstrated reincorporation of amino
acids into protein aftér they had been released into

the soluble amino acid pool. These differences in
interpretation must reflect differences between tissues
in the sizes of the protein precursor amino acid pools.
Very small, isolated protein precursor pools would
account for the results of Steward (1958) and also Ior
the leaf protein which was rapidly labelled and
destroyed in the present leaves. Larger protein precursor
pools must have been present in the root tips studied

by Oaks and for the protein synthesis observed in the
bean leaf between 5 and 6h after the start of 1"‘C uptake,

1% from photosynthesis

These results suggest that
is incorporated into two types of protein - one which
is synthesised and broken down very rapidly, and another
which turns over much more slowly. The first appears
to be labelled rather directly from newly formed
photosynthate, perhaps in the chloroplast; the second
is formed from the soluble amino acid pool of the leaf,
possibly at a point in the cell remote from the éynthesis
of the first. Turnover of protein in leaves and other
tissues has been frequently reported. Earlier work gave

evidence for the existence of a protein cycle (Chibnall,

1954, Chibnall and Wiltshire, 19543 Steward, Bidwell
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and Yemm, 19563 Steward, Thompson and Pollard, 1958).
Later work has attempted to determine turnover rates
of protein. Mandelstam (1960) showed that protein
turnover in growing bacteria was very small, but could
be increased at least 5~fold by transferring the culture
to a medium unsuitable for rapid growth. Racusen and
Foote (1962) determined protein turnover rates in aged,
detached bean leaves and found turnover of 0.7% per h
and 1.1% per h for protein,glycine and serine respectively.
Hellebust and Bidwell (1963b, 1964) calculated turnover
rates for growing and nongrowing leaves of wheat,
snapdragon and tobacco. Turnover was shown to be higher
for repidly gilowing leaves than for nongrowing leaves =
the opposite to the situation found in bacteria. They
found furnover rates of 0.4-0.5% for rapidly growing
secondary wheat leaves, 0.2-0.3% for nongrowing primary
wheat leaves, 0.1-0.15% for expanding tobacco leaves,
and negligible turnover of protein in mature tobacco
leaves, Turnover rates of individual proteins have been
determined for inducible enzymes such as nitrate reductase
(Scurader et al, 1968; Heimer and Filner, 1971;
Zielke and Filner, 1971) and invertase (Bacon et al, 1965;
Edelman and Hall, 1365; Glasziou et al, 1966). Nitrate
reductase appears to have a half life of about 4h, and
invertase is shown to have a half life of 2h in sugar
can tissue and rather more (0.5-1.0 days) in washed
slices of beet and artichoke roots.

Trewavas (1972) determined the rates of protein

syvuthesis and degradation in Lemna minor by measuring




N
s
[$F]

amounts of methionine bound to RNA and to protein,
and showed that the half life of protein mathionine
under optimum growth conditicns is about 7 days.
Alteration of the growth medium from the optimum
markedly increased the rate of protein turnover
and the half life of protein methionine was reduced
to about 2 days. These results are directly comparable
with Mandelstam's conclusions for bacteria, but quite
unlike those for plant leaves (Hellebust and Bidwell,
1963b, 1964) where rapid growth is associated with
rapid protein turnover., This may reflect differences
in the metabolism of the organisms used. It has been
suggested that in bacteria mRNAs turn over rapidly
and protein slowly, whereas in plants mRNA is stable
and proteins turn over faster, Alternatively, protein
turnover associated with photosynthesis may be under
different control than that asscciﬁtedeith metabolic
pools permeable to exogenous substrates. Trewavas's
wcrk demonstrates unequivocally that rates of protein
turnover vary markedly wiﬁh‘ihe conditions of growth
cf the organisms, and this may account for discrepancies
between rates observed by different workers.

In the present work, the turnover rate of protein
gerine during photosynthesis is about 0.1% per h.
Thiis is a minimum estimate since it is calculated from
Table 10-4, assuming that the serine in protein has a
specific activity equal to that of the source carbon
dioxide, an assumption based on the derivation of this

protein from new photosynthate. The turnover rate of
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the more slowly labelled protein is very much less than
0.1%. These results indicate that, even in mature
leaves, some protein turnover does occur, at least

under the conditions of the present experimeﬁts. This
turnover would, however, be undetectable in samples
collected much more than lh after the end of [1”c] - ¢co,
photosynthesis, and this may account for the lack of
detection of protein turnover in mature leaves by
Hellebust and Bidwell (1963b). They subjected their
leaves to lh respiration analysis at the end of the

period of photosynthesis in [luc] - CO The samples

2
for analysis were collected after this time, and as in
the present experiments, the protein luC was very lbw.
The specific activity of the carbon dioxide collected
in respiration analysis was higher than that of any of
the substances extracted from the leaf in the first sample,.
They suggested that the respired carbon dioxide must have
come from an isolated pool of high specific activity
sugars, but the present work indicates that protein
labeiled in photosynthesis probably also contributed
luC to the carbon dioxide. The contribution of protein
carbon to respired carbon dioxide is reported by a
number of workers including Yemm (1950) and Steward zt al
(1958).

