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ABSTRACT

Giving potassium to potato plants grown in soil increased the
concentration of all cations in the soil solution, but the concentrations
| ) &?ﬁiﬂ
in the xylem sap from detopped plants suggeste%{this effect was over-ridden
++ . ++ .
for Ca by decreased absorption. Effects on Mg absorption were less
simple; phésphate absorption seemed slightly enhanced, that of nitrate
unaffected.

The way metabolic 'sinks! influenced K effects on ion distributions
in the plants suggested ions are transferred in the vascular bundles from
xylem to phloem elements, so that increasing ion fluxes in the phloem
decreases those in the xylem. Thus, giving K increased the quantities

of Mg and P going to the tubers but at the expense of supply to the stems

and leaves. It also increased the Mg concentration in tuber dry matter

and that of another 'sink' ~ unfolding leaves sampled close to apical
meristems before the tubers formed; tuber concentrations of Ca and P were
- little affected, that of N decreased by dilution.

Giving K did not cause Ca or Mg to mofe out of leaves, but lessened
the flux of these ions to mature leaves.

Extra K given for 23 hours to solution-grown piants.increased the
flux of 1l"C—labelled assimilate and the concentrations of water—séluble
Mg and P, but not K; in the tubers.

Analysing the phloem transloéation theories of Munch and Spanner by
;onsidering frictional interactiops and ion bermeation in’the'sieve-tubes
suggested that the experi@ental data accorded best with Spqnner's theory.
A slight amendment of this theory is suggested.

Both cutting all the tubers off the plants and giving them K prolonged

their life. Removing tubers influenced‘'ion concentrations in leaves in ways



) N
[

suggestingfion movements to 'sinks' were governed by a predetermined

'

'development programme' rather than competition between shoof and tuber

'sinks'.



CONTENTS
Chapter : . ' Page
Title : L 1
Abstract ) ‘b - 2
. Contents ‘ ' : L
Acknowledgements _ P 8
1 ' General Introduction . ‘ , 9
Soil surface to soil solution : o 9
Soil solution to root: surface’ ' 12
Root surface to root xylem 13
Redistribution in the plant .' ' ' 20
The aim of the work ' .30
2 ~ General Methods _ o 32
- Growing potato plants ' - 32
Analyses i 34
'3 . The Effects of Adding Potassium on Ion .35

Concentrations in the Soil Solution and
in the So0il Sodlution and in the Sap Exuded
from Detopped Plants

Introduction o : ,‘T 35
Methods - 35
‘Results : o ’ R 37

Discussion ' . N 48 .



XA

Chapter _ : Page

A The Relationships Between Potassium and - 50
Other Ions in the Tubers and Their Effects
in Other Parts of the Plants

Introduction R ‘ - 50
Methods - | o  50
Results ' ‘k - 51
Discussion P o 69‘ 
F'ST | Further Effects of Added Potassium on - , 71
Magnesium Distribution and Reciprocal :
Effects
Introduction L . 71‘
. Methods | | - 72
Resuits ' - . ‘ o 73
Discussion : - 83
: 6 i The Effects of Giviné Potassium and o .85

Magnesium and Removing Tubers on Leaf
Nutrient Concentrations and Interactions
During Senescence

Introduction o o : 85
Methods R 87
Results - | R 88
Discussion B 101
-7 . The Effects of Short-Term Additions of 105

\'Potassium and Magnesium on translocation
_of 14C-labelled Assimilate and Ions Into

the Tubers
Introduction - 1Q5 '
Methods | ) 106
4 e
Results ‘ | : - 110

Discussion S ‘ 121



Chapter

10.

11

i

Analysis of Two Theories of Phloem
Transport by the Methods of Steady-
State Thermodynamics

Introduction

Theoretical Approach

Deductions

Discussion
Interactions Between Potassium and.
Other Ions Examined in the Light of
Phloem Transport Mechanisms

Introduction

Theoretical Approach

Deductions

Discussion

N

An Alternative Approach to Spanner's
Electro-Osmotic Theory of Phloem
Transport

Final Discussion - The Organisation of

Jon Movements in Plants

Summary

References

Appendices

I = Ion Concentrations in the Soil
Extract and the Exuded Sap
(Chapter 3)

II Quantities and Concentrations of

Nutrients in Plant Parts, and Quantity
of Dry Matter (Chapter 4)

Page

124

124

:127

131

134

137

137
138 .
.
149 .

152

156

- 160

165

175

177



Appendices (Continued)

I1I

v

VI

Quantities and Concentrations of
Nutrients in Plant Parts, Second
Experiment (Chapter 5)

Detailed Data from the Tuber Removal
Experiment (Chapter 6)

. . . 1L
Weights and Mean Concentrations of C
Activity and Water-Soluble K, Mg and P
in Individual Tubers (Chapter 7)

Counting Carbon-14 Activity by Liquid

Scintillation (Chapter 7)

Aory

Page»

189

197

202



ACKNOWLEDGEMENTS

Dr. G. W. Cooke, FRS suggested the area of work and was my
supervisor during the project. |

Professor A. J. Rutter, ARCS acted as my qirector of studies
and corrected some botanical errors in the tex;.

M. A. Janjua was my assistant during most of the project~and
Je. E. Cook helped with the early work.

V. Cosimini an& Miss Brenda Messer did many of the solution
analysés, R. Ja. Avery did the Kjeldahl analyses and G. T. Elsmere
arranged the 14C Counting. | |

Je. De D. Mitchell helped with the glasshouse work.

Je He A. Dunwoody did much of the statistical analysis.

Several people helped by dichsSing problems, particularly
br. E. C. Humphries, Dr. J. Ashworth and C. E. Rogers.

Miss Maureen Maginnis typed the thesis very neatly and Miss B
Linda Wood coﬁied the diagrams.

To all these, and to others who helped in various wayé, I

extend my grateful thanks.



CHAPTER 1

GENERAL INTRODUCTION

Plants probably accumulate potassium more vigorously than any other
cation. ’It is present in the solutions in some plant parts about fifty
times more concentrated than in the soil solution, but still surprisingly
little is known abéut its role in the plant. The work to.be described
was intended to show how added K accumulated and moved in developipg potato
plants and how its behaviour influenced the absorption and movement of
other nutrients.

In this chapter, the different stages of ion absorption and movement, :

shown below, are described and likely éffects of adding K are reviewed.

-7
Soil surface © 1st destination"’/f'>
' (usually leaf)

A \A

A : :
> Root surface > Xylem of root

So0il solution

ZOHHCEHTRBNHOE D

So0il Surface to Soil Solution

Adding K is likely to influence the desorption of cations more than
that of anions. Applying the low of oSS ackion to the exchange

sy + . +
equilibrium between K and another cation M '
S

2+

ZK' + MXz _ zKX + M
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where X is an exchange site,shows that adding K to the soil, which -
increases the K concentration in the so0il solution, also increases the
concentration of Mz+. Different cations will be influenced according to
the selectivity of the exchange sites between them and K+.

Exchange equations proposed by Vanselow (1932), Gapon (1933) and
Krishnamoorthy, Davis and Overstreet (1945) did not describe these effects‘
satisfactorily in Rothamsted and Wobﬁrn soils (Addiscott, unpublishgd data)
probably because of the heterogeneity of the soil exchange sites. However
fhey can be described in terms of the quantity/intensity relationship
(Beckett, 1964) in which gain or loss of K by the soil is related to the
activity ratio, the rétio of the activity of K ions to the square root of
the sum of the activities of Ca'’ and Mg++ ions, aKAfgzn_—_. It can be

a+Mg »
shown whether the observed effects of K added 6r reﬁoved into the plants
on the activities of K+, Mg++ and Ca’' accord with an independently-measured :
quantity/intensity relationship, but quantitative prediction of these
activities is not possible.

Although a&ding K should have no direct effect on the anionic
composition of fhe soil solution, its co-ion will alter it furthef, if
adding K stimulates the absorption of an anion by the plant, this will
affect its concentration.

A note on activities and concentrations. In conventional analysis

of an ion in solution its concentration (Ci) is measured. Its chemical
potential in an -ideal solution would be

o
pi » pi + RT I1n ci

o . . . y . .
where pi is its chemical potential in a reference state, R the gas constant

and T the absolute temperature. The interactions between ionic charges
. v

make all solutions non-ideal, and in soil solutions fixed charges on clays

N .



11

may increase the non-ideality, so in real solutions the chemicai_potential

is redefined as

o
pi = ui + RT 1ln a, ‘

where a, is the activity of the ion. The ratio ai/ci, the agtivity
coefficient, is a measure of the deviation from ideal behaviour. Poly-
valent ions, having multiple charges, are more subject to interactions
and have smaller activity coefficients. Activities may be measured
directly by ion-specific electrodes or célculated from the ionic stfength;
by one of a series of equations derived by Debye and Huckel (1923).v

Because of the’charges on clays, much discussion has centred on the
adeguacy of the ionic composition of the soil solutions for describing
the root environment. (See Olsen (1968, 1969) and Franklin & McLean
(1963, 1969) for conflicting viewpoints - and data.) Fortunately, in -
moist, well-structured soils, the argument may be irrelevént because the
soil porestmay b; large enough for most ions not to be close.to the
clay charges (Khasawneh, 1971).

The concentratién, rather than the activity, has been usea in much
work oﬁ ion absorption frqm solution, but in a typical soil solutioﬁ the
(calculated) activities of mono~ and di-valent cations may be only 0.7
Mand 0.5 times their respective concentrations.

A note on 'contact exchange'. The text diagram on page 9 showed

'contact exchange' directly between the soil surface and the root.
Jenny (1951), noting that all ions oscillate within a definite volume
round their exchange sites, suggested that roots pénetrating these volumesgi,"
could absorb the ions withqut their entéring the bulk solution. If so,
the ;60t environment'would not be adequately deééribed by‘the ionic

composition of the soil solution, but 'contact,éichange' has never been
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unequivocally shown to play an important part in ion absorption, especially

in structured soils, and was not taken into account in this study.

.

Soil Solution to Root Surface

Three mechanisms are recognised by which ions move in the;sbil to the
root surface, diffusion, ﬁass flow in water moving to the foot, and réot
interception, which is not a clearly defined pﬁenoménon;.it ﬁay implyvnq
more than confact exchange, or it may include the cbncept of réot
exploration facilitating the accumulétion of ions by diffusién and ﬁaSS;
flow.

The relative importance of the ﬁechanisms varies between ions.

‘ Diffusion probably conveis most K& (Olivér & Barber,'1966; Drew,
Vaidyanathan &’Nye, 1966) except possibly when K fertilising makes mass-
flow more.important (Addiscott & Talibudeen, 1971). ca'’ and Mg++ ions' ,
seem to be moved mainly by mass-flow (Oliver, & Barber, 1966;~Blanchet;v
Boéc & Maertens, 1970). Both Olsen, Kemper & Jackéon (1962) and Leﬁis
and Qﬁirk (1967) rated diffusion most important for conveying P.

Interactions between ipns in diffusion processes have been litﬁle"
studied, but giving K should not much affect the diffusion of other
'épecies. _Where.giving K incfeases the concentrati@n of other cations in
.the‘éOil éolution if will increase mass-flow transport.

‘Roét interceptioﬁ is difficult to evaluate, anﬂ‘some workers
 { (§.9. Nye, 1968) dismiﬁs’it as of no importance. Adding K should not

.décfeasevany.root interéePtion that occurs prbvided it causes noﬁosmbtic

damagee.
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Interactions in ion transport were expected to be trivial compared

with those in other processes and were not invesfigated.

Root Surface to Root Xylem

Two problems are discussed, (a) the means by which ions are absorbed,

and (b) the path they follow.

(a) The means of absorption

Different ions are probably absorbed by different mechanisms, most
of which are not yet fully understood.

Passive absorption is the simplest possibility. It implies that an

ion moves into the root down a gradient in its electrochemical potential

) . S
B, = W; + RT Ina, +23\P

where z_is the ion's valency, J the faraday, and %J thelpotential
difference between the inside and the outside of the root. 41 is usually
negative, and so cations ﬁay'move down an electrochemical gradient while ‘
’mOVing up an activiﬁy’gradient, whilst anions may not be able to move
passively down an activity gradient.

The origin of the potential difference is not yet known. Shone (1969)
listed five possibilifies; (a) a diffusion potential caused by differential‘
back-diffusion of anions and cations from the xylem (where theif
concentration is large relative to the surroundings); (b) a 'Dopnan'
potential resulting from indiffusible chargés in the cell walls; (c) an

electro-osmotic potential due to salts and water moving past fixed charges

in the cells; (d) a 'carrier' potential caused by the movement of a charged

carrier (to be discussed); (e) a transport potential due to metabolic

.
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processes transporting anions and cations into the root at different rates. :
The potential, whatever its nature, seems to be metabolically maintained
because metabolic inhibitors much decreaseiit (Shone, 1968, 1969).

Passive absorption must be inferred with caution because the poténtial
is probably so intimately related to ion movements, and also because
passive absorption may appear to occur where an ion is absorbed over an
electrochemical potential 'hump' involving no net increase but.still
needing metabolic intervention. Dunlop and Bowling (1971c) found k' and
.Cl— ions entered maize roots ggainst an electrochemical potential gradient:
in each case but later moved down a smaller gradient into thevxylem, so
that the height of the 'hump' was greatér than the net increase.

Cations, except perhaps K+, often seem to be passively accumulated
but anions to be actively accumulated (Bowling'& Spénswick, 19643 Bowlihg,
Macklon & Spanswick, 1966; Shone, 1968; Sobey,vMacLeod & Fensom, 19703
Dunlop & Bowling, 1971c¢).

Active absorption of ions is powered ultimately by respiration.

Bl

Using respiration energy to drive ion absorption may involve separating
the hydrogen and hydroxyl ions formed in respiration by a membrane that

conducts electrons readily but ionfs less so. Normal respiratioh may be

written overall:

C6H1206 o+ 6H20'+ 602 — 6CO2 + 12H20 + 686 kcal

but when the ions are separated
- . N o+ -
‘- C6H1206 + 6H20 : > 6C02 +.24H + 2he

602 + 12H20 .

2LOH + 458 kcal.
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Lundegardh (1939), who first proposed this type of absorption,
suggested that membrane-bound cytochrome éystems transferred electrons
in one direction and anions in the ofher. ‘In a review, Robertson (1960).
noted that it might be possible for the generation of adenosine tri-
phosphate (ATP) to set up a system in which the charges became separated
and Mitchell (1961, 1966) suggested such a system. In it, an oxidation~
reduction system (powered by reduced nicotinamide adenine dinucleotide
produced by the Krebs cycle) drives a proton cufrent which links with a
revérsible ATPase system generating ATP and also with a cation/protbn
antiport and an anion/proton symport (systems in which the flow of protons
drives cations the other way and anions the same way). The overall effect
is that ATP is generated, cations propelled out of the membrane, anioné .
propelled inwards, and the inside of the membréné képt electrically
negative. Mitchell's system has been described as‘operating in the mito-
chondria of plant (and animal) cells, but the mitochondria méy be involved
in the ion transport process (Robertson, 1960).

Lundeg;rdh's hypqthesis is now mostly rejected, partly beéause
Robertson ;nd Wilkins (1948) showed that some concentrations of the.
metabolic inhibitor 2,4-dinitrophenol inhibited ion uptake whilSt enhancind
the cyanide-sensitive respiration which Lundegardh thought was resﬁbnsible
for ion uptake. This objection need not apply to the Mitchell hypothesis;‘

Examining the second respiration equation shows that no more than

- L g-equiv. of ions can be transported per g-mol of O_ consumed; if this

2

quotient is exceeded, both these hypotheses fall. There has been much
controversy (e.g. Handley & Overstreet, 1955; Sutcliffe & Hackett, 19673

Sutcliffe, 1959; Robertson, 1960) as to whether it is exceeded, but without
[ 4

. an unequivocal resolution of the problem. Further, the absence of '

4
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competition in absorption between anions, except the halide anions, is
an anomaly in these hypotheses, as is the appareht ability of some Ceils
to 'store' the Capécity to absorb anions.

The possibility of 'over-efficient' absorption and 'storing' of
absorptive capacity suggests that there may be an energy—storing inter-
mediate, presuma%ly ATP, between respiration and absorption, ie€e ATP.may
be used rather than regenerated when ions are absorbed. No specific
linkage between ATP and anion absorption has been shown, alﬁhough Steward
and Millar (1954) hypothesised that it might occur during protein synthesis.
For monovalent cations the picture is a little clearer; absorption appears
often to obey enzyme kinetics (e.g. Epstein & Hagen, 1952), and Sexton and
éutcliffe (1969) found that the distribution of ATPase along the axis of
pea root much resembled the pattern of ion'trahsporf found along the root
axis of maize by Brown and Cartwright (1953) and Hanéon and Khan (1957).
Fisher, Hansen and Hodges (1971) found a good correlation between Rb® iﬁ-
flux into the excised roots of several species and the Rb+—stimu1ated
part of thé ATP-ase activity of the roots. Several results (e.g. Epsteih,.
19613 Luttge & Laties, 1967) have suggested that tﬁere are two absofption
systems; system 1 has a large affinity for K and operates mainly at small
external K concentrations and system 2 have a small K-affinity and works_\
at larger K concentrations.

No such enzyme systems have been found for divalent cafions, and
Pitman (1965) and Lézaroff and Pitman (1966) found that mono- and di-valent
cations seemed to be absorbed by different mechanisms. Even so, Ca seems
necessary for roots to discriminate between K" and Na* (Epstein, 1961).

It should also be noted thét if an ion is passively absorbed but

4
immediately metabolised in a process drive by energy from respiration, it
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may appear to be actively absorbed. Nitrate ions may be rapidly
metabolised in roots (Dijkshoorn, 1962; Kirkby, 1969) and Loughman and .
Russell (1957) found phosphate could be rapidly incorporated, via an‘
_intermediéte, into ATP. |

It was implicit in most of the preceding discussion that cations
and ahions are independently absorbed (except in respect of electrical
effects){ simultaneous active absorption would imply an amphoteric
carrier, which seems unlikely, although Bennetf;C1ark (1956) suggested
lecithin might act in this way. However, Ordin and Jacobson (1955)‘showéd
that inhibitors that interfered with glycolysis and the Krebs cycle (énd
SO Qith ATP réplenishment) affec£ed uptake of K+ and Br to different

extents, suggesting different mechanisms.

(b) 1Ion pathways

The pathways followed by ions moved from the surface of the root to

its xylem are stillvsp;culative. Most probable is the 'Symplasm Theory'

of Crafts and Broyer (1938) (also Lundegardh, 1940; Arisz, 1956), whereby
the ions move in the cytoplasm of cortical cells to the stele, where they
'leak' into the xylem vessels. The 'symplasm' is a continuum in which

the cytoplasm of each cortical cell is conﬁecfed to that of the next
through the plasmodesmata. Ano£her theory suggests that the ions move
passively through the 'apparent free space' in the root (Briggs & Robertson,
1957) to the endodermis wheré they are absorbed and secreted into the.

xylem vessels (van Andel, . 1953; Russell & Shorrocks, 1959; Bowling &
Weatherley, 196L4). (The :apparent‘free space'! is the volume of root tissue
that is apparently passively penetrated by éolute iogs in conditions that

inhibit active absorption.) A theory of Hylmo (1953) suggests that the

barrier to absorption lies in xylem vessels that are not fully diffefentiated.'
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.These pathways couid operate simultaneously. Minchin and Baker
(1970) resolved the flux of K+ through Ricinus rooés into water-independeﬁt'
and water-dependent components and suggested that the former moved in the |
symplasm and the latter through the cellwalls, which probably constitute
an appreciable proportion of the apparent free space.

Dunlop and Bowling (1971a, b, ¢) measured the profiles across maize
roots of the activities of k' and C1~ and the potential difference
relative to the external solution and concluded:that their results accorded
beét with the symplasm theory. Jarvis and House (1970) have also recenfly
found evidence for the symplasmic pathway.

There has been much discussion about the location of absorption
mechanisms in the pathways, especially of the so-called 'system 1' and
'system 2' monovalent cation carriers. Welch and Eﬁstein (1969) claimed
the systems worked in parellel across the»plasmalemma, but Luttge and
Laties (1967) thought 'system 1' could be located in the piasmalemma and
control the absorption of .ions into the cytoplasm, whereas 'system.z' was

placed in the tonoplast to feed ions into the vacuole and only operated

b

.(passively) at large external K concentrations, possibly when the tyté-.
plasm was 'full up'. In the latter scheme, only 'system 1' moved ions to
the xylem. Minchin and Baker (1970) concluded that the water-independent
flux of K they found could cause the 'system 1' effects, but their results
did not show that 'system 2' moved K+.

A feature of the root that may affect absorption is the Casparian
Strips in the cells of the endodermis, which are strips of suberised
material that appear to be a barrier to permeability; they are unique,
which suggests they have a definite function. In the theory of van Andgl

?
(1953) and other workers, the endodermis is the barrier to passive
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absorption and the sité of any active absorption, but the sympiasm theory
offers no definite function for it, whicﬁ is sometimes held against the .
theory. It might, however, act as a barrier to back-diffusion of solutes
from the stele. Dunlop and Bowling (1971a) found no change of potential

+ c s . .
or K activity across the endodermis of a maize root.

(c) Possible effects of K  on the absorption of other ions

Added K+ seems more likely to affect the mechanism than the pathway
‘of ion absorption, except where the two are inter-related. |

The simplest interactions would be expected when other monovalent ions
competed with K at enzyme carrier sites (e.g. K-Na, Epstein, 1961) and
these have been found. However, although mono- and divalent cations seem
to be absorbed by different mechanisms; interactions in their absorption
are well known (e.g. Overstreet,'Jacobson & Handley, 1952; Leggett &
Gilbert, 1969; Maas, 1969 (excised roots) and Johansen, Edwards & Loneragan,
1968 (intact barley plants).

Various workers (e.g. Bear, 1950; Dijkshoorn, 1958; Cunningham, 1963a,
b, c) have shown that the sum of cations was related to the sum of the
anions in plant dry matter. This could occur where an anion carrier
actively absorbed anions and caused the passive absorption of catiqns. If
the rate of anion absorption was fixed, increasing the supply of one cation
would probably increése its absorbtion and decrease that of anbthér catione.

Altgrnatively, K could affect £he absorption of divalent cations
through its effect on the potential difference between the xylem and the
external.solution. Shone's (1969) results.for maize roots suggest'that the
relative mobilities of anions and K' ions (K slower) may be a majof factor

causifig this potential difference, and so giving K and thereby increasing

+
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the inward flux of K ions should decrease the poteﬁtial difference.
Such an effect was found by Davis and Higinbotham (1969) and Dunlop and
Bowling (1971b). Decreasing this (negative) potential difference should
decrease the passive absorption of other cations.

Anion absorption may not be much affected by adding K;.decreasing
the negative potential dif ference between the xylem and the solution should
facilitate anion absorption, but the effect might nof be very large compared
with the active absorption of anions that>9ften/seems to occur. K' ions
stimulate some ATPase systems and so might enhance anion absorption for

which ATP supplied energy.

Redistribution in the Plant

The redistribution of ions in the plant involves two problems; how
-the ions move and why they move, i.e. the mechanics of translocation and
" the factors governing ion distribution. These problems are only partially

separated.