In the last experiment described here (Tables 9-1,

10-3, 10-u) [14C] - CO,, uptake was terminated prematurely,

2
presumably due to stomatal closure. Labelled carbon
dioxide from respiration would have been unable to ezcape

from the leaf, and would thus be expected tc be
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metaboiisad, There 1s little conclusive evidence of
this in the data. It is possible that fixation of

endogenous [luC] - CO, into aspartic acid accounts for

2
the rather slow (by comparison with other amino acids)
loss of 1”C from aspartic acid, after the end of luC
uptake, but without more detailed kinetic data this
suggestion cannot be substantiated., Aspartic and
glutamic acids behaved rather differently from the

other labelled amino acids. They were both rapidly
labelled in the first 90 min of photosynthesis, afier
which activity in asgpartic acid decreased more slowly
than in the other amino acids, and activity in glutauic
acid continued to increase until 330 min, Glutamic acid
may have been labelled via hexose respiration. Leaf
hexose was always strongly labelled ir the leaf and this
may have accounted for the prolonged uptake of lLlLC

into glutamate., Neither aspartiz nor glutamic acids
showed rapid uptake of l'"!C into protein. Slow lalelling
of protein aspartic and glutamic acids from leaf

R
photosynthesis in L*4C] - CC, was reported by Heliebust

2
and Bidwell (1963a). They suggested that this
reflected the slow rates of labelling of the protein
precursor pools of these amino acids, due to their
formation via Krebs cycle intermediates, remote from the
photosynthetic process. Both aspartic and glutamic acid
were inccrporated in small amounts into leaf protein
during the first 90 min of the present experiment.

Their activity in protein then remained constant but

began to rise again at 300 min, If the platezau betwean
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90 and 300 min (Fig. 10-1) was not an effect of’the
prevention of leaf photosynthesis, then it suggests
that aspartic and glutamic acids are first incorporated
into a small pool of protein, and that penetration into
another compartment of the cell was necessary before
more protein could be labelled.

The rapid.turnover of soluble amino acids without
their incorporation into proteink(Figs. 10-2, 10-3,
10-4) has not been accounted for. These amino acids
could be converted into other substances, e.g.: serine
and glycine converted to carbohydrate via the glyoxylate
cycle, and these substances exported from the leaf or
respired. They could be exported from the leaf without
conversion,

There are numerous reports in the literature of
the presence of amino acids in phloem exudate.
Eschrich (1963) found asparagine. aspartic acid, glycine,
glutamine, glutamic acid, alanine, arginine and citrulline

in phloem sap from Cucurbita ficifolia. Peel and

Weatherley (1959) demonstrated the presence of ten

amino acids in phloem sap of Salix viminalis and showed

that these varied with the time of year. Tammes and
Van Die (1966) determined nitrogen in phloem sap of

Yucca flaccida and showed that it moved chiefly as amino

acids and amides. Phloem sap was not investigated in

the present work, but extracts of petioles of leaves
photosynthesising in [luC] - €0, did contain radioactive
serine and glycine. These were the most heavily labelled

sciuble amino acids in the leaf, and thus the absence
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of other labelled aminc acids in the petiole extracts
may merely reflect that their radioactive concentration
there was too low for detection by the methods used.
Since amino acids are known constituents of phloem
exﬁdate, and have been shown to move out of leaves in the
phloem (Eschrich and Hartman, 1969), the serine and
glycine 1abel1ed’in these petioles is assumed to be
meving out of the leaf. This transiccation would, then,
contribute to the decrease in soluble leaf amino acids.
Thiz assumption is supported by the early appearance of
lebelled serine in the fruit at the same node as the
fed leaf, along with other amino acids which are stroagly
labelled in the leaf. (Table y=2). If the serine had
been formed in the fruit from labelied, translocated
sugars, then amino acids niore closely related to sugar
metabolism (e.g., glutamic acid, giuvtamine) would be
expected to be labelled also, and this was not the case.
Recentiy, Pate has shown that phloem sap collecteda fron
petrioles and stemsof pea contains high levels of amino
acids in almost correctly balanced proportions for direc:
iacorporeation into protein, This stream of amino
compounds is regarded as being an important sou.ce of
nitrogen.for the plant meristems (Pate, 1968}, developing
seeas (Fiinn, 1969), and the distal region of the root
system (Oghoghorie and Pate, 1972).

The petioles of leaves photosynthesising in

[1uC] - CO, contained labelled sucrose, fructose and

2
glucose as well as amino acids and these also were among

the first labelled substances to appear in the fruit
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(Table 5-3). These +hree labelled sugars have alzo

been feported ih the stéms of soybean piants photosynthesis~
ing in [1uC] - COZ; and their translccation away from
the labelled leaf was described (Vernon and Aronoff,
1951). However, analyses of sieve tube exudates,

obtained from bleeding plants and’from aphid stylets,
demonstrate that hexoses are not transported in the phloem
and that sucrose is the principal form of carbohydrate
translbcated by most plants. (Zimmerman, 1960; Eschrich,
1970). The glucose and fructose labelled in the petiole
must then have been stationary there, and formed from

the sucrose in the petiolar cells. Similarly, the

glucose and fructose in the fruit must have been formed
from translocated sucrose on arrival in the fruit. Such
inversion of sucrose by acid invertase has been described
by many authors. The enzyme appears to be located in

the cell wall tissue of many plants and plant organs
(Eschrich, 1970) including corn coleoptiles (Kivilaan

et al, 1967), fruit stalk tissue of Zea mays (Shannon,
19723 Shannon and Dougherty, 1972) and bean pod tissue

of Phaseolus vulgaris where an intra-cellular alkaline

intertase was also found (Sacher, 1966). The present
results suggest that inversion of sucrose occurs in
petiocles and in stem tissue as well as in the developing

fruit of Vicia faba.

Exchange of substances in the translocation channels
.with the tissues through which they are being translocated
has been convincingly demonstrated. Hill (1963) found

that the stem of Salix cuttings temporarily stored
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labelled translocate, and later feleased it back into
the phloem tissue, Ho and Peel (1969) showed that
the storage cells of the willow stem contributed between
10 and 25% of moving sugars, depending on the degree of
previous accumulation in the storage cells, Biddulph
and Cory (1965) demonstrated radial loss of labelled
assimilate from the phloem of the red kidney bean plant,
using autoradiography of stem tissue. Fleshy stems and
petioles, such as rhubarb and sugar beet petioles are
major sinks for translocated assimilate, with about 3%
of the translocate being absorbed by the petiola£ tissue.
(Geiger et al, 1969)., Much smaller proportions of
translocate, about 0.8%, are found to leak from the
phloem tissue in the stem of,thg soybean plant (Evans
et al, 1963), whiéﬁ‘is 1ikeiyhto be comparable with the
present work., The function of such storage of translocate
in stem and petiole tissue is suggested by Geiger et al
(1969) to be the buffering of the sucrose concentrations
in the phloem during times of fluctuating assimilation,
Such buffering has been demonstrated by Hill (1963) who
showed that stem cells near the base of a willow stem
released sugars into the phloem to compensate for losses
from the phloem caused by aphids feeding on the stem
near the top.

The fate of assimilate translocated from leaves
has been studied in some detail, and shown to be related
to the proximity of 'sinks'. The present work shows
considerable transfer of carbon from the bloom node leaf

to its subtended pod, a phenomenon which has been reported
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by many workers, and in many plant specizs. " Linck
and Sudia (1962) showed that 90% of carbon translocated

from the bloom node leaf of Pisum sativum was recoverable

from the growing, 12 day old, carpel and ovules. Carr
and Wardlaw (1965) found that 49% of the carbon
assimilated by the flag leaf blade of wheat moved to

the grain, during the time of maximum grain éxpansion;
Translocation of assimilates into growing cotton balls
has been demonstrated by Maskell and Mason (1928, 1930)
and Brown (1968). Hansen (1970) has described the
translocafion of sorbitol from the fruit spur leaf to
the fruit of apple, and the subsequent rapid metabolism
of the translocate. Flinn and Pate (1970) showed that
developing field pea seeds are dependent on their bloom
node leaves for about one third of their total supply
of carbon. It is, then, generally acceptéd that the
leaf at the bloom node supplies carbon directly to the
fruit at that node with other leaves probablyAaiso
contributing carbon in smaller quantities. None of
these leaves are tétally committed to the fruit, as they
also export assimilate to the rest of the plant.

(Flinn and Pate, 1970). Mature leaves import very little
of this assimilate, unlike developing leaves which export
nothing and import large amounts of carbon until they
av: at lcact half expanded. (Thaine et al, 1959;
Thrower, 1962)., Assimilate exported by leaves near the
plant apex supplies the apex almost éxclusively. Leaves
near the plant base export principally to the roots,

and the leaves in between translocate some assimilate
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in each direction. (Thaine et al, 1959; Thrower, 1962;
Biddulph and Cory, 1965; Pate, 1966)., This pattern

of translocation accounts for the observation in the
present work, that similar amounts of label are recovered

in sap from 3 to 4 leaf plants fed fluC] - €0, through

2
the lowest leaf and through the whole plant top.

Developing roots and apices, then, receive constant
supplies of photosynthate from proximal leaves,kand in
many species this photosynthate is translocated chiefly
as sucrose. In the roots the carbon from broken down
sucrose combines, as aketoglutaric acid, with nitrogen
fixed in nodules or absorbed as nitrate. The glutamic
acid and glutamine so formed transaminates with oxalocacetic
acid forming aspartic acid and asparagine. These
processes have already been discussed. Such root
biosynthesis, from photosynthate supplied by the shoot,
muet be responsible for a large part of the orgénic
compounds supplied to the shoot in the xylem sap.

X7lem sap is collected from herbaceous species
as bleeding sap forced by root pressure from the vessels
of decapitated plants. Some of the work on xylem sap
has been mentioned in the Introduction to this thesis,
and so the present discussion willi be limited to the
results obtained in the present work, and literature
related directly to these results.

Exudation of sap from cut stumps shows a diurnal
periodicity which has also been described for sunfliower
(Grossenbacher, 1939), tomato (Arisz et al, 1951;

van Andel, 1953; Van Die, 1959a) and field pea (Pate, 1962).
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A number of workers (Van Andel, 1953; Vaadia, 1960
Pate, 1962) have demonstrated a relationship between
this pefiodicity and the ion content of fhe exudate,
and have implicated ion secretion into the xylem as

the causative agent, The effect of light in enhancing
exudation and controlling the timing of the periodicity
was observed in the present work and is also discussed
by Pate (1962). Considerable evidence supports the view
that exudation from root systems is related to the
syhthetic activities of the root and, in a legume, the
root nodules. Correlations between illumination of
plant tops and activity of nitrogen fixation in nodules
have been drawn by many workers (Virtanen et al 1955;
Bach et al, 1958; Bergersen, 1971) and the role of
photosynthate translocated from the plant tops has been
implicated (Bach et al, 19583 Virtanen et al 19553

Pate and Greig, 1964).