The Mechanics of Translocation

Upwards. Ions moving from the roots to their first destination in
the plant travel in the Xxylems the phloem does not Seem to be involved
{see Biddulph, 1959, for a review). Water is believed to be drawn up
through the xylem by transpiration, as a resuit of the cohesion of the
water in’ the capillary-like xylem vessels (Kramer, 1959). Water seems
able to move in either direction in the xylem, but presumably only upwards

"during transpiration; Baker and Moorby (1969) showed Watef seemed to move
down into potato tube?s through the xylem at night. Ions seem mostly to

¥ .
be drawn up dissolved in the water in the xylem stream, although Bell and’

4
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Biddulph (1963) found ~Ca moved up the stem in a way suggesting it moved

. .. . . +
by a series of exchange reactions: No interactions between K and other

dissolved ions seem possible, and Bell and Biddulph (1963) found K did
L5

not influence Ca movement.

Redistributed ions. The xylem stream tends by its nature to conduct

ions to mature leaves, although a proportion'of the ions may remain. in
the stems and petioles. JIons that are redistributed from their first
destination probably move mainly in the phloem (Biddulph, 1959). The
mechanism of phloem translocation, long a subject of contention, is still
not known for certain. Translocation is generally acceptéd to take piace
in the sieve tubes of the phloem, which are fairly lengthy'tubular elements
separated by sieve plates with poreé in them (Fig. 1/1a, b); they are
accompanied by parallel 'gompanion cells'. ijothefical mechanisms.depend
very much on their exact structure and, in particu}ar, on the location of
the considerable amount of fibrillar protein the tubes contain, which may
or may not be accumulated in and around the sieve plate pores. ﬂFig.Ai/ti
shows some feasib;e distributions of the protéin.)‘ Cytologists disagree
én the location of this protein; some find.that it is in the pores, but
others claim that cutting the material for slide preparation causes a
release of pressufe that 'blasts' the protein from the tubes into the porés.
The longest-standing hypothesis is that of Munch (1926), who sﬁggesfed,v
that water, sugars and ions moved in a bulk flow in the sieve tubes under
ithe influence of an osmotic pressure gradienticaused by unequai sugar
concentrations, which may be large because soluble sugars are }loadéd'
(i;e. have their concentration increased) from the meéophyll tissue to the
phioem_and 'inloaded' at their destination, giving the concentration profile 

¥ .
shown in Fig. 1/2a. Although the Munch hypothesis probably can account for

L)
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Fig. 1/1

(a) Sieve tube : : _ - _ N

Sieve
tube et

Companion

cell -e Sieve plate -

(b) Possible distributions of the fibrillar protein

(i) , (ii) (iii)

(i) Accumulated in and around the sieve pores
(ii) In discrete globules not in the pores
* (iii) 1In strands passing through the pores
(iv) In transcellular tubules (Thaine)

4
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the quantity of material moved, there are objections to it. First, it
depends on the fibrillar'protein hot being in the pores of the sieve plates;
" this would make the pressure gradient impos;ibly large. It is also

doubtful whether a large enough osmotic gradient exists in tall trees, and
Scholander, Hammel, Hemmingsen and Bradstreet (196L) showed that in mangrove
trees the xylem has a large negative pressure‘which seems uniikely to co~
exist easily with the required large positive pressure in the phloem.

Thaine (1969) suggested that phloem translocation is impelled_by
peristaltic movements in transcellular tubules (Fig. 1/1b). Aikman andﬂ
Anderson (1971) showed that taking likely values for the amplitude -and
Qelocity of the peristaltic waves led to acceptable velocities of solution '
flow and a feasonable energy requirement, but again the idea depends_én ‘
the nature of the fibrilla; protein.

Other, not dissimilar, suggestions have included force-generating
filaments and protoplasmic streaﬁing in the sieve tubes, although‘Spaanr
(1962) questioned whether the sieve tubes have a large enough metabolic
rate to operate the latter mechanism.

In none of the above mechanisms should varying the concentration of
A K+ ions much affect the translocation of other solutes, particularly ions,
in the phloeﬁ, but in Spanner's electro-osmoiic theory (1958), K ioﬁs ﬁlay
a vital role. Spanner suggested that phloem transport-is éssistéd by
localised circulation of K+ ions through the sieve plates and back via the
companion cells or (Spanner, 1970) weaker parallel sieve tubes; this is
hypothetically driven by 'pumping' K from the 'downstream’ side of the’
sieve plate (Fig. 1/2b) into the companion cell or weaker tube, and results
in polarisation of the sieve plate, which has been observed by Bowling

¥

(1968, 1969), with the 'downstream’ side negative. He argued that water
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(a) Diagrammatic representation of 'loading' and 'unloading' -
of the phloem ' ‘
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(b) Diagrammatic representation of Spanner's electro-osmotic
theory of phloem transport as tﬂﬁﬂumaltj *Hb?osed.
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and other substances would par£ly be carried in the field of the K+ ions
and partly be frictionally impelled by their passage.

Spanner suggested that translocation could be initiated by a diScharge
of sugar into the upper sieve tube withdrawing water from the companion
cell (or weaker tube) and thereby starting the K ions circﬁlating
(Fig. 1/2b); the effect would travel down a series of tubes in the same
way, and it would be halted when the sugar concentrations at the ends}of
the tubes were equalised. The system provides/for transport in either, _ ‘
but not both, directions.

The hypothésis provides a role for the energy produced in phlpem
respiration and for the large concentrations of K" ions found there
(Table 1/1). The most important objection to it lies in the very large
K* fluxes needed to move the obéerved sugar flﬁxes;‘this is difficult to
evaluate because of the‘small scale (size) of the.supposed phenémenon.

It has also been argued fhat anion movements in the phloem would be hihdefed
by the negative sieve-plate potential difference, but Bowling (1968, 1969f
found the potential differenqe was about - 20 mV, which means that mono-
valent anions would need to be 2.2 times more concentratéd abofe thén Sélow
the plate to cross it, not an impossibility. Furthermore, Peel and
Weatherley (1959) found no inorganic anions in the phloem ofigglig‘and‘

| Tammes and Van Die (1964) found only phosphate in that of Yucca, and tﬁé
organic anions found, such as citrate, might‘bé partly generated and

- removed in the course of the coupling of the fespiration to K 'pumpihg';
they could then maintain’electroneutrality without necessafily moving dowh
the phloem.

Probable profiles of electric potential, turgor pressure and K+ #

v .
concentration suggested by the theory are shown in Fig. 1/2b. Bowling (1969)
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TABLE 1/1

Concentrations of ions found in the phloem by various workers

4

Authors+
1 2 3 A
Species Sélix Yucca , Vitis Ricinus
vinifera
Conc (mM) of
K 51 : 43 89-100%** 60-80
cat” ' Nil 0.35 ned.* 0.5-1.0
Mg " : n.d.* 2.1 " n.d.*
Na® Traée 0.18 " ' 9-12
Phosphate Nil 3.4 " n.d.
NOB” Nil Nil " n.d.
c1” Nil n.d. " n.d.
pH n.d. 840-8.2 " 8.2
* not determined
X activity measurement
1 Peel, A. J., & Weatherley, P. E. (1959)
2 Tammes, P. M. L. & van Die, J. (1964)
3 Bowling, D. J. F. (1969)
L Hall, S. M., Baker, D. A. & Milburﬁ, J. A. (1971) o
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found evidence of the 'saw-tooth' potential profile.

Giving K to the plant should increase the phloem's K* concentration
and the localised K fluxes, thereby increasing the movements of sugars
(see Hartt, 1969), water and all uncharged molecules. The effects.on ion
movements will depend on how the increased K" concentration affects tﬂe

sieve-plate potential difference.

The factors governing ion distribution

Mobility in the xylem and the phloem. All ions seem to be'mobile in

the xylem, even if ca®™ ions may move differently from others, but ions
vary greatly in their apparent ability to move in the phloem and this much
influences their redistribution in the plant.

: Bukovac and Wittwer (1957) assessed thg mobilities of ions in bean
.plants by the extent to which their isotopes moved away from the leaf to
which they were applied. The monovalent cations were the most mobile and

Ca++, sr'* and Ba*" the least; P and Cl were slightly less mobile than the

monovalent cations and Mg++ was provisionally placed with'Ca++, Sr++ and

Ba''. However, this experiment was really a test of whether the ions could -
move out of the leaf and Biddu’li:h, Cory and Biddulph (1959) and Ringeot,
Sauer and Gielink (1968) found Cé++ seemed to be.immobile, not because it
cannot move in the phloem,>but because it is strongly retained by leaf
' tissue. The same may be true of Mg++, and Steucek and Koontz (1970) showed
Mg++ could mo?e in the phloems of bean and bariey plants.

Obviously, an important criterion of an ion's mobility in the phloem.
is its concentration in the solﬁtion there; this is difficult to'meaSure;

but Table 1/1 summaries the results of some recent worke. K+ was always

the dominant ion and, as expected, very little Ca++ seems present., Tammes
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+ ) . o+
and van Die (1964) found Mg ¥ six times more concentrated than Ca , a

‘reversal of the order usually found in the soil solution and the xylem.

'Sink' effects. The twin concepts of 'sources' and 'sinks' of and

for photosynthate have proved a useful way of understanding the movements
.of photosynthetic assimilates in the plant. Mature leaves act as the
'source'; a 'sink' can be defined simply as 'wherever in the plént_the
products of photosynthesis are utilised' (Beevers, 1969). The most studied
'sinks' have been storaée organs such as cerealﬁears‘(e.g. Thorﬂe;v1963),
beet roots (Thorne & Evans, 1964) and potato tubers (g.g, Nosberger &
Humphries, 1965; Moorby, 1968, 1970). 'Siﬁks' also attract other ﬁetabolites
such aé amino-acids, and they influence ion movemehts; Kissell and Raglénd
(1967) found that N, R, K and Mg were substantiall& redistributed from the
vegetative parts to the ears in Zea Mays and Moorby (1968) found N, b and

K moved from the haulm té the daughter tubers of pétafo plants.

It seems accepted that the atiractive effect operates through hormones.
Various combinatioﬁs of indolyl-3-acetic ac;d, gibberellic ‘acids and
cytokinins produce it; there seems to be no consistent order of effe;tiveness
;and the one present in fhe smallest amount (relative to its norm) pfobably
has most effect (e.g. Mothes & Engelbrecht, 1961; Davies & Wareing, 19653
Seth & Wareing, 1967; Morris & Thomas, 1968). Precisely how these'héfmonés
act is not known; they have the capacity to cause cell proliferation, they
are involved in the growth of storage organs and they have specific effects
- on translocation, but the key facts linking these effects are still to bé
discovered; they seem likely to be associated with the nucleic acid
metabolism of the plant. |

'Sink' interactions and plant development. Before a plant forms a
? ' :

storage organ, the 'sink' effects seem quite simple, with the lower leaves

1)
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exporting assimilate mainly to the roots and the upper’léaves to the
developing shoots. This pattern was found for soybean by Thrower (1962),
for grape by Hale and Weaver (1962) and for bean plants by Biddulph and
"Cory (1965). Little is known of the corresponding pattern for mobile
nutrient ions, but work by Greenway and Pitman (1965) and Steward ahd
Koontz (1968) suggests K movements may be similar.

When a flower or storage orgaﬂ forms, this pattern is disrupted and
assimilate seems to be directed mainly to the new organ at the expense of
shoot and root growth. Murneek (1926) found shoot growth recessed in

.tomato plants when the fruit formed and Milthorﬁé (1963) reported similar
.effects in potatoes. Mobile nutrients seem to behave in the same way
(Kissell & Ragland, 1967; Moorby, 1968).

The concept of the 'sink' is essentially a modél, albeit a most - ‘ ;
useful one; for describing and rationalising the movements of metabolites
and ions in the plant. The concept may be‘intrinsically true or it may ..1
.merely be a representation of the effects of an innate programme of !
development and senescence, perhaps mediated by the‘nucleic acid
metabolism of the plant and activated by environmental stimuli. The
difference between the two points of view cah‘be illustrated by reference
lto the phenomenon of shoot recession when the tubers form in'potéto plants.’

According to the first viewpoint, the recession in shoot growth
reflects competifion 5etween the tubers and the shoot with the former
gaining the ascendancy. The second viewpoint suggests that the recession
arises from a regulated shift of growth activity related to the 'innate
development pfogramme'. Heslop-~Harrison (1969) discussed these viéwpdints

and noted that several recent authors have favoured the 1atter.».
?
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Changes in the concentrations of nutrients in leaves were associated
with senescence by Kirkby and de Kock (1965) who found that the %Ca
increased and the whole cation:anion balance changed going from young to
older leaves on brussel sprout plants. Concentrations éf P and K in leaves
often decreasg with age and that of Mg sometimes increases. These effects .
can be viewed in terms eithef of competition betwéen 'sinks' or of fhe
'innate development programme',

In potato plants, adding K often increaseslthe weight of tuberé
forméd, i.e. enlarges the 'sink'. Giving K can also extend the life of
the .plant (Dyson & Watson, 1971) and so may affect the 'innate developmeﬂﬁ
programme'. Either way, it seems likely»to influence the distributionvof

other nutrients.

The Aim of the Work

The éxperiments to be described were intended to show how added K
behaved in the plant and how it influenced the uptake and distributioq of
other nutrients. These interactions are interésting partly in their own
rigﬁt.and partly because they may throw some light on the overall workiné'
of the plant. They are also of practical importanpe because potato crops
usually get heavy K dressingg, for example an average of ZOO.units'Kzo/acre*.
(208 kg K/ha) for méincrop potatoes (Potato Marketing Board, 1970).

The 'interactions of such dressings may prove important in attempts to
increase yields while maintaining quality.

The.following specif%c aims were pursued:

1) It seemed likely that adding K to the soil would increase the
. concentrations of other cations in the s0il solution while lessening their

uptake by the roots. The relative importance of these effects was fherefore

tested (Chapter 3).

* 1 wunit = 1.12 1b
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2) The interactions in root uptake were followed to see if they
changed as the plants developed and senesced (Chapter 3).

3) The effects of giving K on.other nutrients in potaté tubers were
measured. The tﬁbers are the best defined 'sink' in the plant and they
do not themselves photosynthesise; they thus make the best starting point
for determining interactions caused by 'sink' effects (Chapter 4).

L) The apparent consequences of the interactions in the tubers for
the nutrient content of the rest of the plant were examined (Chapters L and
5). |

S) An interaction found in the tubers was sought in anothér-'sink'
(Chapter 6).

6) An experiment was made to investigate whether interactions arisihg
from:the formation of tubers accorded better with the concept ofjcompétitioh
between tuber and'shoot or with that of the 'innate development programme'-
(Chapter 6). |

7) A mechanism for the observed effects was sought (Chapter 7 et seq).
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CHAPTER 2

GENERAL METHODS

This chapter comprises a discussion of the methods used and details

of methods common to all the experiments made.

Growing Potato Plants

In these experiments, the plants were all grown in the glasshouse in
pots or polythene buckets, except in the last experiment where they gfew
in solution. In both pots and solution the plants grew to maturity and
formed tubers. _Plants grown in pots were slenderer than those from fhe.'
field regardless of the size of the pot, pOSSiblY because the roots were
restricted or because growth started earlier in the warmer glasshouse
than in the field. This should not have affected nutrient uptake or
distribution. Plants grew to a more normal shape in the soiu£ion than in
the pots.

The size of the plants much increased with the weight of soil used,
4LOO g, 2 kg or 3 kg. Plants grew in solution to about the same size as

in the largest weight of soil.

Soil preparation

The.soil was air-dried before each experiment and sieved to 33 inch.
Before planting, it was moistened with deionised water and/or the
appropriate nutrient solﬁ@ion and well mixed. One part of quartz (< 2 mm)
to two parts of s0il was added in the first experiment.

¥

Varietz

’

King Edward potatoes were grown in all the experiments.
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Seed pieces

In the first experiment, viable eyes were cut from chitted seed
potatoes with a %% inch cork borer to give a % inch long segment. These
were incubated in moist sand until roots about 1 inch long had defeloped;
and transplanted into the prepared soil. The method was reliable but
gave rathe? small plants, though in retrospect this can probably be
attributed to the weight of soil used.

In the second experiment, small seed potafoes as even in size as
possible (about 50 g) were used. These produced sturdier plants, albeit
in more soil, but the amounts of nutrients they contained would be a
complipation in some experiments.

In the third and fourth experiments, excised eyes were used again,
but larger ones, taken with an 13&6 inch cork borer‘and with a 1 inch long
segment of tuber. These gave good plants.

The size and sturdiness of the plants seemed much more influenced by

the soil (amount and nutrient content) than the seed pieces.

Watering

Water was given in saucers under the pots unless otherwise stated.

Har#esting~

Unless the nature of the experiment dictated otherwiSé, the plants
were separated at harvest into leaves, stems + petioles (afterwards
referred to as 'stems'), roots + stolons ('rbots’), and tubers. Roots and
tubers were washed and blotted free of water. The samples Weré weighed
fresh if % dry matter was needed, dried at 80°C for 24 hours, weighed and

ground in a small hammer mill.
H
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Analzses

Dry matter samples were ashed at 45006 for 2 hoursAand the ash taken
ﬁp in 5 ml of 5 N hydrochloric acid and ;vaporated down againj; it was
finally moistened with 0.5 N HCl and taken up in wafer.

All solutions were analysed as follows:

Potassium was determinéd by flame emission on an Evans Electroselenium
flame photometer; Calcium* and Sodium*, also by flame emission on a Unicam
SP900 spectrophotometer; Magnesium* by atomic absorption also.on the SP900;
Phosphate+ by the method of Fogg and Wilkinson (1958) on a Technicon‘Auto~
 ana1yser; Nitrate+ by the method of Litchfield (1Q67) also on the‘auto?
analyser. | |

+
Nitrogen in dry matter’ was determined directly by a standard Kjeldahl

procedure using K2504 and CUS04 catalysts.

+
* by V. Cosimini; * by Miss B. Messer; * by R. J. Avery
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CHAPTER 3

THE EFFECTS OF ADDING POTASSIUM ON ION CONCENTRATIONS IN THE

SOIL SOLUTION AND IN THE SAP EXUDED FROM DETOPPED PLANTS

Introduction

In Chapter 1, it was suggested that adding K to the soil sﬁould‘
increase the concentration of other cations in the soil solution as well
as that of K, but that the increased concentration of K may lessen the
absorption of other cations by the plant (e.g. Overstreet et al, 19523
Johansen et al, 1968; Andrew & Robins, 1969; Maas, 1969). This chapter
describes an experiment intended to show the relative<importance_of“these
effects. It‘also discusses the changes in absofption that occurred as
the plantsvdeveloped.

Effects on the soil solution composition were shown by measuring ion
cgncentrations iﬁ water equilibrated with the moist soil and‘efféctg on
ion absorption by analysing the sap exuded from the‘xylemsvof plants cut

just above the soil surface.

Methods

The;pot experiment

The plants were grown from excised eyes in 400 g of soil from a
long-term experiment in Barnfield at Rothamsted, from a plot that has had
no fertiliser since 1856. Three plants per pot were grown, to improve the
chances of obtaining sap. N, P and Mg at 100, 100 and 20 mg/pot were

'
added as Ca(NOB)z, Ca(H2P04)2 and Mg(N03)2 to the soil which had a pH of
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8.0 and an initial exchangeable K content of 16 mg/100 g. There were- six
K treatments, 0, 20, 80, 160, 300 and 500 mg per pot as KZSOQ' Two
replicates of each treatment were harvested after 28, 44, 63 and 80 days
and the last two replicates of each were harvested when the haulms digd.
Extra N (25 mg/pot) was added between the second and third harvests.

At harvest, the tops were removed just above the soil sufface and
bent capillary tubes were attached to the stumps with rubbér tubing which
was sealed with'5Vase1ine'. The exuded sap waé.conducted to a small glass
vial and collected for 2.4 hours, weighed, and analysed for K+,‘Ca++, Mg++;.
Na+, phosphate and nitrate, (No sap was, of course, collected from the

dead plants.)

The treatment of the plant parts is described in the next chapter.

The soil solution

One aliquot of distilled water was shaken successively with three
aliquots of the moist soil-in a 1:2.5 soil:solution ratio, céntrifuged at
+ ++

6000 rpm and analysed for K+, Ca+ s Mg , Na+, phosphate and nitrate.

This was done as soon as possible after harvest.

Concentrations and activities

" For most purposes in this chapter, the concentrations of the ions

in the soil extract are discusséd, but the calculated activities are also

recorded. These.were obtained by an equation of Debye and Huckel (1923):

. s J—
10910‘( = - 0.509 z /I

1+ 1.5/1

-

where’ * is the activity coefficient of an ion, z its valency, I the ionic
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étrength of the solution and a the activity = c‘x,{ y where c is the
ion's concentration.

Because the equation includes the icnic strength, calculatjng activities
in the soil solution necessitated estimating concentrations in thevoriginal
soil solution rather than the extract. This was done by comparing the vélume
of water present as moisture in the soil aliquots with the total voluﬁé of
water (moisture‘+ added water). Assuming that the anions, mostly nitréte,
in the soil sclution were not absorbed and so wére directly diluted, and
that the cations obeyed Schofield's ratio law (Schofield, 1947) enabled
the concentrations in the original solution to be eétima%ed and I Calcuiated.

Possible effects of fixed charges were ignored (see Khasawneh, 1971).

Results

Appeﬁdix I contains the data for all ions in tabular form.

a

Cations
. ' ) + ++ CdE
Fig. 3/1 (a-c) shows the concentrations of K , Ca and Mg in the
soil extract and in the exuded sap at the first (28 day) harvest. -
Subsequent harvests showed a similar pattern, except that in the second
and third harvests the K+ concentration in the sap was decreased slightly‘
by the largest K addition compared with the prévious addition,  and in the
; 4 e+, :
fourth harvest the concentrations of Ca and Mg in the sap were almost
constant ' (although their concentrations in the soil extract increased with
added K).
. . e s + ++ ++
Fig. 3/1 (d-f) shows ‘the calculated activities of K, Ca’ and Mg
in the so0il solution and the exuded sap at the first harvest. The

*
concentration and activity data differed mainly in the relative displacements

4



Fig. 3/1

: 4 + L
(a-c) Concentrations of K+, Ca and Mg_+ in the soil extract (@) and exuded sap (x) plotted
- against added K. '
(d-f) Calculated activities (see text)
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of the soil extract (or solution) and sap curves rather than in the shapes

of the curves.

Effects in the soil. Fig. 3/1 shows that adding K increased the

concentrations of Ca++ and Mg++ in the soil extract as well as that‘of
K+; this happened at all harvests.

The data was used to derive the potassium quantity/intensity
rel;tionship,vbetween gain or loss of K by the soil (K added less K
removed by the plant) and the K.activity ratiov(aK/\/;Z;:;;)L This was
comparéd with the relationship independently measured for the soil by
equilibrating it with 0.01 M CaCl2 solutions with and without added KCi
(Addiscott, 1970). The points for harfests 1 and 2 fell oﬁ a smooth
curve which was slightly displaced from the previous curve but had a
similar shape (Fig. 3/2a); points for harvesté 3 and & were further
dispiaced in the same direction (Fig. 3/2b), that expected if K were 'fixed'
by the soil or otherwise lost from the exchange system. Thus the effects

of adding K concurred quite well with the known exchange characteristics

of the soil.

_Effects in the plant roots. Because the concentrations of ions in the
soil solution were not specifically controlled but allowed to vary naturally,
the best measure of their uptake through the roots was probably the ratio

concentration in exuded sap
concentration in soil extract

L)

which was called the 'accumulation ratio'. Fig. 3/3 (a-c) shows that the
taccumulation ratios' for k' and Ca++ decreased in a smooth curve as the

+ . . . . .
K concentration in the soil extract increased, but that for Mg++ the curve

was not continuous. Fig. 3/3 (d-f) shows log10 (accumulation ratio) plotted

+



Fig. 3/2

Potassium éuantity/i_ntensity relationships for (a) Harvests 1 (©) and 2 (&), (b) 3 (o) and 4 (B),
compared with the independently-determined curve
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Fig. 3/3
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against log10 (K molarity), giving a straight line for K+ and Ca++ but
not for Mg++. Similar plots were obtained from the calculated activity
data.

When the'iinear regressions of log10 (accumulation ratio) on 10910
(K molarity) were calculated, using both replicates of each treatment,
thosé'for all three cations K+, Ca++ and Mg++ were significantvanﬁ
negative (Table 3/1) at all h;rvests, although, as for Mg++ above, the
relationships were sometimes better expressed b& discontinuous lines
(Fig. 3/4).

The relative importance of soil and plant root effects. Fig. 3/1

shows clearly that although adding K increased the ca’? concentration
in the soil extract, this effect was over-ridden by decreased absorption

++ . L+ »
of Ca by the roots, so that the concentration of Ca was lessened in

) + .
the exuded sap. The Mg * concentration was also increased in the soil
extract; its concentration in the exuded sap decreased with the smaller
K additions but increased again with the larger ones. The relationship
: ++ - . . .
for Mg activities (Fig. 3/1f), in particular, suggests that the
. ++ . RN X .

absorption of Mg was decreased like that of Ca but was more influenced
by the increased activity in the soil solution, although an alternative
~explanation is given in Chapter 9. This type of relationship appeared in
the second and third harvests but not in the fourth.

Differences in accumulation between cations and between harvests.

'Accumulation ratios' were compared by super-imposing, in Fig. 3/4, the

plots of_log10 (accumulation ratio) against log o (x* molarity); these

1

~were used because of the sharp curvature of some of the unlogged plots.

Where straight lines are shown in Fig. 3/4 they are calculated regression
¢ ' . .
lines; discontinuous lines, where judged more appropriate, were fitted by

eye.
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TABLE 3/1

Values of r2 for the regressions of log10

(accumulation ratio) on log. (K molarity)

Harvest v for

x* catt Mg++
28 days 0.98 0.91°%F 0.53
Ll days 0.97% o.76’fxx 0.52%
63 days 0.717% 0.75% 0.62™F
80 days . 0.88F 0.75°% 0797

Significance: x p < 0.05; xx p € 0.01; =xxx p < 0.001

Note: The 'accumulation ratio' always decreased as the
K molarity increased. :



Fig. 3/4

Super—imposéd plots of logqp (accumulation ratio) against logip
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The accumulation ratios decreased in the ofder K+ S Mg++ 5 Ca++,
except that K" and Mg++ were re#ersed at the largest K addition in harvests
2 and 3 (Fig. 3/4). All the accumulation ratios decreased with increasing
k concentration, that for k* itself most of all.

Variations bétween harvests were not large. For K+, the lines for
harvests 1 and 2 were almost identical, but by harvest L the taccumulation
ratio!' had decreased uniformly; the data for harvest 3 may have been
influenced by the very variable degree of tuber formation at this stagé
(see next chapter and Appendix II). The accﬁmulationzratio for Ca++ also
seemed to decréase between harvests 1 and 4, but for Mg».l-+ there was no
clear change.

Sodium.: No results have been shown for Na+ because Na+ concéntrations
in the exuded sap were ﬁot related to those in the éoil extract and

‘neither was -clearly affected by adding K, although that in the extract

increased slightly.

Anions

Effects in the soil. There was no evidence of a direct K effeqt on

the concentrations of nitrate and phosphate in the soil solution, and the
amount of each removed by the plant seemed to have most effect.

The total amount of N in the plants was not measured because some
plant parts did not yvield large enough samples for N analyses as well as
for ashing for cation and P analyses (see next chapter). However the
concentration of nitrate in the soil extract was negatively related

2 XXX . . '
(r~ = 0.79 ) to the fresh weight of the plant tops at the first harvest,

but not in later harvests, suggesting that, initially at least, the

nitrate concentration was influenced mainly by the amount of N removed.

+
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The phosphate concentrations in the soil extract were inversely

related to the amount of P removed from the soil by the plant (Fig. 3/5).

The concentrations were measured in harvests 2, 3 and 4 only, because of

technical difficulties at harvest 1.

Effects in the plant. Concentrations of nitrate and phosphate in

the sap need to be viewed cautiously, because these anions may possibly

have been metabolised on absorption and subsequently re-liberated (see

Chapter 1).

The concentration of nitrate in the sap was related to its

2
concentration in the soil extract at harvests 1, 2 and L (r" = O.65xx,

O.??x, o.42x) but not in harvest 3, shortly after extra nitrate was added.

The mean accumulation ratios (calculated as before) at the four. harvests

were 3.8, 16.5;, 2.6 and 3.1; the large value at the second harvest

reflects the shortage of nitrate before more was added. There seemed.to

 be no direct effect of K on nitrate absorption.

The concentration of phosphate in the exuded sap was not related to

its concentration in the soil extract or to that of K. However, at harvests

2 and .4 only, the accumulation
with the concentration of K in
‘ratio) was related to 1og10 (K
sig. at p < 0.05) at harvest 2
Furthermore, at harvest 1, the

was positively related to that

ratio, which ranged from 42 to 83, increased

the soil solution, such that 10910 (acc@mulation
molarity), just significantlyv(r2 = 0.435

and almost so (r2 = 0.37; NS) at harvest k4.
concentration of phosphate in the exuded sap

2
of K' (r” = 0.60; sig. at p < 0.01). There

was thus some evidence that increasing the K concentration in the soil

solution enhanced phosphafe absorption.
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Fig. 3/5

The phosphate concentration in the soil extract plotted against the

P removed by the plants. Harvests 2 (0), 3 (4A) and L (x).
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Cation-anion relationships

The relationships between the suﬁ of the cation concentrétions an&
that of anion concentrations in the sap were not comprehensively
investigated; sulphate and chloride were not determined. However, the
concentration sum (K* + Ca’ ' + Mg++ + Na') was well related to (nitrate +
phosphate) in all four harvests (r2 = 0.90, 0.57, 0.75, 0.66, all sig. at
p < 0.01 or 0.001). In the first harvest the relationship was almost 1:1;

subsequently the sum of the concentrations of cations was greater than

that of anions.

Discussion

It.was suggested in Chapter 1 that adding K mightvinfluence the.
absorption of other ions in two ways: (a) a limited capacity for absorbing
caﬁiOns, regulated perhaps by anion absorption, would mean that increasing
the amount  of K absorbed would decrease the absorption of othgr cations;
(b) if increasing the K supply decreased the negative potential differenée
across the root, this would decrease the absorption of cations, and

.possiﬁly enhance that of anions. |

The relationship found between the sum of the concentrations of
cations andvthat of anions lends some weight to the first suggestion, but
this does not explain why adding K seemed to enhance phosphate absorption.

The phosphate effect could be described by a system in which activeb
absorption of nitrafe (the predoﬁinant anion) caused a negative sap:solution
potentiai difference which was decreased by increasing the suppiy of K.‘
However,.the phosphate effect could be of metabolic origin.and unrelated

to potential changes.
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The effects of adding K on the absorption ofvdivalent cations,
especially Ca ', could arise from either of the suggested causes.

Growing the plants in soil was essential for part of the information
obtained, but it precluded measuring the sap:solution potential difference:
this would have made it easier to interpret thé effects found and neeas
to be done in a future experiment with plants in solutibns.

However, the experiment showed clearly that the lessening of Ca++ 
absorption céused by adding K over-rode the inéfeasevit caused in'the C_a++
concentration of the soil extract. Mg++ absorption seemed to be mofé
influenced by the increase in its concentrations in the soil solution.

The absorption relationships did not change greatly as the plants grew

older.
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CHAPTER L
THE RELATIONSHIPS BETWEEN POTASSIUM AND OTHER IONS
IN THE TUBERS AND THEIR EFFECTS IN OTHER PARTS

OF THE PLANTS

Introduction

In this chapter, analyses of the various parts of the plants
harvested in the experiment described in the pre#ious chapter are used
to show the effects of adding K on nutrient distributions in the plants.

The tubers form tﬂe best defined 'sink' in the'potatb plant and were
-expected to influence ion distributiéns and intefactions betWeenvnutrient
ions. The effécts of adding K on the amounts and éoncentrations‘of ﬁutfients
in the tubers were first examined and the effects these relationshipé'

" seemed to have on the nutrients in the rest of the plants are described.

Methods

The pot gxperiment was described in the previous chapter. The_“
piant parts were prepared and analysed as in Chaptér ?, eicept for the |
stems énd petioles (referred to as 'stems'); these were weighed fresh,
macerated under distilled‘water in a MSE Homogeniéer and filtered.. The
resulting solution was made to volume and apalysed, and the solid matter
was dried, weighed and analysed. The quantities of nutrients in the
soluble and insoluble stem fractions were calculated.

Tubers were just starting t& form at the second (447day) héfvest and

¥
‘were collected and analysed from the third harvest onwards.

+
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Results

The relationships between the concentrations of nutrients in the tuber dry

matter

Potassium -~ calcium. Adding K to the so0il had little effect on the

Ca concentration in the tuber dry matter, which was small (ca. 0.1%)
compared with those in the rest of the plant (e.g. up to 6% in the leaf

dry matter).

Potassium ~ magnesium. In all the harvests that yielded tubers, there
was a positive linear relationship between %Mg and %K in the tubep dry
matter (Fig. 4/1). Thus adding K, as well as increasingbthe %K iﬁ the tuber.
dry matter, increased its %Mg. The %Mg in the dry matter. was aiso qﬁite
small {ca. 0.1%) but Mg concentrations in ﬁhe rest of the plant were
considerably smaller than those of Ca (up to 0.7% Mg in the leaf dry matter).

Potassium - sodium. There were no clear relationships between Na and

K in the tubers or any other plant part, and Na is not discussed further.

Potassium - phosphorus. Adding K did not alter the %P in tuber dry

matter, although this changed slightly between harvests (Table L4/1).

Potassium ~ nitrogen. There seemed to be no direct effect of adding

K on N in the tuber dry matter, but plotting the %N against the reciprocal
of the dry weight of the tubers (Fig. 4/2) suggested that extra growth,

mainly caused by adding K, diluted the N content.

The effects of adding K on the amounts and distributions of nutrients in

the plants after tuber formation

Fig. 4/3 (a-~d) shows‘the effects of adding K on the amounts of each

nutrient in each plant part at 80 days, plotted cumulatively, so that the
¥ S : .

vertical distance between successive lines represents the quantity of



Fig. 4/1

The concentration of Mg related to that of K in

tuber dry matter
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TABLE 4/1

Mean values of %P in the tubers’

dry  matter
)
Harvest Time (days) %P in tubers
3 63 0.269 % 0.023
IA 80 0.210 + 0.01L

5 at death . 0.225 & 0.012
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Fig. 4/2

(a)

(b)

(c)

The N concentration in tuber dry matter related to the
reciprocal of its weight 0& dx:j moattec (),
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nutrient in each plant part. The plants had then been making tubers for

about 35 days and any tuber effects should have appeared.

L] .
Potassium. Amounts of K in all plant parts were significantly* increased

by added K. Most K was in the tubers (Fig. 4/3a).

Calcium. Adding K decfeased the quantity of Ca in the plants, maihly
because it significantly* lessened the amount in the leaves where most of ‘
the Ca was. Little Ca was in the tubers (Fig. 4/3b).

Magnesium. Both the dry weight of the tubers (Appendix II1) and their~
Mg.concentration were greater when K was added, sé that the quantity of
Mg was sigﬁificantly* increased (Fig. 4/3c). Adding K also slightly
increased the Mg content of the roots. There was no increase in ovefall
Mg_uptake when K was added and other plant parts therefore éontained less
. Mg, so that adding K increased the proportion of thé‘Mg thét was in the
tubers. . | | |

Phosphorus. The P concentration of the tuber dry matter was unchanged
by adding K, but its weight was increased (Appendix Ii).'-The fesulting

(significant) increase in the quantity of P in the tubers (Fig. 4/3d)

seemed mainly(ﬁompensate by extra uptake. Most of the plants' P was in’

. -

the tubers.

Nitrogen. Adding K slightly increased the quantity of N in the tuber

Pt
dry matter (though the extra growth tended tqﬁdildte it;j} This did not
) . . N A\, -

-

o e

- -
o

seem to affect the amount in the leaves, the oﬁiy other part analeed for

- ‘\'-‘_‘7 &
N 7 » Foo s RN e

N.

1]

Effects at other harvests. At the first (28 day) harvest, adding K

did not seem to alter the quantity of any other nutrient in any plant part,

H

* Significantly, in this chapter, implies that a regression of the variate
discussed on the amount of added K was significant ( p € 0.05). The
regressions are listed in Appendix II.
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Fig. 4/3

The quantities of nutrients in different plaﬁf parts related
to added K (at 80 days). L = Leaves; S(s) and S(I) = Stem
soluble and insoluble fractions; R = Roots; T = Tubers.
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(b)
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although it decreased Ca and Mg concentrations in the leaves. By 4L days,
the quantities of Ca and Mg in the leaves and the total Ca dontent of thé
plants were significantiy decreased by added K. At 63 days, the degree of
tuber formation varied considerably and the nutrient distributions reflected
this. Tﬁe harvest of the dead plants suggested that the trends in the
80-day harvest continued with K and P moving to the tubers, Mg moving to
the tubers when K was given, and Ca remaining in the tops.

Appendix II gives the quantities and conceﬁtrations of all the nutrients
in all the plant parts at all the harvests, and the dry weights, together

with the regressions quoted in the text.

Movements of nutrients during tuber formation

Plants harvested at 44 days were just starting to form tubers and those
taken at 80 days had been doing so for about 35 days. Thus comparirig the
quantities of nutrients in the parts of the plants at 80 days with those

at 4L days shows how the nutrients moved in the plant during tuber formation,

,,,,,,, .

-and what effect adding K had on these movements. Fié. L/L (a—d) shows the
change in nutrient content (quantity at 80 days less that.at L4 days)
related to the amount of K added for K, Ca, Mg and P.

Potassium. The tubers contained a major share of the plants'.K
content at 80 days (Fig. 4/3a) and Fig. 4/La shows fhat all other parts of
thé plant lost K during tuber formation, with the soluble stem f?action
losing most. The two largest K additions caused less K to bé lost from .
the rest of the plant because more was absorbed from the soil; with the nil
or smalllK additions, mucb»less K could be taken up from the soil during

tuber formation,

4
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Fig. &/4
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Change in K content

-2

Changes in the quantities of:nutrienfs in plant parts during’
tuber formation (44 to 80 days). Legend as for Fig. 4/3.
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Fig. 4/4L continued
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Calcium. All parts of the plant continued to gain Ca while the tubers
‘:were forming, with the leaves getting most (Fig. 4/4b), although adding K
significantly decreased the Ca gained by the leaves. The amount of Ca
entering the tubers seemed too small to affect the rest of the plant.

Magnesium. The plants had a nett gain of Mg from the soil while the
tubers were forming; adding K did not affect the quantity of Mg gained
but did alter its distribution. Adding K significantly increased the
quantity of Mg.in the tubers and Fig. 4/Lc showg that whilst the leaves
were not clearly affected, both stem fractions lost Mg when much K waé
added; howevef both leaves and stems seemed to gain some of the intake
from the soil when the smaller amounts of K were added, more so than when
no K was added at all. |

Phosphorus. The tubers held a large propértioﬁ of the plants' P
content at 80 days (Fig. 4/3d) and all other parts gave up P during tuber
formation, the water-soluble stem fraction most (Fig. 4/4d).- Adding K
significantly increased both the quantity of P in the tubers and the loss

'

of P from the water-soluble stem fraction but not other parts.

Tonic relationships in the leaves and tubers

Leaves. Expressing the nutrient concentrations in the leaves as '
m-equiv/g of dry matter showed that the sum of the concentrations of K, Ca
and Mg was constant in the first harvest at 3.16 % 0.06 m-equiv/g regardless
of the.K treatment. (Na concentrations were very small and variedrlittle;)
In subsequent harvests, the sum decreased as the concentration of K
increased (Fig. 4/5). Thus in the first harvest added K seemed to decrease
the leaf concentrations of Ca and Mg simply by replacing them, but later it

both replaced them and decreased the total.
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An increase in the sum of the caﬁions is one of the symptoms of
leaf ageing (Kirkby & De Kock, 1965) and added K might have delayed ?he
. increase in the cation sum by delafing the senescence of the plants. This
point is taken up again in Chap£er 6 and in the final discussion {Chapter 11).
Tubers. The sum of the cations in the tuber dry matter, expreséed
as m-equiv/g, was not constant. Although the concentration of Mg was
linearly related to that of K, the ratio m~equiv K : m-equiv Mg was not
constant in respect either of time or added K (i.e. there was a variable

intercept in the linear relationship). The ratio varied in the ranges

6.3 - 7.2 : 1 at 63 days

Seh - 7.1 3 1 at 80 days

and 5.2 - 6.7 : 1 at the final harvest,

where the first figure shown is that.corresponding to the smallest K
‘concentration. Adding K thus slightly increased the proportion of K,

.while that of Mg tended to increase with time.

The rates of accumulation of nutrients in the tubers

Comparing the quantities of dry matter, K, Mg,'P and N in thé tubers-
after 63 and 80 days wiﬁh quantities therein.at the final harvest profided
an approximate means of comparing the rates of accumlation of these
nutrients. Table 4/2 shows these quantities as percentagesrof the qﬁantities
at the final harvest; each percentage is the weighted mean'caléulated over
all six K treatments. K and P seemed to be moved to the tubers slightly
in advanée of Mg and N; tpis was suggested by both sets of ;esults. The
observation for Mg concurs with the slight increase with time inAthe

proportion of Mg relative to K in the tuber dry matter.
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TABLE L/2

*
Percentages of the final quantities of dry matter and

nutrients present in the tubers by 63 and 80 days

Time ‘ Percentage of

D.M. K Mg | P N
63 days 33.5 '35.1 - 30.8 36.2 32.6
80 days 91.8 86.2 80.2 86.8  7L.9

*
?GA Hme tube¢s a?— Tﬁam&s k0¥v€ﬁt§5* oakemx HneCr LWLuiN\ Gh%!i.

+
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Discussion

Potassium and phosphate seem generally accepted as being verj'mobile
.in plants (e.g. Bukovac & Wittwer, 1957); that both seehed to be appreciably
moved to the 'sink' formed by the tubers concurs with this view. The effect
of the added K on P distribution seems simply to have been to enlarge the
sink.

Ca is almost immobile in plants probably because it is strongly held
.in the leaves (Biddulph et al, 1959; Ringeot et al, 1968); thus it éeems
to have accumulated in the leaves regardless of tuber formation. Krauss
and Marshner (1971) suggested tubers could absorb Ca direct from the soilj
if so, none need have been moved from the rest of the plant at all. The
effect of adding K on Ca accumulation in the leaves may be reléted to the
decrease caused by the added K in the concentration of Ca iﬁ.the'sap exuded
from the xylem stream. However, the effect of K on the sum of the cation
concentrations implies that the effect might not be quite as simple as it
appears, and this point is taken up later. |

Mg seemed intermediate. in mobility between K and Ca. Fig{ é/éc'
'suggesté that the effect of £he larger K additions on Mg in the leaves ﬁéy
not have béen to mobilise it from the leaves as much as to prevent it
reaching then. The effecfs on the soluble aﬁd insoiuble Mg in the stems -§
may have beén.part mobilisation and part prevention. Chapter 5.describes ‘
experiments aimed at clarifying these points.

The relationship between the concentrations of Mg and K in the tubef
dry mattér might be expected in other metabolic sinks and was sought
(Chapter 6) in the meristems of the growing shoots before tuber formation.

- Only Wilkinson (1958) seems to have found such an effect; in apples, he
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found a similar relationship with about 10 m—eqﬁiv K to 1 m-equiv of Mg.
Reasons for the relationship were investigated (Chapte;s 7 &9).

The observations described ih this chapter have been discussed, in
effect, in terms of 'competition' between the tuber ‘sink? and the rest of
the plant. However it should be noted that the data are equally compatible
with the operation of the 'innate development programme' discussed.in

Chapter 1, énd the two descriptions are not completely exclusive.
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CHAPTER 5

FURTHER EFFECTS OF ADDED POTASSIUM ON MAGNESIUM

DISTRIBUTION AND RECIPROCAL OBSERVATIONS

Introduction

The previous experiment did not show for certain whether adding K
decreased the Mg content of the leaves because it caused leaf Mg to be’
remobilised when the tubers formed or because it decreased the amount of
Mg reaching the leéves, probably bybincreasing that going to the t#bers.
The question is interesting because i£ relates to the degree and nature .
of Mg mobility in the plant. Bukovac and Wittyer (1957) thought Mg was
non-mobile when applied to leaves, but Steucek and Koontz (1970) showed
by‘autpradiography that Mg could move from leaves in thevphloems of béan 
and barley plants. If Mg is appreciably remobilised from the,leaves to
the tubers, it cannot be as strongly held by the leaves as Ca (Biddulpﬁ
et al, 1959; Ringeot et al, 1968).

In this experiment, potato plants received Mg either initially in’

the soil or sprayed on the leaves during tuber formation. If Mg 1s. re-—

mobilised from the leaves, adding K to the soil should decrease the Mg

content of the leaves whichever way the Mg is applied. If added K

decreases the Mg reaching the leaves, it should only decrease the quantity

of K in the leaves of the plants getting Mg in the soil.
The previous experiment also showed a linear relationship between the
concentrations of K and Mg in the tuber dry matter, such that giving K

increased the concentration of Mg as well as that of K. The tubers frdm

4



the present experiment were therefore analysed to see if the relationship
reld when both K and Mg additions were varied and if giving Mg increased
the K concentration.

Other effects are discussed briefly.

Methods

Potato plants were grown from small seed potatoes, one per pot, in
2 kg of soil from Fosters field at Rothamsted. The soil, like that used
in the previous experiment, was a flinty clay loam with a high pH (7.8 in
water) and contained 11.7 and 3.05 mg/100 g of exchangeable K and Mg.
The soil from the previous experiment was not used because it containéd
more exchangeable Mg, 8.6 mg/100 g.

Seed potgtdes were used here to see if they produced better plants
than excised eyes; their nutrient contents (about 9% and 4% respectively
of the larger K and Mg additions) were ﬁot a problem because effects 6f
additions, rather than absolute amounts, of K and Mg, were tested.