The periodicity in volume of sap exuded from the cut
stump is accompanied, but not always exactly matched, by
a periodicity of amino acid concentration in the exudate
(Van Die 1959a, 1959b; Pate, 1962), These periodicities
are evident whether the sap is collected over a long
period of time from the one group of plants, as in the
work of Van Die, or in short collection periods
consecutively from a number of groups of plants,as in the
present work (Table 3-2) and that of Pate (1962).

Removal of the plant shoot removes transpirational forces
and any downward translocation of metabolites into the root,

Thus, a short collection period is more likely than a
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long one to produce exudate of composition
gualitatively similar to the sap of the intact xylem,
However, sap collected over several days from one

group of plants reveals, by its changes in composition,
some of the processes associated with sap formation in’
the intact plant. Van Die (1959b, 1960) demonstrated
that prolonged bleeding depleted aketogluﬁaric acid
from the roots and bleeding sap of the tomato plant,
and thét disappearance of oketoglutaric acid was
correlated with decrease of amino acids in the sap.
aketoglutaric acid did not decrease in roots with no
nitrogen source, and sap amino acid concentration
remaihed low., Some amino acid was always present in
the sap and this exhibited the usual periodicity.

Van Die suggested that this low level of sap amino acid
originated from proteolysis in root cells. He
demonstrated that glutamine and proline in sap, roots
and stem increased with increasing ammonium fertilisation
of the roots, and that the concentrations of other amino
acids did not change (Van Die, 1961). This suggested
that glutamine and proline were synthesised using the
applied nitrogen, and the other amino acids originated
in another manner. Labelled photosynthate introduces
label into aspartic acid, asparagine and glutamine in

bleeding sap from Vicia faba and into these amino acids

and homoserine in the field pea (Pate, 1962), Other sap
amino acids are not labelled. If this is not a
concentration effect, then it too suggests different

origins for the labelled and the unlabelled amino acids.
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The absence of label in glutamic acid must imply that
the pool of glutamate into which nitrogen is fixed
in the root nodules is small and isolated from the amino
acid exudation pool, Direct evidence for the origin of
the unlabelled amino acids has not been obtained, nor
has evidence been produced for their existence in xylem
sap of intact plants. |

There is considerable evidence for the existence
of the major amino acid components of xylem sap in intact
plants. Changes in the glutamine concentration of -
bleeding sap were correlated with changes in glutamine
in stem tissue for tomato plants. (Van Die, 1961).
Appearance of label in amides and amino acids in bleeding
sap was correlated with appearance of label in the same
compounds in the nodules and lower portion of the stem
of field pea (Pate, 19623 Pate, Walker and Wallace, 1965).
In the present work, the absence of labelled asparagine
in the stem near the leaf photosynthesising in [luc] - CO2
after 3h exposure to the label, and its presence 21h
later (Table 5-2) correlates with the usual appearance
by this time of labelled asparagine in the bleeding sap
(Fig. u4~1). Lesser components of the sap which do not
become labelled from photosynthate, and which show little
variation in concentration are not possible to demonstrate
in this manner. It is interesting to note the presence

in the root exudate from Vicia faba of dihydroxyphenylalanine,

an amino acid which occurs in high concentration in most

parts of the broad bean plant.
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In the presentzwork, non amino substances in sap
were investigated only if they became labelled from
photosynthate. The unidentifie@ ninhydrin negative
substance in the sap could have been either an organic
acid, or a sugar present in very low concentration.

The presence of organic acids in bulk sap was demonstrated
by qualitative tests, but no attempt at identification
was made. Van Die (1959b) found a number of organic
acids in bleeding sap from_tomato roots. aketoglutaric
acid was present as a major component in sap from newly
cut stumps, but had decreased markedly in concentration
after six hours bleeding from a stump. This decrease
was accompanied by a decrease in the root aketoglutarate
pool and in the sap amino acids. Kating and Eschrich
(1964) also noted this decrease in oketoglutarate and
amino acids in xylem sap from Cucurbita sp. Theyapplied
[14C]~bicarbonate to the plant roots and, rapidly,

label appeared in amino acids and organic acids of the
sap. The label decreased with longer sap collection
times., The aketoglutarate was suggested to afise from
sucrose translocated from leaves (Van Die, 1960),

Other sap organic acids were present in the tomato plant
in smaller amounts, aﬁd their concentrations varied

very little during proldnged bleeding.

In herbaceous plants, xylem sap is generally accepted
as being free, or almost free, of carbohydrate (Pate, 1962).
In the present work it required repeated spraying of
increasingly concentrated samples of sap before the

sugars, glucose, fructose and sucrose, could be identified.
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These substances were presentvin very low concentrations,
although highly radiocactive, containing almost half the
sap luC, and it is suggested that\they represent recéntly
formed photosynthate and its derivatives. Their presence
in the sap is supposed to be derived from exudation from
cut cells, probably phloem tissue, of the stem, and
the likelihood of their being xylem-transbcated substances
seems very small{

Introduction of label into the sap of a fruiting
plant and its recovery in the fruit proved impracticable
in the present experiments since, even with a 6h feeding
period, the amount of 1“0 recovered from the plant was
too low for individual labelled compounds to be
identified. Longer feeding periods were not attempted
sincetthis would have required the development of a
suitable feeding chamber. The contribution of the
xylem sap components to the metaboiism of the shoot
ard fruit was not determined. Such an investigation for
vegetative shoots has been carried out by Pate, Walker
and Wallace (1965) who fed labelled, diluted bleeding
sap to detached plant shoots and observed its subsequent
metabolism. Pate (1966) showed‘that this contribution
to the shoot of carbon from xylem sap was essentially
complementary to the amino acid carbon synthesised in situ.

Redutction in concentration of sap as it ascends the
stem is suggested by the activities of stem segments in
Tablelu~5. Such a reduction in concentration was
demonstrated unequivocally by Brennan, Pate and Wallace

(1964) when they collected bleeding sap from petioles of
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field pea. They concelded that a considerable portion
of the nitrogen in the xylem sap is absorbed by the
tissues of the stem, and that asparagine is absorbed
more intensively than other sap components, Thus, the
xylem sap reaching a fruit high on the plant may not

have the same composition as that collected from the root
system. |

We are now in a position to consider the various
sources of carbon for a fruit developing on a broad bean
plant. The respective contributions of leaf photosynthesis,
fruit photosynthesis and root metabolism to the developing
pod are summarised in Fig. 11-3, Evidence for many of
the points illustrated, even if only indirect evidence,
has been obtained in the present work. However, the
strongest evidence for the illustrated interrelations
of shoot and root in carbon and nitrogen metabolism comes
from the work of Pate et al with the field pea, and has
already been discussed. The carbon sources revealed in
this discussion must form the basis for any biosynthetié
activity in the growing fruit, and at least potentially,
exert a control over all such activity.

When [1MC] - C0, was fed to the bloom node leaf
subtending young, phase I pods, sucrose, glucose and
fructose were the first labelled substances to be detected
in the pod (Table 5-3). Labelled amino acids were aliso
present in the soluble fraction of the pod, at first in
trace amounts and later in higher concentrations

£ 4

(Table 5-2, Table 7-1). The low uptake o C by the pods

growing outdoors as compared with those in the glasshouse
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muyet be attvibutable in part to the different
environmental conditions, but the emphasis on
dihydroxyphenylalanine metabolism in the outdoor pods
indicates fhat this is not the only factor.
Dihydroxyphenylalanine was genérally labelled weakly
in other soluble pod fractions, but never more strongly
than tyrésine. Dihydroxyphenylalanine metabolism is
related to, although not directly involved in, the
metabolism of melanin in these tissues, and melanin
production occurs in damaged or senescent tissue. (Andrews
and Pridham, 1967). As already suggested in the Results
section, these pods were probably abortive. The
experiment was not repeated, and so, although the young
pod is evidently active in importing translocate from the
bloom node leaf, further conclusions as to the normal
metabolism of such pods are not justified.

1%¢ uptake by the 35-day-old, phase III pods followed
a rather different pattern. Leaves export photosynthate
within a short time of its synthesis, or store it until
2xport during senescence, as discussed previously. :It |
mey be seen from Table 7-3 that the photosynthesising leaf
had exported all its labelled photosynthate by Zh after
the end of [T'c] - co

2
. 1
within 90 min of the start of [*uC] - CO

feeding. Label appeared in the pod
2 photoéyn‘thesisﬁ
and so one would expect that the fruit would cease to
increase in activity within about 4h after the end of luC
uptake by the leaf., The fruit activity did remain
essentially constant between 2h and 8h after the end of

l!’tC uptake, as expected, but then it began to rise again.
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The original loss of luC from the bloom node leaf was
not matched by an equal increase in 1“0 in the pod,
and some of the activity must have been lost from the
system by respiration, or exported to other parts of
the plant. The late increase in pod activity must then
indicate that those other parts of the plant receiving
qu from the leaf, later remobilised them and supplied
them to the pod. The leaves were at nodes 7-11 on 15 node
plants, and would be expected to supply both the roots
and the apex with some translocate, as already discussed.
The apex retains such carbon, over the time intervals
being considered. The roots reexport photosynthate in
the transpiration stream. However, the obseérved increase
in pod carbon is taking place between 23,00 and 7.00
hours when the transpiration of the plant is minimal

and could not be expected to supply»large amounts of
carbon to the plant shoot. The Substances arriving in
the pod and seeds during this time were non=-amino
compounds, and this also supports the‘contention that
they were not supplied via the xyilem. Such results caﬁ
wnly indicate that labellad sugars, stored eleewhere

than in the fed leaf, are remobilised during the night

to supply the fruit. That the stem might be the site of
such‘storage and remobilisation is indicated by the work
of Peel and Weatherly (1962) who showed that with the
change from light to dark, the source of sugar for phloem
translocation in falix sp. changed from leaf to stem

t’ssue. This indicates an important role for the stem
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in the carbon economy of the plant. Stems have also

been reported to accumulate.nitrogen compounds from

xylem sap, (Van Die, 19613 Brennan, Pate and Wallace,
1964) and it is possible that these substances too
contribute to the carbon remobilised from stem tissue
during the night. Further experimental work is necessary
to confirm this,

That some of the carbon exported by the photo-
synthesising leaf was incorporated into the soluble and
insoluble fractions of the phase IIT seeds is clearly
shown in Figs. 7-3 and 7-5, However, labelled carboﬁ
was not detectable by autoradiography in soluble and
protein amino acids in extracts of these seeds, probably
because of dilution of radiocarbon by the already large
seed pools of soluble and protein-bound amino acids.
Younger fruits were investigated in order to establish
the seed size in which radiocarbon dilution would be
small enough that the labelled compounds could be detected
by the present methods. The 25-30 day old, phase II
fruits were found to be suitable (Tables 7-5, 7—7).