The plants received basal ngtrients 0.75 g N and O.7S'g'P as Ca(NOB)é
abnd ca(HZPQlk)z, and an extra 0.3 g N after 64 days. They had nil, 1 or

2.5 g added K as KZSO in the so0il and nil, 120 or.300 mg of Mg as M9504

ki , .
either given initially in the s0il or sprayed in three aliquots on the
leaves (at 42, 56 and 77 days) from a calibrated sprayer; the amounts of
Mg given in the so0il and on the leaves were equal. There were thus three
K treatments combined with 5 Mg treatments in three replicates.
The.plants were harvgsted at 104 days and separated and analysed fér

K, Mg, Ca and P as described in Chapter 2. Stems + petioles (unmacerated)

and rbots + stolons were again taken together.

)
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Analyses of variance were made* on the quantities'and concentrations
" of each nutrient in each plant part, and the results are in Appendix III.
Two missing pots were allowed for.

Results

To find whether added K remobilised Mg from the leaves or prevented it

reaching them

Fig. 5/1a compares the increaseé over the control in the quéntities
of Mg in the leaves caused by adding either amount of Mg without K. Adding
the larger amount of Mg caused the larger incfease, but whether the Mg was
applied in the soil or to the léaves made no signifiéant+ difference.

Fig; 5/1b shows the effect of adding K on the gquantity of ﬁg in the
leaves; the changé in Mg content is shown as (quantity of Mg when K added)
- (quantity when no K added).

When the Mg was given in the soil, adding K ;ignificantly decreased
the quantity of Mg in the leaves, and the more K was given the more the Mg
content was lessened at both Mg levels. However, if the Mg was sprayed
on the leaves, adding K did not significantly decrease the quantity of ﬁg
in the leaves; indeed Wi£h the larger Mg addition it ingreased it. Trends’
in the concentrationsrof Mg in leaf dry matter followed those in fhe quéntity
of Mg (see Appendix III).

These results imply that adding K does not increase mobilisation of
Mg from the leaves but rather that it increases the extent té which Mg is
prevented from reaching tbem; how this might happen is coﬁsidered later.
Mg, once in the leaves, may therefore be as strongly retained as Ca,
though it is not possible to be certain that sprayed Mg behaves the same

as translocated Mg. :

by J. He. A. Dunwoody
+ denotes significance at p € 0.05 throughout the chapter
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Fig. 5/1
(a) Increases in the quantities of Mg in.the leaves caused by adding

Mg (to soil or leaves) without K.
(b) Effects of K at different Mg treatments.
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Effects in the stems and roots

Stems. Fig. 5/2a shows that adding Mg without K only slightly
increésed the quantity of Mg in the stems except when the larger amount of
Mg was given in the soil. The K effects (Fig. 5/2b) were less simple.

When either amount of Mg was given in the soil, adding the lesser amount

of K increased the quantity of Mg in the stems by increasing their weight
without much decreasing their Mg concentration, but giving the larger

amount of K significantly decreased both the gquantity and concentration of
Mg in the stems. When the Mg was sprayed on the leaves, either amount of K
decreased the quantity and concentration of Mg in thé stems. The difference
may mean that stem Mg was partly replenished by Mg given in the 'soil bﬁt not
by that sprayed (as expected‘froﬁ the previous section).

Roots. There were few significant effécté of K or Mg on the quéntity
of Mg in the roots, except that when the larger~amouht of Mg was added to
the soil, both K additions significantly increased the quantity of Mg in the

roots.

' Effects in the tubers

Fig. 5/3 (a,b) shows the effects of added K and Mg on the concentration
of Mg in the tuber dry matter, with the effect of each averaged over all
treatments of the other. Both amounts of K significantly increased the % Mg
in the tuber dry matter but only the larger soil-added Mg treatment did sd.

The % Mg in the tuber dry matter was plotted aéainst the % K to see
if the relati&nship found in the previous experiment held in this one, in
which thé amount of Mg added, as well as that of K, was varied. Fig. S/BQ
shows that the value.of r2 (0.68) was signifipant but smaller than before,
and this seemed tp be mainly because tubers from plants getting Mg in the

soil contained more Mg relative to K than the others.



Fig. 5/2

{(a) Increases in the quantities of Mg in the stems caused by
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adding Mg (to soil or leaves) without K.
(b) Effects of K at different Mg treatments.
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Fig. 5/3

(a, b) The effects of added K and Mg on the % Mg in tuber dry

matter. (c) The relationship between % Mg and % K in tuber

dry matter. (Open circles denote treatments with soil-added Mg.)v"
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Fig. 5/4 (a,b) shows that adding Mg without K had relatively little
effgct on the quantity of Mg in the tubers whereas adding K increased it,
particularly when Mg was added. Giving XK cauéed the increase by}increasing
both the weight of tubers formed (Table 5/1) and their Mg concentration.

Adding K did not much alter the total Mg uptake of the plants and so
it is necessary to find where the extra Mg, moved to the tﬁber Ey adding K,
came from. When the smaller amount of Mg was.given in the soil, the extra
Mg in the tubers seemed mainly that prevented from'reachiﬁg the ;eaves
{the quantities are about right - Figs 5/1 and 5/4), but with the IArger
amount of Mg given the balance was less satisfactory. No extra Mg came
from that sprayed on the leaves and_more was found in the tubers than éame
+ from the stems. The discrepancy pfobably arose because thé sprayed Mg was
‘not prevented>from going on to the petioles and stems from wheré it might
have been absorbed thrpugh the epidermis or cork infovthe.phloem ana moved
to the tubers; this is, perhaps,'a flaw in the experiment, though it does

not affect the main conclusions.

Reciprocal effects, of Mg on K distribution

Fig. 5/5 (a, b) shows the effects of added K and Mg on the % K in
the tuber dry matter, with the effects of each meaned over all treatments 
of the other. Giving Mg somewhat decreased the cohcentratiéﬁ of K, proﬁably
by diluting it because the quantity of K in the tubers was‘not.decreased.
There is thus no reciprocél of the enhancing effect of K on the'Mg
concentration in the tuber dry matter, and the linear relationship between
the concéntrations arises purely because of the effect of adding K on,tﬁe
Mg concentration. When K was added as well, giving Mg in;reased the Weighf

‘of tuber dry matter formed (Table 5/1) and thus sometimes significantly

9
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Fig. 5/ 4

"(a) Increases in the quantities of Mg in the tubers caused by
adding Mg (to soil or leaves) without K. :
(b)  Effects of K at different Mg treatments.
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Fig. 5/5
(a, b) Effects of added K and Mg on the % K in tubqr dry‘
matter : ‘
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increased the quantity of K in the tubers. This, in turn, meant fhat thé
gquantities of K in other plant parts were decreased, because overall K
uptakes were not much affected. The effects are. not described in detail
(but see Appendix III), because, although they were sometimes statistically
significént, they probably had no great physiological significance and
arose because in this soil the amount of Mg available was leSSYthaﬁ that

usually needed for full yield; had more been available these effects would

probably have been less apparent.

Effects on other nutrients

Calcium. Giving either amount of K significantly decreased the
quantity and concenfration of C? in the leaves; adding Mg-did not. Neither
K nor Mg much altered the quantities of C;‘in,other_parts, but where they:
increased growth, they tended to lessen concentration of Ca, probably‘by
'dilution. |

Phosphorus. anqentrations of P in the tgbers were not much cﬁanged
by adding K or Mg, except that treatﬁents giVing the most tuber growth
tended to dilute the P. The quantity of P in the fubers therefore variea
‘mainly with the weight of dry matter (Téble 5/1). Total P.uptake was hot
Amuch affected by the treatments so that where more P wént to the tubers
less was in the rest of the plant.

The effects on Ca and P observed accord, where relévant, with those

in Chapter 4. Full details are in Appendix III.

Effects on tuber dry matter

Table 5/1 shows the éffects of the treatments on the amount and

percentage of dry matter in the tubers. In this soil, the larger amount
S

of K given without extra Mg had a clearly adverse effect on the amount and -

§
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TABLE 5/1

Effects of added K and Mg on (a) the amount and

(b) the percentage of dry matter in the tubers

Mg added (mg/pot)

0 120(8) 120(L) 300(8) 300(L)

(a) Dry matter (g/pot)

27.L - 29.3 2L.9  2L.6 25.5
37.8 9.9 459.6 57.6 45.3
26.2 50,4 k3.7 55.8 43.3

30.5 L3.2 39.4L° 46,0 - 38,1

S.E.'s* Column mean 1.37;  Row mean 1.77
Within table 3.06

(b) Percentage of dry matter

20.7 22.6 19.5 20.7 20.9
20.7 23.0 23.1 24.7 22.8
16.8 21.6 19.6 22,8 +  19.8
19.4 22.4 20.7 22,7 21.2

’

S.E.'s* Column mean 0.33; Row mean 0..42
Within table 0.73

S8 denotes Mg added to soil
L denotes Mg sprayed on leaves

* there were 26 degrees of freedom

Mean

26.3‘
L8.0
43.9

39.L

20.9
22.9
20.1

21.3



83

the percentage of dry matter. When K was given, adding Mg at either level

improved both.

Discussion

Biddulph et al (1959) and Ringeot et al (1968) concluded that Ca was
almost immobile in plants not because it could not move in the phloem.but
because the amount that did was very small, the rest being strongly |
- retained by the leaves. Mg could behave similarly, and the results
described strongly suggest that where K decreased the quantity of Mg in
e leaves, it did so by preventing it from reachihg them rather thaﬁ by
increasing its remobilisation, implying that Mg too was.strongiy held once
it was in the leaves.

Mg 1s found in the phloem in rather larQer concentrations than Ca
(see Chapter 1), Some may be released from the leaves, but the present
results suggest that this is a negligible proportion of what reachés the
fubers. However, the résults in the previous chapter suggest that nutrients
held in soluble form in the stem cells, including Mg were appreciably moved _
to the tubers. The phloem is probably not iéolatéd from the othef'cells in
fhe stem, and removal of Mg from the phloem to the tubers would cause a
concentration gradient between the other cellséincluding the xylem,and tlie
phloemjwhich would induce passive movement of Mg to the phioem. The more
Mg was removed from the phloem, the @ore passive'movement would occur. A
meéhanism whereby increasing the K+ concentratiqn in the phloem would |
enhance Mg movement is digcussed in Chapters 7; 8 and 9.

The relationship between the concenﬁrations of Mg and K in‘the tuber

dry matter occurred in spite of the variation in the amounts added of both

)
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K and Mg. This was apparently caused by the effects of K on the Mg
concentration and not vice versa. This relationship too will be discussed

R PR . + . .
later in terms of the effect of increasing the K concentration in the’

phloem on the movement therein of Mg.
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CHAPTER 6

THE EFFECTS OF GIVING POTASSIUM AND MAGNESIUM AND REMOVING
TUBERS ON LEAF NUTRIENT CONCENTRATIONS AND INTERACTIONS

DURING SENESCENCE

Introdﬁction

In Chapter 1 (pp 28-29), the concept of the 'sink!' was discusséd in
relation to the phenomena of shoot recession énd tuber formation. The
effects described so far are equaliy compatiﬁle either with the ideé that
the ‘'sink' concept is intrinsically true and that shoot recession reflects
competition, with the tubers gaining the,ascendéncy, or with the idea’
that:an 'innate de?elopment programme’ regulétes the shiff of activity from
making shoot growth tobmaking tubers and the 'sink' concept merely describes
this process.

Leépold, Niedergang-Kamien and Janick (1959), Murneek (1926) and
Molisch (1929).ail showed that removing the reproductive organs from plénts
délayed their senescence. Removing tubers from potato blants.should there-
fore delay, but not prevent, the working of the 'innate development programme';
however, it should also largely prévent the tubers competigg effectively With”}
the shoot. |

The tuber 'sink' was charactérised by its ability seemingly to withdraw
the mobile nutrients P and K from other plant parts and by the enhaﬁcing
effect of added K on its Mg concentration. If such effects are common to
all sinks, they should appear in the apical meristem of.the shoot; Loss of
;sink' character from the shodt as the tubers formed could be expectéd to

involve a decrease in the K and P concehtrations and the disappearance of
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Fig. 6/1

The equipment used for growing the plants
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the 'enhancing effect'. Removing the tubers .should only delay such changes
if‘the.'development programme ' hypéthesis is valid; but‘largely prevent
them if stfaightforward competition is involved.

These effects were investigated by following the concentrations of
nutrients in young unfolding leaves sampled close to the Apical meristem.
Similar sampling was continued after shoot growth éeased because the leaves
from the top of the shoot remain the youngest on the plant and their
senescence should reflect that of the Qhole plant. = The plants feceived
‘added K or Mg or bqth and all tubers were removed from half the plantswof
each treatmeﬁt.

Effects on growth and water use by the plants are also discussed.

Methods

The plants grew in 3 kg of soil from Geescroft field at-Rothamstea;
this soil was.more acid (pH 5.7 in water) and contained more’exchangeable,
Mg (5.8 mg/100 g) than that used in the previous experiment but held a
similar amount of exchangeable K (il.3 mg/100 g). They receivéd basal

L2m L

nutrients 1 g N and 1 g P as Ca(N03)2 and NH,H_PO,, and, where appropriate,
The treatments weére: control,

2 g K as KZSO and/or 0.3 g Mg as MgSO

L 4"
added K, added Mg, added K + Mg; there were ;ix replicates of each; of
which three 1ater‘had their tubers removed and three did not.

Fig. 6/1 shows the equipment used to grow the'plants. Sproufed eyes,
cut with an 1%26 inch cork borer to give a 1 inch long segment, were planted
one per pot with the tuber segment on top of an 3% inch n&lqn gauze, with

the roots protruding through the gauze into the soil. The segments were

originally covered with moist peat which was removed when the insulating

.
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covers were put on as the plants grew above the fims of the buckefs.

"Water was gi&en through the hoses, enough (by weight) to keep the soil at
0.75 water-holding capacity (measured as in Addiscott and Talibudeen, 1971),
and the water use was recorded.

Tubers started to form about 4L days after planting and were removed
with scissors or a scalpel on half the plants of each nutrienf treatmént.

A 'tuber'! was removed when it was twice the diameter of the stolon.

Leaf sampling. Starting from the tip of the shoot meristem,.young.
leaﬁes (furled or unfurled) were counted an& the fourth one, which was
usuglly unfurling or Jjust unfurled, was taken. For consistency, the
proéedure was retained after sﬁoot growth recessed; .Samples were taken 32,
L2, 57 and 7L days after planting and were analysed as deséfibed in Chapter 2.

Analysis of variance, allowing for one missing.pot, was performed* on

all the variates to be described.

Results

The effects of added K on Mg concentrations in the 'sinks'

Table 6/1 (a-c) showé the effects of adding K and Mg oﬁ the éoncentrations
of Mg in (a) the fully grown tubers on intact plants, (b) the very small -
tubers cut from the others, and (c) the young leaQés cutAffom thé shoot
meristem at the first (32jday) sampling. In each casey .giving K sighificaht1y+
increased the % Mg in the dry matter while Mg had considerably less or no

“effect, and the K treatment always accounted for at least ten times as @uch
variance-as the Mg treatmgnt. The enhancing effect of K on Mg concentrétion
thus appeared in all three 'sinks! and seemed fairly definitely linked ﬁitﬁ

'sink' function.

* by J. H. A. Dunwoody
+ p < 0.05, unless otherwise stated
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TABLE 6/1

Effects of K and Mg on Mg concentrations in (a) fully grown

tubers, (b) cut tubers, and (c) leaflets taken at 32 days

All % Mg in dry matter

(a) 0 K. . Mean
0 0.080 0.095 0.087
Mg 0.060 0.110 0.085
Mean 0.070 - 0.102 0.086
S.E.'s* ﬁeans 040059

Within table 0.0083.

(b) . 0 0.111 0.138 0.125
' Mg 0.112 0.156 0.134
Mean’ 0.112 0.147 0.129

S.E.'s’ Means 0.0025

Within table 0.0035

(c) 0 _ 0.159 0.260 0.209
Mg 0.184 0.296 0.240
Mean “0.171 0.278 0.224
+ ) .
S.E.'st Means 0.0041

Within table 0.0057

thene were 6 degrees of freedom
1 1 5 13 " 1"

" 1 13 31 " m

4+ o+
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The effect of removing the tubers on K and P concentrations and the K-Mg

interaction in the young leaves

Fig. 6/2a shows changes during growth in the % K.in thezle%f dryv
matter of plants with and without their tubers and with aﬁd without added
K. (Mg had little effect on % K and the points show the means for |
treatments with and without Mg.) When no K was given, removing thé tubers
had no significant effect on the decrease in the leaf K concentration that
occurred when the tubers formed, although it seemed to delay it slightly.
‘With K added, no decrease occurred and there was a iarger K,coﬁcentration
in leaves from intact plants.

The P concentrétion (Fig. 6/2b) was averaged across the K and Mg treat-
ments for plants with and without tubers. Removing the tubers initialiy |
(57 days),lessened the decrease in the P éoncehtration that occurredehen‘
the tubers formed but later (74 dajs) inéreaééd it. Adding K or Mg had no
effect except in the first sampling,‘when'giving K increased the % P in
leaf dry matter from 0.72% to 0.81% (sig at p < 0.01).

Changes during growth in the effect of added K on the Mg concentration
in the leaf dry matter were shown (Fig. 6/2c) by the ratio

% Mg when K added
% Mg when no K added *

The points show the means of treatments with and without added Mg, which

had little effect. Before tubers formed the ratio exceeded i.O (seeAprevious
section), but when the tubers formed the ratio became less than 1.0,

i.e. giving K decreased % Mg. Removing the tubers slightly delayed the
change but did not much a%fect it. The change seemed to go in a smoo£h

progression and to have started before the tubers formed.
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The effects of removing the tubers and giving K and Mg on cation

concentrations in the leaves and on plant senescence

Neither nutrient treatment affected the time the plants took to form
tubers (mean 43.6 days). Removing the tubers when they formed increased the
total life of the plants by an average of 50 days and giving K by 27 dayS,
but giving Mg had no effect. The K and tuber removal effects were edditive
(Table 6/2).

Fig. 6/3 (a-c) shows the effects on tﬁe sﬁm of the leaf'cation
concentrations K+Ca+Mg (in m-equiv/g) of (a) removing the tubers, (b) giving
K, and (c¢) giving Mg. The figufes show the effects separated with each aver-
aged across the other two. Removing the tubers much decreased the cation
concentration sum; giving K initially increased it but significantly deereased
it at 7L days; Mg had little effect.

Removing tubers and giving K thus both increased the longevity of the
plants and both decreased the cation concentration sum in the leaves,
providing further evidence for a link between cation sum-and senescence. .

The effeets of the treatments (again separated) on the individual
concentrations of Ca and Mg are shown in Fig. 6/4 (a-f). The Ca concentration
in the leaf dry matter was small and constant until the tubers formed and
then increased greatly. Reﬁoving the tubers halved the rate of increase and.
giving K decreased it even more; Mg had no effect. As was shown before, the
ng concentration was initially increased by giving K and less so by'giQinQ‘
Mg; after tubers formed, removing them or giving K decreased it but giving

Mg increased it. These effects are discussed later.
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TABLE 6/2

Effects of giving K and removing the tubers on the

total life of the plants

Days
0 ' K i Mean
Plants intact 90 114 i02
Tubers removed 136 167 152
Mean . 113 140 127

S.E.'s* Means, 2.8
Within table 3.9

Above are means of treatments with and without added
Mg, which had no effect-

TABLE 6/3

Effects of giving K and removing the tubers on the water uéed

between tuber formation (44 days) and the death of the first

plants (81 days)

Litres
0] K Mean
Plants intact 5.17 8.44 6.81
Tubers removed 3.41 6.65 5.03
Mean 4.29 7.5k 5.92
SfE.'s* Means . 0.173

¢+ Within table 0s24lL

Means of treatments with and without added Mg

* there were 13 degrees of freedom
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The effects of (a) Removing tubers, (b) Giving K, and (c) Giving Mg
on changes in the sum of the léaf cation concentrations¥(K+Ca+Mg).
(I = Plant intact; R = Tubers removed ; O = No added nutrient;

T = Tubers formed) '
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Fig. 6/4
The effects of (a, d) Removing tubers, (b, e) G1v1ng K, and

(c, £f) Giving Mg on {(a,b,c) % Ca and (d e,f) % Mg in the leaf é%s&ét.
Legend as Fig. 6/3 : .
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Effects on the growth of the plants

- Water use. Before the tubers formed thére were no significant e%fects
on water use. Between tuber formation (LL days) and the death of the firgt
plant (81 days), giving K increased the amount of water used, probably
because it increased the size of the plants, whereas giving Mg had no effects

Removing the tubers decreased the amount of water used in this period,; by ﬂ L

about 1.8 litres, much more than the amount of water that would have been ?-
ain thé tubers had they formed (probably O.15—O;i8 litre). Thus water flowf.
in the xylem was presumably decreased, and this may have been a contributbry
~ factor in the effects of tuber removal on Ca and Mg concentrations in the
leaves (Table 6/3).

Stem growth. Plants which had their tubers reméved developed thick’
starchy bases to their stems, especially when given K. Table 6/4, giving
the dry weights of the dead stems shows the magnitude of these effects. |
Plants with their tubers removed or given K had larger quantities of K and
P in their stemsj quantities of Ca and Mg were not much affected, except

that giving K and leaving the tubers intaét significantly decreased the

amount of Mg in the stem, c.f. Chapters & and 5 (Appendix IV).

Number and weight of tubers. Giving K significantly increased the
number and ffesh weight of tubers formea but decreased their % dry ﬁatter.»
(Table 6/5). Iﬁ this soil, whicg contained more Mg than that used in the
previous e#periment, giving Mg did not significantly affect the number, -

weight or % dry matter of the tubers.

Numbers of tubers removed. Very large numbers of tubers were removed,

437 from one plant. Giving Mg significantly increased the number produced

(Table 6/6).

3

Abnormal growths. Plants whose tubers were removed developed growths

]

from their axillary buds. These were either horizonally - growing stolon-like
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TABLE 6/L

Weights of dead stems

Dry weight (g)

O K , Mean

Plants intact 10.7 14.0 12.4

Tubers removed 15.7 34.3 25.0

Mean 13.2 24,2 ' 18.7
S.E.'s*. Means 1.07

Within table 1.51

Above are means of treatments wifh and without added
Mg, which had no effect '

* there were 13 degrees of freedom
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TABLE 6/5

Effects of added K and Mg on (a) number, (b) fresh weight

and (c) % dry matter of tubers on intact plants

(a)

Mg

Mean

(b)

Mg

Mean

(e)

Mg

Mean |

13

11

S.E.'s*

Fresh weight (g)

147
141

14l

S.E.'s*

22.9
24,1

23.5

S.E.'s*

4

‘Number

15
18

: "

Means )
Within table

288
271

280

Means
Within table

% Dry matter

22.0
20.8

21.4

Means }
Within table

Mean

14
14

14

1.3
1.9

218.
206

212

14,1
20.0

22.4
S 22.4

' 22.4

0.30
0.43

* there were 6 degrees of freedom
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TABLE 6/6

The effects of giving K and Mg on the numbers

of small tubefs cut off

Number
o} K : Mean
0 273 258 ’ 266
Mg 361 336 349
Mean 317 297 307
S.E.‘s* Means 22.2

Within table 31.5

* -there were 5 degrees of freedom
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gfowths (Fig« 6/5a) or objects resembling cherries with very small leaves
(Fig. 6/5b). The first type grew at the top of the plant and appeared on
all tuberless plants; the second grew near the base of the plants and canle

mainly on tuberless plants,given K.