The phase II fruits studied durirg 6h import of
photosynthate from a leaf became labelled in both pod
and seed insoluble fractions between 40 min and 30 min
photosynthesis in [luc] = C0,. In both cases serine
and alanine were the most strongly labelled amino acids.
The early presence of labelled serine in the seed soluble
fractions indicates that this amino acid may have been
translocated directly from the leaf to the seed, passing

through vascular tissue all the way. In this context
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it is interesting that Davis (1966) found no conversion

of exogenously supplied glycine‘to serine in the broad

bean seed, although the conversion did take place in the
pod. It is possible that sufficient serine is translocated
to the seed to inhibit its synthesis in the seed. Alanine
was not detected labelled in petiole extracts, and so

would be expected to be only weakly labelled in the pod

and seed tissue if it were derived entirely from
franslocated alanine. Thus’theValanine~is suégested

to arise by transamination of pyruvic acid formed from
translocated sugar which was present in large quantity

in both pod and seed. Glutamic acid, glutamine and
tyrosine, also labelled strongly in the early pod extracts,
must arise similarly from sugar breakdown products.
Alanine, glutamic acid, tyrosine and phenylalanine have
been shown to be formed in Datura seeds from a supply

of sucrose and nitrate. (Lewis et al, 1970).

Early seed soluble fractions contained label in
sugars, serine and alanine cnly, but at 180 min, 90 min
after the first labelled sample, the soluble seed

‘activity increased steeply and almost all the amino
acids which were labelled in the pod became labelled in

1% was fed directly to the pod, there

1y

the seed., When
wes a 75 min delay before C was detected in the sced
(Fig. 8-3). This is comparable with the time between
the first appearance in the pod of label from the leaf
and the sudden increase in the soluble seed activity in

the same experiment, It is suggested that the numerous

amino acids labelled in the 180 min sample were derived
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from the pod. This being so, more than two thirds of

V the carbon from the leaf entered the seed after metabolism

in the pod. No amino acids were labelled in the seed

which were not also labelled in the soluble‘or protein |

fraction of the pod. Thus it is not necessary to

hypothesise any major metabolic conversions within the

seed, except perhaps the formation of alanine from sugars.
Pod photosynthesis labelled essentially similar

compounds in the soluble pod fraction as leaf photosynthesis

did in the leaf, but the pod exported different amino acids

to the seed, at least over the time interval investigated.

[luc] ~aspartic acid was the major labelled amino acid

appearing in the seed during pod photosynthesis. Label

in glutamic acid, glutamine and alanine in the seed

increased at the expense of aspartate carbon. The conversion

of aspartate to oxaloacetate, followed by cycling of carbon

in the Krebs cycle is the obvious pathway for the

conversion (Fig. 11-1). The results could equally well

be accounted for by the incorporation of aspartate into

seed protein simulfaneously with accumulation in the seed

of other amino acids from the pod or from sugar metabolism,

but aspartic acid was only weakly labelled in seed protein

and hence the former explanation is preferred.

Quantitative analysis would be necessary to resolve the

problem. The seed, then appears to be capable of fairly

extensive interconversions of amino acids, and particularly

those invelving respirafory pathways (Krebs cycle,

sugar metabolism). Seeds are known to have a high respiration

rate (Flinn and Pate, 1970), the carbon dioxide so produced
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being recyeled in the fruit by pod photosynthesis.

Pod protein became iabelled strongly in tyrosine,
phenylalanine, glycine, serine and alanine from both
leaf photosynthesis and pod photosynthesis. As in the
leaf, glutamic and aspartic acids and basic amino acids
were labelled only weakly, in spite of being present in
the protein in amounts similar to the labelled amino
acids. This may be due, as suggested by Hellebust and
Bidwell (1963a) for leaves, to larger protein precursor
pools for these amino acids., It is tempting to wonder
whether these protein precursor pools are more readily»
penetrated by amino acids from xylem sap than by |
photosynthate., This could apply equally well in leaves,
" and is in line with the demonstration by Pate (1966)
that xylem sap provided carbon to protein in apices
of field pea through amino acids of the aspartic and
glutamic acid families.,

It is to be expected that the amount of xylem sap
entering an organ will be directly related to the
transpiration rate of that organ, and thus orgéns such
as mature leaves will receive an excess of substances
from the xylem and must reexport a proportion of these.
(Bollard, 1960). The transpiration rate of a seed
znclosed in a pod cannot be high, and one would expect,
then to find very little dependence of the seed on the
xylem sap stream, This seems to be borne out by the
labelling of aspartic and glutamic acid family amino

acids in the seed from carbon taken up in pod
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photosynthesis. In this context, it is worthy of note

that the seed is the only part of the Vicia faba shoot

which contains no dihydroxyphenylalanine. Dihydroxy-
phenylalanine is present in bleeding sap and, therefore,
probably in xylem sap. If then, dihydroxypheny lalanine
does enter the seed in the xylem sap, it must be either
reexported, or else broken down. It may be that the
xylem sap stream makes its chief contribution to the
seed after its components have been recycled in the

pod - in the same way as some of the carbon from leaf
translocate appears to be metabolised in the pod before
entering the seed.

Pod photosynthesis incorporated carbon into seed
protein chiefly in aspartic acid, glutamic acid, serine,
tyrosine, phenylalanine and glycine. Leaf photosynthesis
labelled sevine, alanine, tyrosine and phenylalanine
most strongly. Threonine and proline were the only amino
acids unlabelled from either carbon source, but valine,
isoleucine, and leucine, all present in seed protein in
amounts greater than or equal to tyrosine (see Appendix 3)
were only weakly labelled. Threonine and proline are
synthesised from aspartate and glutamate respectively,
and possibly arise from pod metabolism of xylem sap,
along with some of the seed aspartic and glutamic acids
and their amides. Iso-leucine arises from threonine,
and valine and leucine from pyruvate. The weak label
in the last two, at least, of these is not readily
explained., There remains the possibility of prior

storage cf these amino acids in, for example, the pod and
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their mobilisation for use in seed protein formation
as required, This would suggest minimal turnover of
these amino acids. (c.f. Oéks, 1966), Davis (1966)
demonstrated that, between day 26 and day 38 (phase II)
in broad bean fruit, there is a decrease in glycine,
tyrosine, lysine and arginine in the pod concommitant
with an increase of glycine, tyrosine and lysine in the
seed., It 1s reasonable to suppose that these éubstances
had been stored in the pod for translocation to the
developing seed. They are not, however, closely related,
metabolically, to the unlabelled amino acids above,
Alternative stores of amino acids could occur in the
gseed coat or in the developing cotyledons themselves.,
Any such stores might provide to the seed sufficient
of an amino acid to inhibit its synthesis in the seed.
This would not necessarily preclude the occurrence of
normal synthesis of these amino acids at other times in
the life of the fruit. Of course, the present study
views only a few hours in the life of the pod, during
which time only certain proteins will be synthesised
and only certain substrates used. The unlabelled amino
acids in the presenrt experiment may be present in low
concentration in the currently synthesised prdtein, or
in high concentration in temporary stcrage pools not
detectable in studies such as those of Davis (1966).
In the absence of detailed quantitative data; such
conclusions from the present work must be considered
with caution.

The\proteins being synthesised in these phase II

fruits must be chiefly albumins ‘and must include some of
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the many cnzymes active in the fruit at this time.

Davis (1966) showed that phase II broad bean seeds

" synthesise a number of albumin proteins, as revealed

by acrylamide gel electrophoresis, and that the number
of these proteins increases to a maximum between day
29 and day 49. Flinn and Pate (1968) showed that in
seeds of field pea, albumins are synthesised in large
quantity in phaée II and globulins are not synthesised
until phase III. A similar pattern was demonstrated

for Phaseolus vulgaris seeds by Hall et al, 1972,

The production of albumins in quantity during phase II
of seed growth is indicative of considerable change in
the metabolism of the seed, and is probably associated
with preparation of vacuoles and synthetic machinery

for the deposition of storage protein. Numerous enzyme
activities have been detecied in extracis of developing
and mature seedé (Dey and Pridham, 19683 Rinne, 1969;
Morris et al, 1970; Moore, 1969), and it is likely that
the increase in albumin protein Qould be associated with
increase in activities of some of these proteins,

In seeds of Ricinus communis, an enzyme catalysing

the synthesis of ricinoleic acid from oleic acid is absent
(or inactive) in young developing seeds, mature seeds

and germinating seeds, but present in developing seeds
older than about 25 days. (Yamada and Stumpf, 196Uu4;
Galliard and Stumpf, 1965). Although such results appear
not to have been described for legumes, it is likely

that a similar situation exists. A combination of gel

1y

electrophoresis and autoradiography of C-labelled seed
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proteins might yield interesting results in this
situation. |

It is evident that the developing seed depends
markedly on the rest of the plant for its carbon supplies.
The seed is green for most of its time of development,
and it is thus potentially photosynthetic. Flinn and
Pate (1970)’showed that seeds of field pea were unable
to photosynthesise significantly, but pointed out that
other leguminous seeds which contain more chlorophyll
than those of field pea, may have-a greater photosynthetic
efficiency.

The present experiments were not designed with a
view to investigating the amounts of carbon supplied
to the seed from different sources, but the results may
be used {to obtain a very rough estimate of carbon transfer.
If the activity results for the leaf-pod-seed systems
(Table 9-1, Fig. 7~2) and the pod-seed system (Fig. 8-1)
are recalculated on a per leaf and per pod basis
(Appendix u4), rate of transfer of carbon into the seeds
per pod can be calculated. These are necesgsarily
minimum figures, as they assume that the specific
activity of the carbon entering the seed is tha+t of the
fed [1uC] - C0,, and while this may be a reasonable
approximation for new photosynthate, in other cases it
is likely that the actual specific activity will be
rather smaller. These calculated values are presented
in Table 11~-1. It is interesting to note that the stem
at night feeds a comparable amount of carbon to the seed

as does the leaf on the same plant during the day.