Discussion

Sinks. The enhancing effect of K on Mg concentration has now been
observed in tubers grown in soils varying in pH and exchéngeable Mg content
and also in leaves from the apical meristem; it was found too in tubefs
from potatoes grown in the field (Bolton, 1971). It thus seems fairly
definitely related to sink function, and a possible mechanism for this is
d;scusséd in Chapters 7, 8 .and 9.

Innate development programme v. shoot:tuber competition. Three fdctors

suggest that the movements of ions are better described in terms of the
'"innate development programme' than 'competition':

{(a) Removing the tubers only slightly delayed the decreases after
tuber formation in the P concentration of the young leaves and their K
concentration when no K was added; these changes were certainly not prevented.

(b} The change in the ratio

% Mg when K added
% Mg when no K added

I

was affected as littie as the changes in the P and K concentraﬁions.

{(c) The ratio seemed to change in a smooth progression; the change
appeared‘to start before the tubers formed and the ratio bpassed through‘
the value 1.0 almost exactly at the time tuber. formation started.

‘ a0 . N .
. i P ] R I i P
s P Y NP o T e £ O, o ot et ol (
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Effects related to senescence. Removing the tubers and adding K both .

had the following effects:
(a) Increased longevity of the plants.

(b) Decreased Ca, and to a’'lesser extent Mg, concentrations in the .

leaf c&ﬁ‘ “Néd+?rp

(c5¢ Dec%eased sum of cation concentrations in the lea% éitj matter,

Removing. the tubers also decreased water usej giving K increased the
water used in this experiment, but probably because it increased thé size
~and leaf area of the plants. Other results (Blanchet, Maertensi& Bosc,
19703 Addiscott & Talibudeen, 1971) suggest that the water used per gram
of dry matter formed could have been decreased. Thus removing the tubers
probably decreased the flow of water in the xylem and giving K may have
done so.

Giving K probably decreased the Ca concentration in the xylem sap
(Chapter 3). .

A fﬁrther, more hypothetical, effect needs to be considered. 'K
deficiency in leaves causes photo-respiration to increasel(Jackson & Vblk,
1968) and so probably increases thé concentrations in the leaves of the
tri—cafboxylic acids involvgd in the.respiratory cycle. The anions of some
of these acids, gotably cis-aconitic and oxaloacetié acids,-afe likely'to
form negtral non-ionic chelate complexes with Ca and Mg; should oxalocacetic
acid bréak éown to oxalic acid, insoluble Ca oxa}ate will be fdrmed, and
has been found in leaves (Joy, 1964; Al;Rais, Myers & Watson, '1971).
Improving the K supply may thus decreaée the complexing of Ca. and Mg in
leaves.

AThe accumulation of Ca complexes'and even Ca oxalate crystals in leaves

v

may disrupt their photosynthetic aétivity or even physically alter the cells.

4



103

Lessening of photosynthesis in the leaves would cause utilisation of-
carbohydrate reserves (except in storage organs) folldwed by rapid senescence.

Seriescence thus inﬁolves a whole syndrome of possible effects. Possiﬁle
'cqnnections between the effects discussed are shown by solid lines in Figs
6/6.

The concept of an 'innate development programme', discussed hefore,
implies that the 'programme' is responsible for senescence. However it is
not clear at present whether the 'programme' directly regulates all the
effects discussed. (broken lines in Fig. 6/6), or whefher the programme is
directly responsible only for the shift of activity from shoét formatign to

tuber formation, which, in turn, leads to the syndrome of senescence effects.



Fig. 6/6

Possible inter-relationships between the various effects of removing tubers and giving K
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CHAPTER 7
THE EFFECTS OF SHORT-TERM ADDITIONS OF POTASSIUM AND
: 14 ' !
MAGNESIUM ON TRANSLOCATION OF *C-LABELLED

ASSIMILATE AND IONS INTO THE TUBERS

Introduction

The previous chapters showed that giving the plants K increased the
;Mg concentrations in the 'sinks'j; the effect seemed definitely related tovl
}'sink' function. It éould have arisen because giving K iﬁcreased some
’ 'éequestrating' effect of the tubers for Mg, or as a consequence of the
5'na£ure of the translocation of assimilate and ions to the 'sinks'; the
former case implies specific control of the phenomenon by the 'sinks',vfhe
latter none.

Work on potatobplants by Moorby (1968) showed that when 14C—labelied
photosynthetic assimilates were exported from leaves to tubers,'the label.
was very unevenly distributed between tubers, and the amount of 1 C a tubgr
received was not related to its sizej this suggests the largest tubers were
not necessarily growing faster than the smallest. No experiments seem to‘
have been made on the apcumulation of ﬁutfients by different tubers on the

same plant.

If the K-Mg effect arises because K stimulates the tubers to

'sequestrate' Mg in some way, it should be greatest in the moSt actively- i

i
1
!

growing tubers. This was tested by growing potato-plants in solution until
they formed tubers and exposing the tops to 14C-labelled CO2 immediately
after the plants had been subjected to a ten-fold increase in K and/or Mg

concentration in solution or sprayed with K and/or Mg; 14C—abtivity and
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wéter—soluble K, Mg and P (thought best to represgnt recently acquired
nutrients) were determined in individual tubers on the same plant. In
the larger tubers, their distributions within tubers were nieasured as weli.
The 'sequestration' hypothesis was also tested by measuring how much
Mg and 14C—labelled sucrose fresh potato tuber diécs absorbed when shakenb
in solutions containing Mg, 14C—-labelled sucrose and varying K concentrations.
If the hypothesis is correct, active (14C absorbing) discs may be stimulated
by added K to absorb extra Mg. |
The effects of adding K and/or Mg on the total translocation of Tl!!EC.,

K, Mg and P were also examined in relation. to theories of phloem transport.

Méthods

Twelve potato plants were grown in solution in the apparatus shown in
Fig. 7/4, which was based on that of Hoﬁghland (1950). Five lifres of
solution was contained in a large stone‘jar sealed with bituminous paint and
‘was aerated 2 hours a day through the capillary tube. The plant supports
were made from PVC piping with %% inch nylon gauze on the bottom Suéported
by PVC wire*. |

Viable eyes, cut from seed as in the previous experiment, were
incubated until they formed good roots and then transferred to the sﬁpports.
The roots were ﬁassed through the gauze into thé solution and the segment
was covered in moist peat, which was built up round the plant as it grew.
The polythene sheet kept ﬁhe moisgture in the peat.

The fechnique éroduc?d healthy plants about 80 cm high, which producéd
up to about 300 g of fresh tubers each before they were harvested {(well

before they died off).

* These were kindly made by Mr. K. Smith
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Fig. 7/1

The apparatus used to grow plants in solution
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The solution initially contained:

Ca(N03)2 5 m-equiv/1 H3B03 0.025 m-equiv/1
\ P ’ 1 : 1
thngog 1 ' -MnSOA 0.0025 :

KC1 0.5 " ) CuSOl‘E 0.0015 "

MgSsoO 1 1 ZnSO 0.0015 1

& L
V Fe EDTA 0.16 m-equiv/1

and had a pH of L4.9. They were replenished from a central syphon and
changed weekly. The Ca(N03)2 concentration was decreased to 1 m-equiv/1
after 35 days and those of NH,H_PO KC1 and MgSO

Lo L L
m-equiv/1 after 56 days. (The pH barely altered, to 5.0). All plants

to 0.5, 0.1 and 0.2

had the same solutions until the experimental period started.

Final experiments

At 73 days, 4 plants were transferred to different solutions:

'Control! : As growth solution, 0.1 and 0.2 m-equiv/1 of K and Mg;
'Extra KXK' H As cohtr@l, but 1 m—eqﬁiv/l of extravK given as K2504.
'Extra Mg' ;> As control, but 2 m-equiv/l of extra Mg given as MQSQQ’
'Extra K+Mg! : As control, but eitra K and Mg given at above rates.

The plants were then enclosed in covers made from heavy transparent poly-
A : '
the?e sheet, and 30 minutes after the transfer, they were each exposed for

5 hours to 50 uC of 1Z”COZ generated by acidifying'Ba14C03. Twentyéthree

hours after the transfer, the plants were taken from the solutions- and
analysed.
The leaves, stems and roots were analysed by the standard procedures

in Chapter 2.
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The tubers were halved longitudinally and each half separated (if
large enough) into nearly equal segments (see text figure) normally

weighing 8-10 g (fresh). The segments from one half were dried and retained

T [N

Each segment from the other half was immediately macerated in.AO ml of
distilled water in a MSE homogeniser and an aliqﬁot'of thé reéulting
suépension counted by liquid scintillation (see Appendix VI for the
téchnique) for 14C activity. The remaining suspension was centrifuged and
the supernatant liquid sampled for analysis for water-soluble K, Mg and P.
At 87 days an identical experiment was made except that instead of the
extra K and/or Mg being given in the solution, it was sbrayed on the tops

at the rates of 2.5 m-equiv of K and/or 5.0'm¥equivlof Mg per plant.

The experiment on the absorption of Mg and 1&C—1abelled sucrose by tuber
discs

Tubers were taken from growing plants of the same variety (King Edward) -
in the field and were used within 30 minutes. Discs 1 mm thick and 17.5 mm
- in diameter were cut from the rose*ends using a cork borer and a razér
bladée. Ten discs per tube{%ere rapid1y>weighed into 50 ml stoppered,poly~'
propylene tubes and shaken for 1 or 3 hours in solutioné containing O.1 M
- sucrose, 0.008 pC/ml of 1[ﬁC as sucrose, 0.0075 N MgSOQ and 0-0.L0 N Késoh,
with two replicates of each K treatment. After shaking, the discs were

drained, washed with distilled water and homogenised and analysed as

previously described.

* The 'heel' end of a tuber is that at which it is attached to the plant.
The other is the 'rose' end. .
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Results

Appendix V gives details of the weights and the concentrations of

1 . .
40 activity, K, Mg and P in all the tubers harvested.

The distribution of 146 activity and nutrients between tubers

Tarbon-14 activity. Large variations were found in the quantity and

the concenfration of activity in differenf tubers on thé same plant. The
quantity was sometimes bréadly related to tuber fresh weight (e.g. Eig. 7/2a)
such that larger tubers tended to contain more activity, and sometimes
unrelated (e.g. Fig. 7/2c). The concentrétion of activitvaas not rglated
to tuber weight (Fig. 7/2b, d).

These results support Moorby's (1968) observations.

Potéssium. The concentrations of water—solublé.K (fresh weight basis)
varied very little between tubers (Appendix V).

Magnesium. The concentrations of water-soluble Mg (fresh weight basis)
varied more between tubers than those of water-soluble K. To see if the
variations were related to growth activity, the regression of Mg conceritration
on that of 140 activity was calculated at each harvest for each plant
separately aﬁd for all four taken tdgether, and, because the Mg concentration‘
tended to decrease as the tuber fresh weight increased, multiple reéressions
on the concentiration of 140 activity and the weight were‘aiso calculated

Table 7/1). Only in the multiple fegression for the control in the first
‘harvest was the water-soluble Mg concentration related to that of 14C
activity and it was concluded that Mg accumulation by individual tubers was
not specifically related to growth activity.

Phosphate. Water-soluble P concentration (also on fresh weight basis)

varied more. between tubers than those of water-soluble K and Mg. It also
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Fig. 7/2

(a,c) Quantity and (b,d) the concentration of 4C activity in-.the
tubers of a plant plotted against their fresh weight. (a,c) K
treatment, (b,d) K, Mg treatment, both 73 day harvest.
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TABLE 7/1

Percentages of variation in the concentrations of water-soluble

Mg and P in tuber fresh matter accounted for by single and

. 14 .
multiple regressions on 4C concentration (S) and tuber

fresh weight (W)

Percentage of .variation accounted for by

Multiple
Single regression on regression on
S W S + W
73~-day harvest
Mg concentration
Control ' NS NS 68 (++)
K tr. NS NS NS
Mg tr. NS NS NS
K+Mg tr. NS NS NS
All together NS NS NS
P concentration
Control NS NS NS
K tr. 61(+) NS 61(+:NS)
Mg tr. NS 49(-) 7L(NS:-)
K+Mg tr. 65(+) 63(-) 89(+:-)
All together 2L(+) 27(-) LO(+:-)
87-day harvest
Mg concentration
Control NS NS NS
K tr. NS NS NS
Mg tr. NS NS NS
K+Mg tr. NS 27(-) NS
- All together NS NS NS
P concentration
Control NS NS NS
K tr. . 66 (+) NS 62(+:NS)
Mg tr. - 28(+) NS 62(+:-)
K+Mg tr. . NS NS NS
, ALl together . NS NS 9(Ns:-)
Notes: NS means Not Significant (p <€'0.05).
+ , — or NS after a figure means that the regression coefficient

was positive, negative or (in the multiple regress1ons) not

significant.

In the multiple regression column, the signs of the re91L551on
coefficients are in the order (8

.
.

W).
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tended to decrease as the tuber's weight increased, and sé both single
regressions on the concentration of 14C activity and multiple regressions

on that and fresh weight were calculated for water-soluble P. Tablé 7/1
shows that at the 73 day harvest (nutrients givén in solution), thevwater_
soluble P concentration was positively related to the concentration ofligC
activity in tubers on plants given K or K+Mg and when all the plants'were
taken tdgethor; At the 87 day harvest (nutrients sprayed), the réiationéhip
- appeared only for the plants given K ér Mg. - Thus the concentration of

water-soluble P seemed better related to growth activity than that of K or

Mg.

3 . . 1 .. . oyt e aso s
Distribution of 4C activity and nutrients within individual. tubers

Table 7/2 ines examéles of the variations in the concentirations of
14C activity and water-soluble K, Mgvénd P. Both the 1lkC and K concentrations
increased from the heel to the rose ends, presumably reflécting growﬁh
activity, except that in two tubers the penultimate.segmeﬁt (3) had a
sligh£ly larger 14C activity concentration than the end segment (4) (see
final example). The concentrations of water-soluble Mg and P were mostly
smaller in the middle than at the ends. The distfibutions of %QC activity -
“and K accord with those found by Badenhuisen and Dutton (1956) and Jéhﬁston,

Hoffman and Petrasovits (1968). .

Effect of the treai:nts on translocation

bnly one replicate of each nutrient treatment was used because the
experiment was intgnded primarily to study differences between tubers on
the same plant, and more replicates would have made the amount of. work at
eéch harvest impossibly large. However, certain inferences about the ﬁrans—
, :

location of carbohydrate and nutrients could be drawn.

’



Examples of gradients of activity and water-soluble nutrient
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TABLE 7/2

Largest on
control.
Harvest 1

Largest on Mg-
treated plant.
Harvest 1

Largest on K-
treated plant.
Harvest 2

. Largest on K+Mg-
treated plant.
Harvest 2

A~ N S S e e SN N e N e )

Py

concentrations in tubers

cpm/g x 10”7
( K

t-equiv/g ( Mg
- (P

cpm/g x 10”7

w-equiv/g

o~~~
UR A
(o]

cpm/g x 1O~5
( K

¥-equiv/g ( Mg
(P

cpm/g x 10»5
( K

w-equiv/g ( Mg
(P

Segment number*

LO

0.58

2 3
o o]

50 80
k.2 6.1
5.6 6.7
2.03 3.70

56 74
5.5 6.0’
9.3 10.7
0.41 1.14

L8 57
5.6 6.2
6.7 7+5
0.30 1.19

L2 58
5.3 6.7

10.2 10. 3

* Segment 1 was always that nearest the plant

(heel end).

2.42

6.9
11.6
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Translocation effects were examined in the light of the treatments
themselves and their effects on the quéntities of K and Mg‘in the leaves
and stems (Table 7/3). In the 73 day harvest when the nutrients were given
in solution, giving Mg (as MgSOQ) seemed to increase the amount of K in the
plant as much as giving Kyand more than giving both (though these effegts
have no statistical backing)« The 'effect of Mg' on the amounts-bf K:in
the leaves and stems was probably due to the extra sulphate ions Stimulating
K uptake; No treatment much affected the quantity of'Mg in the 1eaves or
stems. In the 87 day harvest, spraying K seemed to increase its amoﬁnt in
the leéves, and spraying Mg ité amount ‘in both stems.and leaves.

Carbohydrates. Table 7/4 shows that at the 73 day harvest the extra

K, Mg or XK+Mg all seemed to increase the total quantity and mean concentration
L1 ce . . : . ' .-
of 40 activity in the tubers, although the observation that giving extra

MgS0, increased the amount of K in the plant but not that of Mg suggésts

L
that all the effects could have been attributable to extra K uptake.
'Plotting thé total 1#0 activity in the tubers agaiﬁst the quantities:of‘K:
in the leaves or stems (Fig. 7/3a, b) showed it was not very well related
to K in the leaves bﬁt closely related»to K in the stems such that the
relationship's intercept was almost zero, implying a constant tuber
activity : stem K ratio.

In the 87 daybhérvest, spraying K seemed to have far more effect on
the amount of 1ltC activity in the tubers than spraying Mg or K+Mg. The
amount of activity was not well related to the amount of K in the leaves
and that in the stems varied 1ittle;

Potassium. Neither extra K nor extra Mg altered the concentration of
wéter—solﬂble K in the tubers (Table 7/L). i.e. It varied neither between

&

tubers nor between plants, but only within individual tubers in this

experiment.

s,
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TABLE 7/3

Quantites of K and Mg in the leaves, stems and roots

Plants given

o K Mg T K+Mg
'Hafvest 1 (73 days)
( Leaves 1.75 - 2.26 2.72 2.43
m-equiv. K ( Stems 0.751 1.46 . 1.56 1.19
{ Roots 0.230 0.470 0.287 0.333
( Leaves 6.30 5.04 5.544 5.22
m-equiv. Mg ( Stems 1.85 1.96 1. 41 1.49
{ Roots 0.250 0.296 0.255 0.202
Harvest 2 (87 days)
( Leaves 0.96 1.99 1.21 2;27
m-equiv. X ( Stems 0. 412 0.371 0.339 0.475
( Roots 0.133 0.115 0.180 0.174
( Leaves 5.33 6.33 743 g9.22
m-equiv. Mg { Stems 1.4k 1.35 1.74 1.91

( Roots 0.159 0.171 0. 167 - 0.253
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TABLE 7/L

‘ . . 14 ..
Total gquantities and mean concentrations of C activity

and water-soluble K, Mg and P; (concentrations on

fresh weight basis)

Plants given

9.93

0 K Mg
Harvest 1 (73 days)
Fresh wt. of tubers (g) 291 257 191
Total activity (cpm x 10—6) 13.88 26.15 26.93
Conc. of activity (cpm/g x 1072) 0.476 1.016 1 414
Total K (m-equiv) 16.34 1L, 4L 10.90 |
K conc. (p-equiv/g) 56.1 56.i 57.2
Total Mg (m-equiv) 1.283 1.451 1.161
Mg con. (u-equiv/g) Lo 4O 5.6L4 6.09
Total P (m-equiv) 5.225 2.291  2.05k
P conc. (u=equiv/g) 7.6L 8.90 10.78
Harvest 2 (87 days)
Fresh wt. of tubers (g) 290 291 284
Total activity (cpm'x 10—6) 15.78 . 33.77 20.09
Conc. of activity (cpm/g x 10—5) 0.545 1.147 0.707
Total K (m-equiv) 15.56 15.58 15.71
K conc. (p-equiv/g) 53.7 52.9  55.3
Total Mg (m-equiv) 1. 485 1.673 2.082
Mg conc. (u~equiv/g) 5.13 5.68 7.33
Total P (m-equiv) 2.338 2.924 3.251
" P conc. (p-equiv/g) 8.07 11. 44

K+Mg-

213
19.52
0.918
11.61
54.6
1.429 .
6.72
2.501
©11.76

283

20.15
0.713
15.52
54.9
1.824
6.46
3.281
11.61
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Fig. 7/3

. 1k . '
- The total guantity of 4C in the tubers of each plant plotted
against the amounts of K in (a) the leaves, (b) the stems.
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Magnesium and phosphate. Giving extra K, Mg or K+Mg seemed to increase
the concentrations of water-soluble Mg and P. By pooling the residual sums
ofvsquares of the concentrations in tubers affer those accounted for by,ﬁﬁe
vegressions had been taken out, it could be shown whether it was likely that
differences between the means for plants were attributable to experimental
error, but this technique obviously did not eliminate the possibiiity of>
variation betweeﬁ plants.

The increases in the concentration of water-soluble Mg caused by
giving Mg or K+Mg were significant (p < 0.05 or < 0.01) and that
caused by extra K given in solution was almost so (p =~ 0.07); all the
increases in P concentration were significant (p < 0.05 or <« 0.01). -

All . of these observations are subject to the proviso that variation
between plants could have been responsible,'although.the uniformity.of the
mean K concentration between plants and the repetition of the effects found
in thebfirst harvest at the secoﬁd harvest suggest that the effects are
genuine.

In the first haryest, differences in the concentrations of'water-sqluble
Mg and P could be attributed to variations in the weight of tubers formed
becaﬁse the quantities were not very much changed (Table 7/4), but the
" differences appeared again in the second harvest when tuber weights were

more uniform, and so are probably genuine.

. 14 ' . ) .
The absorption of QC—labelled sucrose and Mg by discs of tuber shaken in

varying K concentrations

Fig. 7/L (a, b) shows the results of shaking the tuber discs in

solutions containing labelled sucrose, MgS0O, and varying conceritrations of

L

K2304$ Increasing the external K concentration seemed to increase the

.
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Fig. 7/4

. 1 o o - .
The concentrations of (a) 4C activity, (b) Mg (water-sol.) in
the fresh matter of the tuber discs shaken in solutions containing
varying K concentrations, ¢ 1 hr) O—~—~0 3 hr
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concentration of 140 activity in the discs, especiall& after 3 hours
shaking (Fig. 7/4a), perhaps because the K stimuiated s%arch synthetase
activity (c.f. Murata & Akazaura, 1968; Nitsos & Evans, 1969), so that
more sucrose waslincorporated. This showed the discs remained active; but
the increased K concentration did not stimulate Mg absorption and séemed

to have decreased it after 3 hours (Fig. 7/3b).

Discussion

Do the tubers 'sequestrate' Mg?

It was suggested that the increase in the Mg concéntrationrin tubers
‘caused by adding K could arise because giving K increased some 'sequestrating'
effect of the tubers for Mg or because of the nafure of the translocation
process. I1f the 'sequestrating' effect ﬁas responsible, the effectvseeméd
_likely to be mosf apparent in the moét vigorously—growing tusers. However,
although giving K slightly increased the~concentration of water-soluble Mg
in the tubers in fhis experiment, fhere was no relationship befween Mg
concentration and growth activity,’as measured by the concéntration of ;QC
activity. Furthermore, increasing the external K concentration did no
.stimulate the tuber discs to absorb Mg; Thus, there was no_evidenqe for
.any sequestrating effect.

Phosphate behafed differently from Mg; there was a positive relationship
befween the‘water—soluble'P concentration and growth activity as measured by
the concentration of-ihc activity. Growth in potato tubers involvesi%he
synthesié of starch and other macro-molecules. Energy (from respiration)

used for this purpose is probably transferred via adenosine triphosphate and

other’ high~energy phosphate compounds and its use involves the liberation of
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inorganic phosphate. It was probably this phosphate that was measured.