231

Table 11-1. Carbon sources for the seed
1y T4, oy
Source of ©°C C uptake into the seeds per pod
I cpm/h ‘ umoles/h
(a) pod photo- ,
synthesis 2,300 0.002

(Fig. 8-1)

(b) leaf photo-
synthesis 20,000 0.023
(Table 9-1) N

(c) leaf photo-
synthesis 3,000 0,005
(Fig. 7-3)

stem, at night

CFig. 7-3) 2,000 - 0.003

The data wére calculated from the figures and tables
given, re-expressed on a per sample basis in Appendix .
They are maximum mean values in each case,

(a) and (b) were plants grown indoors and under
artificial lights. (c¢) were plants grown outdoors,

and which took up much less [IHQ] - C0, than did the
plants in (a) and (b). The value for the stem at night
is likely to be low due to dilution of translocate during
storage in the stem.
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The results indicate that, for the glasshouse grown
plants, leaf photosynthate supplies a much larger
proportion of carbon to the seed than does the pod.
The pod is still growing at this time and it is
therefore likely that it retains a great deal of
photosynthate for its own metabolism.,

Within the limits of accuracy of these results,
they agree with the findings of other workers. Lewis

et al (1970, 1971) showed for Datura stramonium seeds

that the bulk of the amino acids incorporated into the
seed protein were derived from carbon exported by leaves
in the proximity of the fruit. 1In general, 6-10 times

as much seed protein amino acid was derived from leaf
photosynthesis as from metabolism of sucrose in the fruit,
Flinn and Pate (1970) showed that, during the life of the
fruit of the field pea, the leaflets supply a greater
proportion of the carbon required by the seeds than do
the pods. Pods were found to export no carbon when very
young (up to 10 days) and to export steadily increasing
amountlts to the seed until levelling off at about 25 days.‘
The pod never exported as big a propertion of its fixed
carbon as did the leaf.

The complexities of interrelationships of the carbon
sources for the seed have been indicated rather than
analysed, suggested rather than proved. This is perhaps
inevitalle in a preliminary study which has attempted to
broadly assess several aspects of the probiem., It is
hoped that the present work will form a basis for further,
more detailed investigations of the metabolism surrounding

the development of the seed in Vicia faba.
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APPENDIX ONE - Curve Ffitting

Straight line, y = ax + b.

For each value of x there is an observed value of y.

On the straight line, for each value of x there is

a calculated value of y. TFor the best straight line

the sum of the squares of (y observed - y calculated)

will be minimum.

1

ycalc a x + b

obs

"

Z(yobs-ycalc)2 Ly —(axobs+b))2

obs

«2(yi~axi—b)2

Differentiating with respect to a,

. 2 TS

Differentiating :7ith respect to b,

d 2
§T;Z(Yi-axi-b) z ZZ(yi-axi—b) =0
.'.Z(yi—axi—b) = 0 (2)
2

from (1), ain +be:.L-‘ZIx3.~3\7i = 0
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from (2), Zyi - aix; - b¥1l=0

Zyi - ain

n);‘xiyi - inZyi

2
nix. - (in)




APPENDTX TWO - Counting errors

(Ref. Section 6(i) + 6(ii), Preliminary Results).
COUNT = counts - background
Error in COUNT = counts #* 2% - background % 2%

Then, the maximum error, Emax’ is given by

Y 2
Enax = 100 * * 100 B

max

where x = counts, B = background.

Then, the relative error, E, is given by

2,
E = 100 (x+B).100
x~B
. 2(x+B) = (x-B)E
2x + 2B = Ex-~EB
x  (2-B) = =B(2+E)
B = 2-E  _  E-2
X 2+E - E+2
Then, for x = 1.5B, E = 10%
X = 28, E = 6%
X = 3B, E = u%
X = B, E = 3%
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APPENDIX THREE

Table Al. Pod and seed analyses

POD SEED SEED
SOLUBLE ~ SOLUBLE  INSOLUBLE
ASP  0.729 0,200 0.362
THR  0.013 0.076 0.211
SER 0.032 0.064 0.247
GLU  0.113 0.351 0.366
PRO  0.008 0.141 0.156
GLY  0.011 0.026 0.314
ALA  0.031 0.557 0.314
cYs 0.0 0.0 0.0
VAL 0.012 0.0ul 0.241 |
MET 0.0 0.0 0.049
ILE  0.004% 0.018 0.186
LEU 0.0 0.010 0.398
DOPA  0.907 0.0 | 0.000 |
TYR  0.111 0.010 0.092 |
PHE  0.010 0.01Y4 0.136 z
YAB  0.009 0.523 0.000 i
HIS  0.004 0.028 | 0.071 i
LYS  0.006 0.061 0.225 é
ARG 0.0 0.036 0.191 E
. |

Amino acid quantities are in umoles per sample, i.e.
umoles per pod, and umoles per seeds per pod. The
“fruits were’all in phase II of growth and are the

samples described in Table 9~1, Autoanalyser errors are
+ 2%. Since the analy-es are of 1-3 samples only, they
are only representative of the population of samples with

a certainty of = 20%,.
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