Effects due to the translocatory process ;

If, as now seems likely, the K-Mg relationship in the tuber ‘'sinks’
did not arise from a 'sequestrating' of Mg by the tubers, the effect possibly

arose from the hature of the translocation process.

T TT——
N

According to Munch (1926) translocation is caused by a ;\ T ~

e e

pressure « Giving K could perhaps increase photosynthesis and
therebytincrease the osmotic pressure of sucrose-at the source. Givingvkv
seems unlikely to increase the peristalsis postulated by Thaine (1969),
except perhaps by increasing photosynthesis and so Q?oviding more reépirable
carbohydrate. Both these possible effects would therefore arise beéause
giving K increased photosynthesis of carbohyarate, and translocation should
&epend on the total leaf area and on the K concentration of the leaves,
ice. broadly on the quantity of K in the leaves. However, the amount of
14C activity in the tubers was not very well related to the quanfity Of,
leaf K at the 73 day harvest (Fig. 7/3a) or the 87 day harvest.v

In generai terms, the Spanner* hypothesis suggests that giving K should
increase phloem translocation by increasing the K congentration in the
phloem. Tfanslocation should then be dependent on the volume of fhe phloem
and the K concentration in its solution, i.e. on the quantity of K in the
phloem. Assuming K is consistently distributed in the stems, translocation
should be almost as well related to the quantity of K in the stems; At the
73 day harvest, the quantity of 1th(: activity in the tubers was very well
related fo the quantity o? K in the stems (Fig. 7/3b), and the ratio
ftuber 3'i"i'(: activity : quantity of stem K' seemed almost constant.

No very conclusive evidence on the mechanism of phloem transport came

from the experiment in which the nutrients were sprayed on the tops. Only -

% Spanner, 1958
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" when K was sprayed alone was the quantity of 140 activity in the tuberé,
very much increased. Sprayed K falling on the leaves or steh epidefmis‘
wéuld probably find its way quite rapidly into the phloem, where it wogld
act as described.
The two chapters following present a fairly detéiled nén;equilibrium
hermodynamic analysis of ion and éolution fluxes in the phloem siévé;tubégﬂ
aimed ét showing how the interactions described occur and which of'fhe

theories of phloem transport they best fit.
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CHAPTER 8

ANALYSIS OF TWO THEORIES OF PHLOEM TRANSPORT BY THE

METHODS OF STEADY-STATE THERMODYNAMICS

Introduction

he theories of phloem transport suggesting that phloem translocation
is caused by osmotic pressure dirfferences (Munch, 1926), electro-osmosis
(Spanner, 1958) or peristalsis in transcellular tubules (Thaine, 1969)
were discussed in Chapter 1. In this chapter and the following one, the
Munch and Spanner theories are analysed by the methods of steady-state
thermodynamics to see how the effects they predict compare with those
found in the preceding chapters. Thaine's theor& was not amenable to this
approach, alﬁhough it may be noted that Aikman and Anderson (19?1) showed
that such a mechanism would use a feasible amount of enefgy.

For the present purpose, the essential difference between the Munch
and Spanner theories is that in the former the flow of water drives the
flow of ions, whilst in the latter the flow of k+ ions across each sieve
plate drives the flow of water. 1In an alternative electro-osmotic
theory, that of Fensom (1957), the longitudinal flow of ions in é length
of phloem drives the flow of water. |

In this chapter, the consequences of the theories for K' movements
are discqssed, and in the next, those for ion interactions in the sinks

and in the rest of the plant.
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Conditions and assumptions for the calculations

The system discussed consists of one sieve plate and one lumen channel
in series. Four working conditions are assumed.

1) The system is in a steady-state when conducting.

2) Because no-one has ever found an appreciablevelectriéal potential
difference over a length of phloem (see, for e#ample, Tyree and Fensom,
1970), it is assumed that any potential difference across the sieve—plate
is approximately balanced by one of opposite sign across the lumen. This
seems justified by Bowling's (1969) measurements of potential difference

in Vitis viniferae.

3) The flux of water through the sieve-pores is assumed equal to that
through the lumen.

L) The sieve-pores and any fibrils theyyéontain are assumed to be
negatively charged, as are the lumen walls. If they are'pH-dependent,
the chargeé may vary with the K+ concentration, because altering the
" concentration of K but not those of inorganic anions may increase the pH
of the sieve-tube solution.

Four simplifying approximations are also made:

1) It is assumed that because the sieye-porés are negatively charged,
" the concentration of anions therein is negligible co&pared with that of
K ions. (c.f. Dainty, Croghan & Fensom, 1963; Spanner, 1970).

2) K+ ions are assumed to be the dominant carriers of current‘invthe
sieve-pores.

3) ~K+ ions are assumed not to interact directly with any other ions.

. volume
4) The sieve-tube solution is taken to be dilute enough forl%lux of

tored volume . :

water to be considered equivalent to/flux,
?
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The velocities of K+ ions and water in the Sieve-pores

In a typical sieve-pore solution, there may be 500-1000 water molecuies.
to each XK' ion. In the Munch theory, the water propels the K" ions and with
about 500 molecules to one ion, variations in the K" concentration should
have little effect on the relative velocities of water and ions. The ratio
(A) of the velocity of water (ij to that of K' ions (Vl) will be equal to
or exceed unity ( = Vw/vl)'

.Howevef Spanner's theory suggests that the K ions impel the water so
that o will be less than unity; furthermore, with one‘K+ ion tending to
ﬁropel about 500 water molecules, the more ions there are per volume of
water, the more effectively they will move it. i.e. o/ should increase

with the K+ concentration.

The overall velocity of an ion in the phloem

The velocities of species i in the sieve-pores (length 1) and the

Jumen (length 1') are vi and ui. Thus its mean overall velocity is:

u.v, (1 +1v)
ii

Iu. + 1'v,
1 1

However, since 1' may be about 400 times 1, this term is equal to u, to
such a good approximation that even if v, = 10u, the error is only 0.25%.
i.e. The overall velocity of a species can be taken as undistinguishable

from its velocity in the lumen.

Glossary of symbols

vi and ui are the velocity of i in the sieve-pores and the lumen, fij
and gij are the frictional coefficients, pij and Qij‘the 'reduced' frictional

coeffiicients and 33 and X& the volume fractions of j (see next section).

0
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J. and c, are the flyx;and concentration of i in the sieve-pores
( molesf unitbime amd meles/und vouume)
(Ji and ci in the lumen); z. is its valency (if relevant).

1, A, AP and AE are respectively the length, aggregate cross-section,
pressure difference and electrical potential difference of the sieve-pores
(AP and AE in the direction of the length), whilst 1', A', AP' and AE!'
are the corresponding quantitiés in the lumen.

J is the Faraday.
Subscripts. K = 1; water = w; pore or lumen wall = m; V = vplume.

Signs. Conventional. i.e. Water and current flow respectively in

the direction of negative AP and AE.

Theoretical Approach

The Onsager relationships

\

The Onsager equations are used in the 'resistance' form, relating
potential differences to fluxes. Pressure (AP) and electric potential (AE)

differences are related to fluxes of volume (JV) and current (I) as follows:

AP=RPPJV+RPEI , (1)
AE (2)

i
&
jgv!
<C-q

+
o
=l

—

where RPP and REE are the 'resistance coefficients' relating JV to AP

and I to AE, and RPE and REP are the 'cross coefficients' allowing for the
influence of I on OP and JV on AE. Onsager's reciprocal relationship

(Onsager, 1931) requires that RPE = REP'

Spiegler's frictional model

Spiegler (1958) based his model on the law of friction stating that

[4

the frictional force on a species i.gliding on a species j is proportional
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to their relative velocity (vi - vj). The force on one mole of i can be

written

i ij i J

- and that on one mole of j

“F, = f., (v, =v.) o (L)
J iy i , _

where the frictional coefficients are not equal but are related by

c. 1., = c. T.. ‘ . (5)
1 13 Jd Jz .

(The negative signs indicate that the forces on i ahd j act in the opposite
directions to their velocities.)

fij relates to the frictional interactiog of one mole of species 1
"with particles of j in its vicinity. For comparing systéms having different
.membrane densities and/or solution concentrations, Spiegler suggested the use
of 'reduced' frictional coefficients obtained by dividing fij by either the
molar concentration or volume fraction of j and referfing to unit amounts
of both kinds of particle. This is relevant for considering'the foects of
varying the K+ concentration and 'reduced' coefficients, obtained by'
dividing fij by the volume fraﬁtion of j, such that pij =-fij/55, érg used ..
where appropriate. .

Spiegler's model has previously been used in this context by Daihty,.
Croghan and Fensom (1963) and Spanner (1970). |

In practice, the coefficients do not seem to be exactiy constant, but
they-vary relatively little (Spiegler, 1958; Mackay & Meares,'1959).
Setting ub the %rictional equations for the sieve-pores

4
Consider first the water. The frictional force on one mole of water

+

.
caused by K ions and the pore walls,



129

—Fw = fw1 (vw'- v1) + fwm (vw - vm), . ‘ (6)>

though since the pores are static, v o= 0.
In the steady-state, the frictional force is balanced by the pressure

gradient in the pores;
ie€e —Fw = (- AP)/lc .

Whence, by rearranging,

(-AP)/1€u= v, (fth + fwm) - v, | | (7)

Consider next the K+ ions. The frictional force on one mole of K+ ions

caused by the water and the pore walls,

--F1 = fiw (v1 - vw) + flﬁ (v1 - vm) ‘ (8)

and again v = O.
m
In the steady-state, this frictional force is balanced by the electro-
chemical potential gradient across the pores, and if the contribution of
the K activity gradient can be neglected, this can be equated with the

.electric potential gradient;
i.e. -F, = 23 (-AE)/1

and —ziifAE/l = vi(flw + flr‘n) - ’vwfiw (9)

These equations have the same form whether the translocation mechanism
is that of Munch or that of Spanner, but whereas in the former case v, exceeds

- or equals v in the latter v1 exceeds vw. Moreover, since the presence of .

,11

fibrillar protein in the sieve pores is an impossibility for Munch flow but
4

almost essential for Spanner's mechanism, the coefficients fim and fwm must

+

have much the smaller values for Munch flow.



130

Calculating the Onsager coefficients .

The fluxes, Jw and Ji’ of water and K ions in the pores have the

values Ac v and Ac v, ; thus v_ = Jw/Acw and v, = Jl/Acl' _The current

I = zgdi since K+ ions are the predominant current carriers, so J1 = I/zij .

c
. 1
From equation (5), £4= fiw' Cw.
Making all these substitutions in equation (7), we have
) —l(f1 c o+ f c ) lflw ' .
AP = Jw _dw wm W[ g o Iw ©(10)
Ac Az F : '
w 1

Making similar substitutions (except that for fwl) in equation (9),

we have
1f ~1(f.  + f_ ) - v '
AE = J L SR v im . (11)
. w Az Fc i 2:}2 .
¥ w : A21 c1 .

Comparing equations (10) and (11) with (1) and (2), we see;, as

J ﬁ\%C&)

w
R, - -1(f1wc1_+ fwmcw) . R, 1f,
= - ;- = =
P A E ‘ Az13 ,
RE - 1f1w . RE = —l(flw * flm)
P Az §. B 22
1 A21 3 c1

As required by the Onsager reciprocal relationship, RPE = REP'

Allowing for differences in formulafion, these results agree with those

‘of Spanner (1970).
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The electro-osmotic efficiency

The ratio of the efficiency of an electro-osmotic mechanism to that of
a pressure-flow mechanism (the electro-osmotic efficiency index) was shown
. _ 2 oy
by Dalnty, Croghan and Fensom (1963) to be equal to RPE/RPP'REE (=rt).

tti ' . .
and putting fij = piJ_ X )

Putting in the values found for RPE’ RPP and R 3

EE

we find (see also Spanner, 1970)

o - {(1+-§im—§—"1).(1+£l”’—m—@.—zﬂ)}—l (15)'
(L ' ‘ 1w ¥m 1w Xw 1

The concentration of K* ions is unlikely much to exceed 0.1 M and variationsj
in it at this level should affect K/W and Km little, so that V\: increases
with the K+ concentration. This increase implies less wastage of free
energy against friction, and since at any one rate of flow fricfional
effects at the pore walls are nearly constant, there must be lgss frictional
loss of energy in -the solution. In the lighf of the basic law of friction
discussed earlier, this suggests that the difference between the velocities
of K+ ions and water must be lessened, so that the assumption made that the

ratio of the velocities (o) increases with the K concentration in the

electro;osmotic (Spanner) system seems to concur with the expression derived
for f} .

Deductions from the Theory

Theoretical ‘effects of varying the K concentration on the values of [P

and NE across the sieve-plate

Usi the 1 iti = = ‘ ti
sing e identities v, divl and fij pij Xj‘and equations (5),

(7) and (9) gives



132

- c . .
—-AP = vll {piw.-c—i- . XW (ol - 1) + o(pwmx m§ (13)
. w
vil -
_—AEz—z—'g{plw'Xw (1 -o¢) +p1m5m3 - (14)

Munch theory. With the water molecules propelling the K+ ions, o( is

. . ' +
greater than or equal to unity and probably varies little with the K

concentration. and pwm are approximately constant and XW and X

Piw' Pim m

should be little affected by changes in the K concentr"atipn. Thus from
equation (13) AP will always be negative in the direction of flow and,
unless { = i, will increase with cl/cw; i.e. the fall in pressure across
the sieye—plate will tend to increase with the k" concentration.v Equation
(14) shows AE may be positive, zero or negati\_re écc_:ording to the values of

the térms and should be little affected by the K+ concentration.

>Sparmer theory. With the K+ ions propelling the water molecules, <
is expécted to be less than unity and to increase with the K concentrationf
AP may therefore be positive, zero or negative according to the values of
the terms in equation (13). AE will always be negative in the direction
of flow, as originally described by Spanner (1958), but should becomé less
so as the K+b:concentrationl increases.

In the special, but quite feasible, case of AP =0, o can Hbe

evaluated from equation (13) and

/
X = P {1 ' (15)
AP =0 ~ p b’ . C. + P X c °
1wl w 1 wml mw
OL is less than unity and increases {(non-linearly) with the K+

AP = O

concentration. This value is relevant only to Spanner's theory because

AP cannot be zero in the Munch system.
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Flow in the lumen

The sieve pores and the lumen channel are, in effect, in series.
However, Kedem and Katchalsky (1963) showed that treating the resistances
addititively leads to problems, so the calculations that follow are developed
simply from two of the assumed working conditions, (a) that the electric
potential difference across the lumen ( AE') is opposite in sign and about
equal in magnitude to that across the sieve-plate (AE), and (b) that the
fluxes of water in the lumen and the sieve pores are the same.

Equations relating the pressure and electric potential differences
(AP' and AE') across the lumen to the velocities (ui) and frictional

coefficients (gij = q . ij) can be developed in the same way as for the

ij

sieve pores, giving
- 1 LI ‘ . - ’
AP'Y/1 = u (g 1 + g ) ulg 1 | '(16)

—z}(AE')/l' = u1(g1w + glm) -ug, . (17).V

The velocities of water and K+ ions in the lumen. The fluxes of water

in the sieve-pores and the lumen are assumed equalj’

i.ee VvCA = uc'A?
W W , Wow
But to a close: approximation»cw = c¢', so
u o= vr.-é = Bv (say) | (18)
w w A W :

The velocity (ul) of XK' ions in the lumen is calculated from the
assumption that the potenfial differences across the sieve-plate and lumen

are opposite and about equal, i.e. AE' = -F.AE'where /ST:’. 13 by using
. .

this identity and also u, o= Bv* = B oLv&, and substituting in equations

*



134

(9) and (17), we have

3 \ -
{gk(l 1391 +1'/3f1) 1/0(1‘1 +f1)
“w=vY

l'(g1W + gim)

or, in terms of reduced coefficients,

1B, Y1+ oy ¥ ) - py Y p YD)
1= V1 Ly, Yy ¥ Gy U

However 1' is several hundred times 1 and 91 is much larger than.gim

(Spanner, 1970) and so u, does not differ greatly from BoLvi,’ i.e. from u .

1
Thus the ostensibly reasonable assumptions abouts the fluxes and potentials
in the sieve-plate and lumen lead to the equally reasonable conclusion that,
: ‘ P N .
regardless of the translocation mechanism, water and K ions move in the

lumen with rather similar velocities.

The pressure difference across the lumen. From equation (16) we see

that because u_ and u, are fairly similar and g is greater than g
w wil wm

1
(Spanner, 1970), LAP' should be relatively small in magnitude.

Discussion

. + .
The movement of K ions

The overall velocity of a particle in the sieve-tubes is‘determined
to a very large extent by its velocity in the lumen, because the lumen is
several hundréd times longer than the sieve-pores. Thus the conclusions of
the previous section suggest that the overall veloéity of K+ ions does not
differ much from that of the solution as a whole.

Some support for this deduction is found by consideriné the movement

+ ' -
of K and carbohydrate in the phloem to a 'sink'. The uncharged and
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hydrogen-bonded sucrose molecule probably moves with the same velocity
as the water and therefore about the same as the K+ iohs. This implies
that the ratio of K+ to carbohydrate should be roughly the same in a 'sink'
as in the phloem solution;j K+ and sucrose are usually about 0.05 M and 0.3 M
in the solution, corresponding to about 2% of X in sink dry matter (assuméd
predominantly carbohydrate), about that usually found in potato tubers.‘
This agreement suggests the Yelocities cannot differ greatly.

If the conclusion about the velocities is correct, it implies that K
ions remain in the tubers, which might therefore be called a 'terminai»éink'

for K+ ions, as opposed to a 'sink' such as the roots from which they seem

to be recirculated (Dijkshoorn, 1962).

‘Implications for the Munch and Spanner theories

. The movement of K" ions in the sieve tubes implied by the foregoing
discﬁssion is essentialiy what might be expected from the Munch theory. It
is also quite feasible in relation to Spanner's theory, but it would be
.necessary to postulate two components of K+ flow, (a) a component of K+ flow
moving down the sieve tubes as described and (b) a 'propelling' component
circulating as Spanner envisaged through the sieve plates and companion.
.cells. However, an alternative approach embodying the essential features
of Spanner's theory but describing a simplér type of fléw infolving both

components is shown in Chapter 10.

Pressure and potential effects

Pressure differences in normally-funcfioning Phloem never seem to have
been measured. (It would be most difficult.) That Spanner's mechanism

involves a smaller pressure fall across each sieve-tube seems to stand in
R . .

its favour.  Further, equation (13) suggests that in the conditions of

+

. . + . ) o
Munch flow, increasing the K concentration may increase the pressure



136

difference across each sieve-plate, or, if the pressure difference d&es
not vary, decrease the rate of flow, a result at variance with Hartt's (1969) -
observations on sucrose movement in sugar-cane.

The two types of flow lead to different hypothetical values for the
potential difference across each sieve-plate and these can be compared with

the measured values of Bowling (1968, 1969) for Vitis vinifera.

Taking the overall velocity of water (::uw) as 50 cm/hr and A/A' as
0.5 gives v = 100 cm/hr. The values of flw and flm quoted by Spanner (1970)

A

from Mackay and Meares (1959) are taken and 1 put at 1 (10 © cm). For

Munch flow, ©X (v*/vi) exceeds unity but probably not by much (say of = 1.2),
. but for Spanner-type flow, A may only be about 0.5 (say). Putfing these
values in equation (9) gives values of -3 mV and -23 mV respectively for
Munch and Spanner-type flow, of which the latfer is.closer to Bowling's
measured value of 19 mV (direction not specified). However, much clearly.
depends on the reasonableness of the arbitrary values taken.

Although the above discussion favoured Spanner's theory, two problems
must be noted: (a) the large ion current densities involved, of the order
of 1 amp/sq cm in the sieve poresj (b) the large charge density needed in
the pores, calculated by Spanner (1970) to be about 4.7 charge units per

. . . +
£ of fibril length. Both these problems arise basically from the large K

concentration in the sieve tubes.

Fensom's theory. (Fensom, 1957)

Fensom's variant of the electro-osmotic theory envisaged that fléw was
maintainéd in the sieve tubes by a flow of ions maintained over a length of
phloem. This implies a substantial poential difference over the length of
phloem, andeyree and Fensom (1970) found no such potential difference and

so discounted this variant of the theory.
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CHAPTER 9 ' , ‘l
INTERACTIONS BETWEEN POTASSIUM AND OTHER IONS
EXAMINED IN THE LIGHT OF PHLOEM

TRANSPORT MECHANISMS

Introduction

A feature of the anatomy of wasculorplants is the close éroximity of
xylem and phloem elements in the stems. For potato plants, Artschwager
(1918) showed they are arranged in vascular bundles, each containing x&lem
elements separated by only a few camﬁial cells from the external phloemvand
a few parenchyma cells from the internal phloem. This arrangemeht suggests
'that ions and other solutes may‘bé transferred between the xylem and the
phloem in the stem, as suspected by Mason, Maskell and Phillis (1936} who
worked on cotton plants.

If such transference takes place, increasing the flux of an ion moving
in the phloem to a sink should increase the rate_of transfer and decrease
the flux of that ion in the xylem, so that léss reaches the leaves. Such.
a mechanism could explain maﬁy of the effects found in Chapters 4 and 5,
.especiaily those on the distribution of Mg.

In tﬁis chapter, a theoretical analysis of K effects on ion movements
through the sieve-tube walls is combinéd with one of the effects én ion’
velocities along the sieve-tubes using fhe @ethods of the previous chapter,
to see hbw well the trans}ocation mechaniéms account for the effects of K-
nutrition on concentrations of ions in 'sink' dry matter ahd on their

distribution in the plants.



138

Assumptions etc

The working conditions taken for the system and the approximat;ons
made are the same as for the previous chapter. The symbols and subscripts
are the same, but with the addition that any ion other than K" has the
subscript 2.

The assumptions concerning the fluxes and potential are again made.
Where a second ion is concerﬁed, it is assumed that there are no'apﬁreciable
direct interactions with K+, and that compared with K+ the second ion does
not carry an appreciable amount of current. (K+ seems to be much the most
concentrated ion iﬁ the phloem solution - Table 1/1.)

No allowance is made for the flux of water radially through the walls;

this is probably very small throughout most of the phloem

Theoretical approach

Radial fluxes of ions into the sieve tubes

The possibility of ions being transferred from the xylem to the phloem
suggests radial movements of ions into the sieve-tube lumens may occur,
probably because of differences in chemical and electrical potential
between the inside and outside. ' A short length (h) of lumen of internal

' . torad ‘ ’
and external radii a and b is considered. Thﬁ[inward flux (@) of an ion

is related to the concentration (c) and electrical potential (E) gradients

along the radius r (between a and b) as follows

D.dc + mc. dE = _ 1] (1)
dr dr = 27rh

where D, the diffusion coefficient, and m, the mobility of the ion, are
¥ . N .

related by the Nernst-Einstein relationship m = Dzi3'/RT where R and T are

¥ otherwise translocation would not be very efficient.
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the universal gas constant and the absolute temperature respectively.

If E,is made the potential difference between the outside and inside,

“amd Kk Hhe dielecrac constamt cr% fhe Sieve tube wall

L gE - KB ' '
He cleoknc‘{'le‘d af v, dar r 1n(b/a) ()

By making substitutions and integrating, we find

g = 2%bh (a® ¢ - % ¢.)
— . (3)
b - a9 '
where_ O = ziEx’ kE )
RT In(b/a)

Variation of the electrical potential difference. It is assumed that

DE' = -AE, i.e. there is no overall potential difference along a length
of phloem. This is necessary for the following calculations.

The potential difference between the inside and outside of the lumen , .
varies along its length and the potential difference ‘profile' can be ‘
fixed only if assumptions are made. Two are considered:

(a) that the solution immediately on the 'upstream® siderof each
sieve-plate is at zero potential relative to the outside; because the

potentidl falls across the sieve plate, the potential differenice profile

would be as follows

AR

(b) that the potential of the solution is zero relative to the outside

at the mid-point of the lumen (and of the sieve-plate).

¥

| ‘




140

The potential difference of the inside relative to the outside
at distance x from the 'upstream' sieve-plate'(Ex) is given in these -
cases by
() E_ = AE(1'-x)/1' (b) E_ = AE(31'-x)/1 (5)

asswmed
The relationship between Ex and x is[linear (i.e. the gradient constant

g0 ket the ions travel at constant velocity in the lumenl.

Using the equations

Ion movements can be examiﬁed in two cases:
(i) When the concentration of an ion Builds up along the length of
a sieve-tube, as that of K+ might if it is 'pumped out' below each éieve-
plate.
. (ii) When there is no net change in an ion's ééncéntration between'
one end of the lumen and the other, e.g. where an ion that is not 'pumped
out' has reached flux equilibrium with the zone through which it is being

transferred.

(i) Concentration buildé up. We consider a short length of lumen 5'x
at distance x from the 'upstream' sieve-plate. The ion moves longitudinally
with velocity u, . The concentration of the ion varies along the lengfh
and is . at x increasing to (cx + Scx) at (x +<Sx). The radial flux
into  §x is given by putting hv; §x and ¢, = ¢_ in equation (3). The
radial flux causes an increment in the longitudinal flux of Auiﬁgkx
(A" = cross section). In the steady state, the radial flux and the

longitudiﬁal flux increment balance each other and

A'uigcx = 2‘.TD (aeco—becx)g‘ gx 3 (6)
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where a = zig' kEx and Ex is given by 5(a) or 5(b). A' = rraz,

RT in(b/a)

C. is not éasily evaluated from these. equations, but for the potentiél
difference profile (a), Ex is always negative and so @ for a cation is

negative and also quite large. This means (b/a)9 can be neglected by

A

. . . 0
comparison with 1, and since cx is mostly smaller than co, (b/a), cx by

comparison with c e Thus, by dividing the top and bottom by ae in (6)

and simplifying, we have

de 2D8 c 2D z. ¥ ke AE(1l'-x) |
x i o A7)

= - - = -

dx azui azui 1n(b/a) RT 1

Integrating and putting cX = c#o at x = O gives

c = & ° 2, D _ zi} 5 :
x x . -~ . ¢ AE . 21'x-x . (8)
22u In(b/a) RT o 5T

i
For the potential difference profile (b), the relationship is not
confinuous. From x = O to %1' ihe concentration is‘determined by .an
equation similar to (8) but with the final term (1'x—x2)/21'. ﬁy‘a similar
approach it can be shown that between x = 1" and x = 1', the concentration

is governed by the equation:

190 { 2D zi% (11x-%2)

2

c = ¢ exp B -—— e =——— . k AE —————— (9)
* X azul 1n(b/a) RT 21"

(ii) No overall change in concentration. This implies that the

net radial flux of an ion into the lumen is =zero. The flux <§¢ into a

short length of lumen (&x) is given from equation (3) as

+
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&?b = 27D (a° c, - p® cm)Qg X _ o (10)

2]
b - aa

where € is as before and c is the mean concentration of the ion in the
lumen. (cx should not vary much from c. if there is no overall change.) ‘

For the potential difference profile (a), & is always negétive for
a cation, so that (b/a)9 can be neglected by compariéon with 1, but cm

. e
may be larger than € 1 SO (b/a). <. cannot this. time be neglected by

comparison with c - © is given by (4) and E_ by 5(a); combining these

‘gives a term Q such at © = Q (1' - x),
where Q = %9 KAE ! (11)
RT ° 1n(b/a) " 1°
and the condition for no net flux is
L Q(1'-x) ’ '
~277DQ “[‘ { [co—(b/a) c ](lf—x)-g dx = O - (12)
, 5 ,
which gives
QL vc Qin(b/a) (12
c. -1 - (b/a) + 1'(b/ )le o . (13)
Qln(b/a) Qn(b/a) a: = 2 '

. - . . 1t
For a cation, Ql' is large and negative and terms containing (b/a)Q can

be neglected, giving

m

2 ‘ 2

RT

Ch = S, [Ql'.ln(.b/a)]2 = C [- zig kAEjz : (;4).

The value of AE is given by equation (9) in the previous chapter, so

[ 4
that applying equation (14) to the ion subscripted 2 gives
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‘c z kv 1 2 ' :
, _ oy 2 1 (15)
2 T 2 { z, = R [, (1) + f1m]3 , -

Fof potential profile (b), thé effect of the electrical potéhtial
difference in one half of the lumen is countered by an opposite effect in
the other half. By integrating equations similar to (3) between O‘And 31
and between 71! and 1°', remembering that for a cation & is negafiVe in tﬂe
first half and positive in the second, it can be shown that to a good

approximation the condition for no net flux is

C
m o

[
i

i.e. cé = <, (16)

The value of <, for each cation can be approximated from its
concentrations in the 'stem water' measured invthe first experiment (Appendix
II). Comparing these with concentrations measured in phloem solutions by,

++ Lo
others (Table 1/1) suggests <, tends to be larger than c, for Ca and Mg -
+ . . . .

and roughly the same for K , but none of these is a reliable guide, because
+ o+ +4 ; i
K may be 'pumped out' of the phloem and Ca and Mg complexed so that
their movement is restricted. Equation (14), from the potential difference
profile (a), suggests cm is larger than co, rather than the other way
round, so profile (b) may be nearer the real situation. It could be
inferred from the behaviour of Ca'’ and Mg++ that the potential difference
between the inside and the outside is zero immediétely below the sieve
plate, but this seems unlikely if the ions are 'pumped' at this point

(see Spanner, 1970).
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. + . .
The effects of varying the K concentration on 1ion

velocities in the sieve plate and the lumen

Whichever the translocation mechanism, the velocity of K+, the
dominant mobile ion in the sieve tubes, influences the electric potential
differences across the sieve-pores and the lumen, which in turn affect the
.velocities of other ions. The velocity of the water flow in the sieve~-tubes
also influences the velocities of other ions both directly and through its
effect on the potential differences. Sinée the velocities of K~ ions and
water are inter-related, the velocities of other ions can be related to
either.

The velocity of the second ion (éubscripted 2) is again related to
the éotential difference (which depends on the.flﬁx.of K+)‘using Spiegler's
frictional formulation.

Sieve-plate. We obtain for the second ion a relationship analogous
to equation (9) in the previous chapter

—223' Al§
1

= v (f +f_ )-vTf _ . (17)

Equating the values of AE from equation (12) and equation (9) in

the previous chapter, and remembering that Vg = 0<vd, we get

s -
0\,(zlf2 22f1 ) o+ 22 (f1 + f1 )
V. =V ? U
1( 2w 2m)

1 | _
) o+ (B =y (£, + 2,0) : (18)

of v = (zyfo, = Zofq,
2
v LAyl Ty
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Lumen. For the second ion in the lumen we obtain the relationship

—zz'} AE! )
R S - (1
1! u2(92w * g2m) uw g2w -9
* Whence, remembering that NAE' = 7ﬁ AE and u = Boiv1 (see Chapter 8),
we have
Bg,_ 1' £ 1 - Alz (f f ’ .
e X (By, 1'z, + /Q ni%) T plE v E) (20)"
1 o
2 1 2, (95, + 95
1 .
B 1! £ 1 - ; 1 f 4+ f
(Bgy L'z, + A i) = (A /6 Zo (£ * T (21)
or Ug = Yy - Bl'z (g. + g. )
1 72w 2m

(Note that/g was in a previous section taken as unity.)

Deductions

Evaluation of the overall effects of varying the phloem K+ concentration

on ion concentrations in the sinks

| We are interested ultimately in the effects on the concentrations of
other ions in 'sink' dry matter. The latter is fofmed mainly from
carbohydrate carried as uncharged sucrose moleéules which undergo
considerable hydrogen bonding and so probabiy travel at the same velocity
as thé water. The concentration of an ion in the 'gink' dry matter depends
on the ratio ofvits flux in the phloem to that of carbohydrate. Assuming
the concentration of the carbohydrate does not much change, the concentration
of the ion in the 'sink' will be influenced by (a) its concentration in the‘
phloem solution and (b) the ratio of its velocity to that of the solﬁtion
as a whole. Since the mean velocity of a species in the phloem as a whole

¥
is very close to that in the lumen, for (b) we may use the ratio of the

.

lumen velocities uz/u .
w
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Effects on the concentrations and relative velocitics. The effect

of varying the K" concentration can be seen by differentiating cé, the

concentration of the second ion in the lumen solution, and uz/uw, the

ratio of the velocities, with respect to s the K* concentration in the

sieve pores; ¢, which should be closely related to the K* concentration

in the lumen, is used because o/ depends on ¢,1 SO we may use the identities

acy dc} ol alu,/u ) d(uz/ﬁw) del

= - 3 and ———————— = -
. ‘ ol
d01 dod d01 dc1 d d01

From equations (15) and (16) for the potential difference profiles

(a) and (b) we get

de! Z kv 17 '
2 2 1742 , } :
a< T "% Ezi . RT} : f1wi £ (=) + £, 5 for (a) (22)
and dcé. : .
= = O for (b) (23)
From equation (21) we get
aluy/u) - L Pz, (£ * Tin) _‘ : (21)
. [ ° .
dod e Bl'z, (92W + 92m) | ‘ ,

( F was earlier put at 1).

Because the K+ concentration is hypothetically varied, f w etc should

1
be replaced by p1w YW etc but the concentrations of K+ and Mg++ are both

small enough not to affect the 3’ terms appreciably, and the substitution
is not necessarye.
The overall effect on the concentration of the second ion in the

sink dry matter, i.e. on the ratio of its flux in the phloem to that of
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carbohydrate (Jé/Jé), is given by

Jé u, cé Al .(A' caricels)
= T er A
c W c
' ' g 1 ' {2
and d(Jz/Jc) j;_ :22 d02 . EE. d(uz/uw) dol (25)
dc = ler  ° u  ° adx ' dot dc
1 c w . c 1

where cé the carbohydrate concentration in the phloem solution, is

assumed constant.

Overall effects

Munch theory. Where the water impels the K+ ions, . should vary
little with the K concentration; thus doL/dcl.i:: 0 and the concentration
of a second ion in sink dry matter should be little affected if the K

‘concentration in the sieve-~-tubes varies.

Spanner theory. Here, K+‘ions impel the solution, o{ should increase

with c1 and effects on the concentration of the second ion in the sink

dry matter are to be expected. The overall effect was evaluated by taking

Mg++ as the second ion and giving the following values:

c = 0.05M; c = 55M; co(Mg) = 0.01M; c! = 0.3M
v = 200 cm/hr (1/18 cm/sec)

1 = 10_4 cm; 1' = 1l.h x 1072 cnm

B = 0.5;3 ﬁ = 1

R = 8.31 J deg 1 mole_l; T = 293 °A
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g - ' -2 -1

fiw = 4 x 10 J sec cm ~ mole (Spanner, 1970)
£f,00= 2x 108 " ( " )
£ 0= 2x 10° " ( " )

141
gzw = 16 x 10
g = 32 x 10° 0
2m

The values of ¢ and Yom were taken by assuming that the frictional

2w
coefficients are proportional to the surface area of the hydrated ion,
i.e. to the square of the hydrated radius. Mg ', having twice the
hydrated radius of K+, was assumed to have frictional coefficients foﬁr
times larger than those given by Spanner (1970) for K .

For £ and dc(/dcl, the values at AP - 0 wére used fromvequation
(15) in the previous chapter. This will overestimate ol if, as‘is
probable, AP is positive.

Putting these values in the equation (24) for d(Jé/J":)/éc1 gave the

. foilowing values; for potential profile (a), -43; for profile (b),
0.h x 10-2. The discussion in a previous section suggested (b) was
- probably nearer the real situation.

The data in Appendix II shows that the % Mg in tuber dry.matter
changed by about 0.035% when the K+ concentration in the ‘'stem water!
changed by about 0.09 M. If the latfer is a reasonable measure of C»
d(Jé/Jéyécl éhould be about 5 x 10_2. Thus the second value may be as close

as could be expected in view of the many estimates involved. As required, its

sign is positive implying that the flux of Mg in the sieve tubes is increased



149

relative to that of carbohydrate so its concentration in the sink. dry

matter will be larger.
The reverse effect may be expected for a bivalent anion having
‘'similar frictional characteristics.

Discussion

The behaviour of magnesium. The increase in the concentration of Mg

in sinks suggested by calculations based on Spanner's theory corresponds
with the observations deécribed in Chapters 4, 5 and 6, and these effects
on Mg therefore seem to constitute evidence in favour of Spanner's theory.

The exfra Mg that went to the tubers when K was given seemed to be
that preventea'from reaching the leaves rather_thén'remobilised from the
leaves; this is what would be expected were Mg++ ions to move 6ut of the
xylem and through surrounding cells into-the phloem as described at the
beginning of this chapter.

Thus Mg behaviour seems fairly satisfactorily éxplicable in terms of'
these two concepts.

This sink effect also casts light on the bebaviour of Mg++ ions "in
the sap exuded from the detopped plants discussed in Chapter 3. The roots
act as a sink, especially before the tubers form. ‘Giving K may therefore
have two effects on the Mg++ concentration of the xylem exudate: (a) it
may decrease the concentration of absorbed Mg++, perhaps because of the
electrical effects discussed in Chapter 3, but (b) it may increase the
amount of Mg++ translocatgd to the'rbots in the phloem. The combination
of nhese fwo effects may account for the ghape of the curve obtained by

. ++ . . . . .
‘plotting the Mg concentration in the sap against K added to the soil
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+ . . .
(Fig. 3/1c). 1If so, Mg+ is evidently recirculated from the rootsj;
. + .
however, a calculation similar to that performed for K in the last

chapter suggests that Mg++ is not recirculated from the tubers.

The behaviour of calcium

+ .

Calcium ions did not behave like Mg+ ions. Giving K did not increase
the % Ca in sinks and the concentration of Ca in the tubers was very small
compared with that in the rest of the plant. Giving K also decreased the
overall uptake of Ca but not that of Mg.

The tuber concentrations suggest differences in phloem translocation

++ et o . .
between Ca = and Mg . Biddulph, Cory and Biddulph (1959) and Ringeot,
Sauer and Gielink (1968) noted very little phloem movement of ca™t, but
- attributed this to strong retention by the leaves rather than any fundamental
inability to enter or move in the phloem.

The hypothetical transference of ions from the xylem to the phloem
would be much affected by the reactions of the ions with such compounds as
pectin, lignin, hemicellulose and organic acids which they would encounter.

. ++ o .. . '

Pectin complexes Ca but not Mg , and lignin, hemicellulose and several

. . ) +++ ++ . .
organic acids complex Ca  more than Mg (Molloy & Richards, 1971). Ca
oxalate is considerably more insoluble than Mg oxalate, and whereas Ca
oxalate crystals are common in the stems of the Solanaceae {Metcalfe & Chalk,
1950), Mg oxalate is not reported. Only unbound Ca ions can move into the
phloem as described and all these factors seem likely to make the concentration
of free Ca ions in the vascular bundles small so that little Ca enters the
phloem.

Even were an appreciable concentration of Ca++ ions to enter the

phloem, it would probably be precipitated by the tartrate and oxalate ions

4
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' ’ o+ \ ,
reported by Peel and Weatherley (1959). (Mg™ = ions would not.) Effects
on the velocity of ca " may therefore be irrelevant because so little is

there.

The behaviour of phosphate

=

At the phloem pH (about 8) phosphate should be present as HP04 and
PO;E. The previous discussion suggests that giving K should somewhat .
slow down these ions and decrease their conéentration in sink dry matter.
However the measurements of Gardner and Peel (1972) suggest that much of
théAP in the sieve tubes is present és adenosine tri-phosphate (ATP).
This ion has.four negative charges, but it is also very large ana has a
number of sites where hydrogen bonding could occur, so that its friétional»
interaction with water (QZW in equation (24)) may be very larée and the

effects of the K+ concentration much decreased. This could expiain why

giving K had little effect on P concentrations in tubers.
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CHAPTER 10

AN ALTERNATIVE APPROACH TOQ SPANNER'S ELECTRO-OSMOTIC

THEORY OF PHLOEM TRANSPORT

The essential feature of Spannér's theory is that K+ ions propel the
phloem solution fhrough the sieve-pores as a result of the electro—osmofic
drag caused by their movement. The ions move through the pores because they .
are 'pumped' out of the sieve-tubes on the 'downstream' side of each sieve-
plate.

One problem in the theory is how the K+ ions are recirculated after they
have been pumped out. Spanner originally (1958) suggested that the ions
returned via the companion cells, but later (1970) he thought it more likely
that they are recirculated by means of 'weaker' sieve tubes.

The calculation made at the end of Chapter 8 suggests that a large
proportion of the K in the phloem moved to the tuber 'sinks' at a velocity
not very differeﬁt from that of the whole solution, in what is essentially
“bulk flow.

These considerations imply two components of K" flow, the recirculated
"propelling' component and the bulk-flow component. Both these components
must move across the sieve-plates, giving rise to two.components of fhe ion
current therein. Spanner (1970) thought the size of the ion current from
what was essentially the 'propelling’ componeht‘constituted a problem in
the theory, so the implied two components do so doubly.

Theée problems can bg avoided by assuming that when K+ ions are 'pumped
out' they are not specifically recirculated but simply go into a 'pool' of

K im the surrounding tissues which is maintained partly from the trans-
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ference from the xylem and partiy by the 'pumping out'. From this pool the
ions move through the sieve-tube walls back into the lumen due to electro-
chemical potential gradients. That an appreciable 'pool' of K exists in
the stems can be seen from the quantity and concentration of water-soluble
K found in the stems and petioles (Chapter 4 & Appendix II).

The 'pumping out' leaves the solution immediately 'downstream' of the
'pump' at a smaller K+ concentration than the surrounding tissues. |
Furthermore, the solution here is likely to be at a lower electrical
potential than the surrounding tissues. (If, as was assumed in Chapter 9,
the solution is at zero potential relative to the surroundingé on the
'upstream' side of the sieve plate or at the mid-point of the lumen, it
ﬁust be at a negative potential on the 'downstream side'.) Thus K" ions
should move back into the sieve tube initially'undef the influence of both
chemical and electrical potential gradients, and their concentration shbuld
build;up along each lumen in a way described by the equations derived in
Chapter 9. Fig. 10/1 shows hypothetical profiles of electrical potential
and K+ concentration.

Such a system could exist in a steady-state when conducting.. It would
give rise to an overall flux of K+ ions éorfesponding to the largest K+
concentration in the sieve-tubes, but although there would be a constant
fiux of K ions along the phloem, no one K" ion would probably be‘moving
all the time. Other ions, except probably phosphate, and uncharged molecules
should move in simple fashion straight along a series of sieve—tﬁbes.

The mechanism involves only one component of K+ flow at the sie&e—

" plates, so that the resulting K* ion current should not be seriously greatefi
than that for Munch-type flow, the difference being maiﬁly that due to #he

'
differing relative velocities of K' ions and water in the two systems.

4+
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Two experimental observations can be satisfactorily accounted for by
this mechanism:

(a) That when various parts of the plants gave ﬁp K during tuber
‘formation, the stem and in particular its soluble fraction gave up clearly
the most K (Chapter 4).

(b) 'That when the roots of plants grown in solution werg exposed'to
an increased K' concentration for a short period (23 hours); the concent-
‘rations of 14C, Mg and phosphate seemed somewhat enhanced, but that onK
did not (Chapter 7). The extra K in the sieve fubes should increase of and
thence the velocity of the whole solution (see Chapter 9 for details), but
) it would itself be delayed from reaching the tubers by being frequgntly

'pumped out' into. the pool.

The 'K pumps'

Recent work on the absorption of ions by roots (e.g. Shone, 1968, 1969;
Dunlgp & Bowling, 1971 é,b,c) has moStly suggested thatrK+ ions.éan be
absorbed by roots against an electrochémical potential gradieﬂt.- If so, it
seems equally likely that K+ ions. can be pumped out of sieve-tubes against
such a gradient. The results of Fisher, Hansen and Hodges (1971) for Rb
uptake by roots suggest the 'K-pumps' in the sieve-tubes may well be
associated with K-stimulated ATP-ase systems, especially in tﬂé*light of
the appreciable ATP concentratibns~reported in willow phloem by Gardner

and Peel (1972);
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CHAPTER 11

FINAL DISCUSSION - THE ORGANISATION OF ION MOVEMENTS

IN PLANTS

The previous chapters showed evidence that many of the potassium
effects described can be explained by reference to the anatomy of thg
vascular bundles and the nature of phloem transport. There remains the
problem of how different parts of the planf come to be,'sinks' - that 1is,
how phloem transport comes to be directed towards them - and why éome
cease to be 'sihks‘, in short, how the plant is organised. The fesults in
Chapter 6 suggested fairly definitely that ion movements are controlled by
some kind of 'development programme' rather than byAcompetitive effects,
but they did not show how the 'programme' is put into gction.

One.consequence of the suggestéd transference of ions from the xylem
to the phloem (Chapter 9) is that increasing the flux of Mg in the phloem
by giving K must decrease the flux of Mg in the xylem. Seen in this light
the K-Mg inéeractions in leaves can be explained in‘terms of thgir ana£6my
and function. Esau (1945) showed that in vegetative shoots of Hélianthus
- and Sambucus the first phloem elements matured before the first xylem
elements, as might be expécted because such a shoot must import‘photo-
éynthate. If fhis is true of the potato plants used in these experiments,
?oung shoots would initially be supplied with nutrient ions through the'-
phloem so that giving K would increase their Mg concentrétion, as reported
in Chapter 6. When the xylem started to function; the shoots might
initially be supplied with ions by both the xylem and phloem. A:particulaf:

r

leaf gradually produces an increasing proportion of the photosynthate it

+
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needs and eventually becomes a 'nett exporter' producing more than it uses.
This implies reversal of flow in fhe phloem, so thét the leaf is then
subplied with nutrient ions only through the xylem, so that giving K
decreases its Mg concentration, as is usually found in mature leaves. Since
little further growth occurs in such a leaf, Ca and Mg brought in by the
xylem stream accumulate in an approximately constant weight of leaf tissue
so that their concentrations increase with time.

The leaflets sampled right at the tops of the shoots must all have been

in fhe young vegetative state until shoot growth recessed when the fubers'
formed. - Consequently the effect of K on their Mg concentrations changed
when the tubers formed (Chapter 6).

A leaf changing from a 'nett importer' to a 'nett exporter' may be
associated with a build-up of sugar within'the'leaf'such that the osmotic
Ppressure causes a reversal 6f flow in the phloem. However, although such
effects may account for the direction of phloem transport in leaves and
petioles, they do not explain the organisation of phloem.transport in the
whole plant.

Biddulph and Cory (1965) showed in bean plants that all mature leaves
expofted tq some extent to the shoot meristem, but whilst those near it
exported almost exclusively to it, those near the roots exported mostly to
the robts; intermediate leaves exported according to their position.
Biddulph and Cory investigated the output of the first trifoliate leaf and
found it flowéd down to the primary leaf node. At this point, where
anastomosis occurs, part of the flow continued downwards and part Qas
transferred into cauline bundles in which it ascended. Metabolite from
younger leaves just beginning to export left the leaf traces at the node of

?

insertion and ascended in the cauline bundles.



158

The way in which exported photpéynthate moves seems to accord with
the conéept that shoot and root"sinks' exert some kind of 'pull' which
becomes less effective with distance. 1In potato plants, the dominant 'puil'
exerted by the tubers also accords with this concept. However little is
known of the mechanism of the 'pull'. It is almost certainly mediated in
some way by the hormones such as indolyl-3-acetic acid, cytokinins and
gibberellic acids discussed in Chapter 1, and thesg.have been shown to
cause such a 'pull' (Seth & Wareing, 1967). Indeed, as Heslop-Harrison
(1969) commented, 'It cannot be fortuitous that compounds having the
capacity to provoke cell proliferation in undifferentiated tissues and-to
induce grbwfh in dormant.buds - and aiso known to be concerned in the growthv
of seeds and fruits and other storage organs - should also have speéific
effects on translocation'. No suggestions‘seeﬁyto ﬁave been made as how
the hormones cause the ‘pull'.‘ Any postulated mechanism must be capable
" of acting oﬁ the phloem transport system, so the mode of action of the
latter needs to be known for certain before an§ definite suggesfions can be
made.

The Munch pressure-flow system depends on osmotic pressure gradients.
Cell differentiation promoted by hormones would lower the osmotic pressure
in the region 6f a 'sink' thereby directing flow in its direction,‘buf it
is doubtful whether such a mechanism can explain the subtleties.ofifiow
described by Biddulph and Cory (1965) or the effects of directly applied
hormones showed by Seth and Wareing (1967). Furthermore, Chapter 6 showed
that removing the tubers caused the plants to have thickéned starchy stem
bases, suggesting that phioem translocation was directed downwards in spite

of the 'sinks' being removed.
4
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It is also questionable how hormones could direct peristaltic flow
in the transcellular tubules suggested by Thaine (1969). Peristalsis-
would reinforce flow once it was initiated but it is hard to see how a
hormone could start flow in a particular direction.

In Spanner's electro-osmotic theory flow is driven ultimately by the
"pumping' of K+ ions. Movements of K+ ions can be influenced by hormones;
for example, Ilan, Gilad and Reinhold (1971) showed that kinetin could
enhance the absorption of K by sunflower cotyledonse Cytdkinins have been
found in potato tubers (Tizio,.1966) and so may be present in the basal
regions and stolons too. By enhancing either the 'pumping' of K or its
return.to'the sieve-tube a cytokinin might locally accelerate or initiate
the movement of the solution and thereby 'unbalance' a file of sieve tubes
causing flow in its direction especially if the sysfem has the inertial
characteristics postulated by Spanner (1958).

Exactly how cytokinins may influence K+ movéments is a matter of
hypothesis. However, in the last chapter it was suggesfed that the K.
'pumps' may bé associated with K'-stimulated ATP-ase systems and cytokinins
influence enzymes in a variety of ways (Letham, 1967), suggesting that any
effect is most likely to be associated with the 'pumps'.

There remains the question of how the cytokinins and other hbrmongs
originate, but little seems known and it is beyond the scope of this
discussion to review this subject, except to note that these compoundsseem

to be associated with the nucleic acid metabolism of the plant.
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SUMMARY

The work described shows how potassium accumulated and moved in
developing potato plants and how its behaviour influenced the absorption

and distribution of other nutrients.

The absorption of nutrients was studied by comparing their‘canent—
rétibns in the sap exuged from the xylems of detopped plants with their
concentrations in the soil solutionf .Adding K to the soil increased the
concentrations éf all the cations in the soil solution, but still'decreased
the conceptrétion of Ca++ in the éap and, over a limited range, that of
Mg++ too; i.e. effects in the roots over-rode effécts in the soil solu&ion._
Phosphate ébsorption seemed slightly enhanced by édding K and nitrate abs-

orption unaffected. The ratios of the concentrations in the sap to those

in the s0il solution did not change greatly as the plants developed.

Metabolic sinks, such as tubers, are kndwn.to infiuenée the distribution
of mobile nutrients in the plant. Thus the effects of adding K on the
concentrations and quantities of other nutrients in the tubers were measured,
and changes in the rest of the plant interpreted in their light. Giving K
increased the % Mg in tuber dry matter so that the % Mg was linearly related
to the % K. The % Ca in the tubers was very small compared with that in thé
rest of the plant and was little affected by adding K. The % P was little -
affected (but tended to be decreased) and the % N seemed to be pértly

dilutgghpy'exﬁfa growth. Because giving K also increased the weight of

~

tuber dry matter formed, it increased the quantity of all nutrients,

especially Mg. The increase in the gquantity of Mg was at the expense
¢ ' :

of the supply to the rest of the plant; the proportion of the Mg taken up

)

>
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after tubers formed that went to the leaves and stems was decreased by
addihg K, and the larger K additions caused the stems to lose Mg. Much
of the extra P in the tubers was supplied by increased uétake, but all
other parts lost some P when the tubers formed.

Ca contiﬁued to accumulate in the leaves wﬁile.the tubefs;formed and
did not seem to be re-mobilised. Giving K decreased the ﬁuantity and
concentration of Ca in the leaves, apparently‘by leésening its concentration
in the xylem. Although giving K seemed to leséén the amount of Mg reaching

the leaves, once there Mg seemed immobile.

In a young plant the apiéal meristems of the shoot are an importaﬁt
sink,-but as the tubers develop shoot growth recesses.” This is attributablé
either to competition between shoots and tubers with the latter gaining
the ascéndanéy, or to an '"innate development programme'. ' In the former
case, removing the tubers.aS»they form should largely prevenf such
competition and therefore much reduce the nutrient movements previously
described; in-the latter (programme) case, removing the tubers should not
prevent the nutrient movements, although it may delay them because removing
reﬁroductive organs delays senescence. *

An experiment was made in which half the plants had their tubers
removed and in which the effécts of added K and Mg were tested. Young
leaves sampled close to the apical meristems showed that giying K initially
increased the % Mg in their dry matter; this was the same interaction as
in the tubers, suggesting it was a sink characteristic. As the tubers .

formed, the interaction in the youngest leaves was reversed, added K

decreasing their % Mg - the interaction usually found in leaves.. This

patteln of behaviour was found whether or not the tubers were removed.
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Furthermore, movements of P and K from the shoot, as shown by the leaves,‘
were not much affected by removing the tubers. All these effects suggest
that the growfh of the plant-and the nutrient movements were.reguiatédvby_
séme kind of 'innate development programme' rather than simply by
competition.

The sum of the cation concentrations in the youngest leaves increased
sharply when the tubers started to form, méinly beéause that of Ca increased;
. but removing the tubers nearly prevented this increase and giving K delayed
it. The increase in the cation concentration sum has been associated with
senescence by other workers, and this accords with the observation that‘
removing the tubers prolonged the life of the plants by 50 days and giving
them K by 27 days. ’

Removing the tubers also lessened the water used by the plants, by
ten times more than the amount tha£ would have been contained in the tubers.

- Plants that had their tubers removed developed abnhormal growths from !:
2

their axillary buds. : A

A final experiment attempted to explain the‘effect of adding K on the
% Mg in sinks. Two kinds of effect were considered, (a) 'sequestrating
of Mg' by the éinks that was stimulated by added K,‘(b).a translocatory
effect, arising from the effect of adding K on the system that transports -
carbohydrate and nutrients to the tubers.

The tubers on a potato plant seem to grow at different rates or to
'take it in turns' to grow; this is shown by the way the amount and
cohcentrétion of 14C actiyity vary between the tubers of a plant exposed

14

to COZ' The 'sequestration' hypothesis implies that the most actively-

growing tubers would be stimulated by added K to acquire most Mg.
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This was tested by growing plants in uniform solutions until they
formed tubers. The plants were given extra K and/or extra Mg for 23 hours,
in solution or sprayed on the tops, while for the first 5 hours of this

14

period the tops were exposed to COz. Individual tubers were counted

for 1l’kC aétivity and analysed for water- soluble (hoped to be freshly-
acquired) K, Mg, and P.

The concentration ¢f water-soluble Mg was‘siightly increased By_giving
K or Mg, and varied’slightly between tubers on the same plant, but was not
related_to growth activity as measured by the concentration of 14@ activity.
Thus it lent ﬁo weight to the 'sequestration' hypothesis, and a suﬁsidiary
experiment, which showed that increasing the K+ concentration of a bathing 
solution did not stimulate discs §f potato tuber to absorb Mg, also gave
no support to the concept.

The concentration of water-soluble P in the tubers was also increased
by giving K or Mg and was in several plants related to the concentration
of 14C activity, probably because the most actively—gro&ing tubers had the
largest turnover of the energy-storing phosphate compounds involved in
starch éynthesis. That of water-soluble K did not vary eithgr‘between
tubers on the same-piant or between plants given the different treatments.

-All the treatments increased the quantity of 1'!’k(‘,‘--ac‘civity' in the tubefs,
.some substantially, but the treatment effects could not be asséssed
statistically, although when the extra nutrients were given in solution,
the quantity of 14C in the tubers wasivery Qell related to the quantity
of K in fhe stems (r2 = 0.98). |

It was concluded that the effect of adding K on the % Mg in the dry

matter of sinks probably arose from its effect on phloem transport.
N v
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The xylem and phloem elements in the stemé of potato plants are
‘arranged in vascular bundles, with xylem and phloem often separated by
only a few cells. This suggests that ions and other solutes may be
transferred from one to the other, implying that where, for example, K
increased the flux of an ion in the phloem it might decrease its flux in
the xylem. Such transference could explain the way in which giving K
caused the tubers to gain Mg and P at the exéense of supply to other parts.

To see what effects giving K should have dﬁ ion fluxes in the phloem,
. the phloem transport theories of Munch and Spanner were analysed théoretically
by the methods of steady-state thermodynamics, using‘Spiegler's frictional
formulation. The effects of varying the phloem K concenfration on the
potential differences across the sieve—piaté and lumen and thence on thé
concentrations.and velocities of other ions in the sieve-tubes were
calculated.

The behaviour of Mg in the plant seemed explicable by reference to
the effects predicted from Spanner's theory. That of P could likewise be
ekplained if it was assumed that P moves in the phloem mainly as adenosine
tri-phosphate. Ca did not behave‘like Mg probably because. it underwent
more complexing by organic constituents of the stem'celis.

A slightly revised approach to Spanner's theory was presented; this

seemed to account satisfactorily for the behaviour of K itself.
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APPENDIX I

Ion concentrations in the soil extract and the exuded sap

(Sée Chapter 3)

 added Concentrations (mM) of

mg/pot K ca’r Mgt  Na© Pol" : No;
Harvest 1 (28 days)
(a) In the soil extract
) 0.023 3.32 0.1k1 0.222 n.d. 4.87
20 - 0.022 3.58 0.119 0.142 n.d. 3.42
80 .0.135 4L.86 0.206 0.227 n.d. L.71
160 " 0.352 6.42 0.262 0.260 n.d. : 4.38
300 0.948 7.56 0.311 1 0.293 n.d. 2.70
500 1.874 7.6L 0.285 ©  0.233 . ned. 2.24
(b) In the exuded sap y
0 . 1.85 6.41 1. 10 0.L09 1.51 16.1
20 1.63 - k.92 0.89 0.28L4 S 14017 12.2
80 2.67 L.43 0.76 0.121 = 1.40 11.8
160 3.82 L.75 0.92 0:.374 1.75 14.1
300 - 5.55 3.74 0.94 0.156 1.85 - 11.8
500 6.28 2.81 - 0.93 0.317 2.02 9.9
Harvest 2 (44 days)
(a) In the soil extract
0 0.0085 1.34 0.046 0.091  0.027 _  0.00
. 20 0.014 2.4 0.080 0.12L4L 0.025 1.35 .
80 0.017 2.67 0.08%4 0.089 0.019 0.27
160 0.039 L.3L 0.136 0.12L4 0.017 0.33
300 0.606 7.61 - 0.228 0.199 0.016 0.32
500 1.613 10.08 - 0.284 0.245 0.015 0.23
(bj In the exuded sap
0 1.49 3.71 . 1.55 0.231 1.18 3.7
20 2.19 6.84 1.58 0.175 1.69 15.8
80 » 1.50 2.85 0.97 0.374 1.1k 2.9
160 1.86 2.31 0.79 0.430 - 0.89 bt
300 6.47 2.80 1.29 0.619 1.27 7.0
3.3

500 - 5.L5 2.29 1.22 0.521" 1.26
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APPENDIX I CONTINUED

K added Concentrations (mM) of

mg/pot i~ catt Mg++ Na© PO;~~

Harvest 3 (63 days)

(a) In the soil extract

o 0.016 6.6 0.178 0.223 0.011
20 0.0055 3.4 0.07L 0.091 0.012
80 0.013 6.7 0.1Ll 0.188 0.010

160 0.035 7.1 0.160 0.188 0.008

300 0.202 11.0 0.233 0.252 0.008

500 © 0.656 12.8 0.246 0.293 0.006
(b) In the exuded.sap

0 1.7k 7.90 2.25 0.20 1.63
20 O.4h1 9.83 1.40 C0.49 T 0.62
80 0.72 6.27 1.00 0.53 0.95

160 2.27 S 711 1.32 0.3h 0.82
300 - 5.57 6.20 o 1.22 0.90 1.23
500 L.17 5.14 1.08 0.64 0.73
Harvest 4 (80 days)
(a) In the soil extract

0 0.00%43 1.k 0.029 0.143 0.008
20 - 0.0047 ko3 0.032 0.125 0.007
80 0.0056 Je b 0.03%k 0.119 0.006

160 0.01L k.8 0.054 0.126 0.005

300 0.060 k.9 0.046 0.280 - 0.005

500 0. 244 5.9 0.102 0.279 0.003
(b) In the exuded sap

0 0.16 3.51 0.83 0.55 0.72
20 0.28 Le17 0.84 0.40 0.45
80 0.58 3.56 0.75 0.41 0.4k

160 0.66 5.58 1.27 1.25 0.65
300 0.58 3.96 0.78 0.99 0.90
0.75 0.97

500 0.84 53e12 0.83

}

Note Each figure is the mean of two replicates. _

' Correlations and regressions shown, in the text were calculated
using the replicates individually.

[\e}
W n o~ &

Y
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APPENDIX II

" Quantities and concentrations of nutrients in plant

parts, and qﬁantity of dry matter

(See Chapter 4)

K added Harvest
mg/pot 28 days Ll days . 63 days 80 days -
Quantities in m-equiv/pot
(a) Leaves
o} ( 0.36 0.4L6 0.38 0.19
20 ( 0.51 0.5k 0.36 0.24
80 K ( 0.66 0.89 0.69 ' 0.43
160 ( 0.89 1.18 1.29 ' 0.62
300 ( 1.18 1.5 - 1.77 . . 1.38
500 ( 1. 40 1.54 : 2.11 0 1.73
0 ( 1.38 2.23 3,40 L.20
20 ( 1.32 . 1.73 3.75 4,19
80 c ( 1.07 2.07 . 2.93 . o L.ba
160 A 0.91 1.67 2.83 2.96
300 ( 1.15 1.23 : 2.54 2.86
500 { 0.98 1.00 1.39 1.81
0 ( 0.24 T 0.59 0.60 - 0.69
20 ( 0.28 0.37 0.68 0.61
80 M ( 0.20 0.51 0.68 0.59
160 9 ¢ 0.20 S 0.42 : 0.5k 0. 42
300 o« 0.24 0.34 0.39 - 0.29
500 ( 0.23 0.30 0.42 ' 0.31
o) ( 0.13 0.15 0.16 0.11
20 ( 0.15 0.15 : 0.11 . 0.11
80 p 0.1k 0.18 - 0.16 . 0.11
160 ( 0.15 0.17 0.22 0.10
300 ( 0.17 0.19 0.20 , 0.11
500 ( 0.16 0.19 0.20 - 0.12
o} ( 2.19- 2.82 3.34 2.60
20 ( 2.58 2.63 3.36 2.87
80 N ( 1.61 ©3.33 3.57 2.73
160 (  2.58 3.4k k.56 2.55
300 ( 3.08 3.26 3.87 330
500 ( 2.98 : 3.21, 4.08 . 3.47
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APPENDIX II CONTINUED

K added Harvest
mg/pot 28 days 44 days 63 days 80 days
Quantities in m-equiv/pot

{a) Leaves continued

0 ( 0.59 1.3 1.3 1.3
20 ( 0.71 1.0 1.5 1.5
80 D.M ( 0.60 1.5 1.7 1.6

160 (')’ ( 0.67 1.5 2.2 1.6

300 97 0.82 1.8 2.1 1.9

500 ( 0.82 1.6 2,2 . 1.8
(b) Stem (soluble fraction)

0 ( 0.3L 0.48 0.29 0.07
20 _ ( 0.48 0.54 0.25 0.10
80 K ( 0.51 1.15 , 073 0.12

160 ( 0.73 1.56 1.74 - 0.34
300 ( 0.91 2.10 1.79 0.93
500 ( 0.99 2.07 2.36 1.67

o ( 0.23 0.39 | 0.42 0.37
20 { 0.26 0.32 ' 0.Ll 0.46
80 Ca ( 0.10 0.27 0.38 ' 0.51

160 ( 0.08 0.12 ' 0.28 0.71
300 ( 0.05 0.09 0.18 , - 0.58
500 ( 0.03 0.07 0.10 0.13

0 ( 0.08 0.28 0.30 0.27
20 ( 0.10 0.22 0.29 0.37
80 M ( - 0.05 0.22 0.22 0.35

160 N ( 0.05 0.15 0.22 0.23
300 ( 0.06 0.18 0.16 0.17
500 ( 0.0L 0.17 _ 0.13 0.06

o} ( 0.031 0.088 0.054 0.031
20 (  0.039 0.086 0.038 0.036
80 p ( 0.033 0.137 0.071 0.028

160 ( 0.038 0.138 0.153 0.034
300 - ( 0.0L48 0.191 0.093 0.036
500 | 0.04L2 . 0.18L4 0.119 0.036
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APPENDIX II CONTINUED

K added Harvest

mg/pot

28 days Ll days - 63 days 80 days
Quantities in m-equiv/pot

(¢) Stem (insoluble fraction)

0 ( 0.024 0.041 0.03%4 0.011
20 (  0.047 0.063 0.045 0.064
8o K ( 0.049 0.172 L 0.094 0.014

160 ( 0.094 0.340 0.363 0.150
300 ( 0.121 0.381 0.293 ‘ 0.103
500 ( 0.116 0.426 0.743 . 0.211

o} ( 0.4l 1.09 - 1.02 ' 0.93

20 ( 0.63 0.86 1.38 1.29
80 c ( 0.6 - 1.31 1.54 1.27
160 N 0.52 1.22 1.8 - 1.71
300 ( 0.50 1.04 1.33 " 1.55
500 ( 0.47 1.00 . o 1.37 1.36

0 ( . 0.020 0.106 0.113 0.099
20 { 0.034 0.089 O.145 0.139
80 M ( 0.023 0.132 0.139 0.137

160 9( o.032 0. 143 0.152 0.120
300 ( 0.04L2 0.132 0.127 0.078
500 ( 0.038 0.151 0.141 0.077

0 ( 0.017 0.041 0.034 0.019
20 ( 0.021 : 0.041 0.041 0.025
80 p ( 0.014 0.066 0.053 0.021

160 ( 0.020 0.067 _ 0.087 0.032
300 { 0.019 0.065 . 0.032 0.028
500 ( 0.015 0.072 0.076 0.022

[o) ( 0.25 1.2 1.0 0.8
20 ( Okl 1.0 1.4 1.2
80 D.M. ( 0.27 1.8 1.9 1.1

160 (g) «( 0.33 1.9 2.6 1.5 -
300 ( 0.36 ' 1.9 1.8 1.5
500 ( 0.32 2.0 2.8 1.8
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APPENDIX II CONTINUED

K added Harvest
mg/pot 28 days L4 days 63 days 80 days Final
Quantities in m-equiv/pot
(d) Roots
0 ( 0.16 0.30 0.23 0.11 0.02
20 ( 0.22 0.28 0.17 0.16 0.01
80 - ( 0.21 0.47 0.20 . 0.12 0.02
160 ( 0.26 0.42 0. L 0.18 0.01
300 ( 0.2L 0.540 0.60 0.1 0.04
500 ( 0.34 0.61 0.39 0.46 0.03"
0 ( 0.60 0.96 1.44 1.57 0.254
20 ( 0.63 0.72 1.25 1.38 0.37
80 Ca'( 0.52 1.33 1.15 1. 47 0.46
160 ( 0.42 1.04L 1.24 ~1.30 0.51
300 ( 0.39 0.70 1.46 0.91 0.43
500 ( 0.52 0.80 1.17 1.64 0.27
0 ( 0.08 0.19 0.18 0.14 0.02
20 ( 0.13 0.18 0.18 0.17 0.02
80 M ( 0.10 0.29 0.19 0.17 © 0.02
160 9 0.08 0.22 0.30 0.17 0.03
300 ( 0.09 0.21 0.26 0.18 0.01
500 ( . 0.11 0.25 0.21 0.26 0.02
0 ( 0.031 0.091 0.079 0.050 0.015
20 ( 0.055 0.083 0.055 0.047 0.010
80 P ( 0.042 0.087 0.066 0.033 0.012
160 ( 0.027 0.060 0.064 0.041 0.014
300 ( 0.034 0.049 0.079 0.022 0.011
500 ( 0.041 0.101 0.087 0.079 0.008
0 ( 0.41 1.07 1.04 1.00 0.19
20 ( 0.60 0.69 1.01 1.17 0.23
80 D.M. ( 0.80 1.13 0.93 1.01 0.31
160 (g) ( 0.83 0.92 1.22 0.95. 0.29
300 ( 0.51 0.63 1.26 0.95 0.33
500 ( 0.85 0.77 1.11 0.19
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APPENDIX II CONTINUED

K added Harvest
mg/pot 63 days 80 days Final
Quantities in me~equiv/pot
(e) Tubers
0] ( 0.63 1.31 1.38
20 ( 1.26 1.51 2.02
80 - ( 1.36 1.98 2.36
160 ( 0.55 3.50 L.06
300 ( 1.46 L.62 ' 5.3%4
500 ( 2.19 5.34 6.01
0 ( 0.22 0.33 0.24
20 ( 0.39 0.28 0.51
80 ca ( 0.31 0.34 0.37
" 160 (- 0.13 © 0.35 0. 48
300 ( 0.23 0.34 . 0.61
500 ( 0.23 " 0.35 0.41
o] ( 0.10 0.26 0.22
20 ( 0.20 0.27 0.37
80 M ( 0.19 0.31 0.48
160 ¢ 0.08 0.58 . 0.67
300 ( 0.21 0.66 0.85
- 500 ( 0.29 0.69 0.86
0 ( 0.15 0.38 0.40
20 ( 0.22 0.39 0.50
80 P ( 0.27 0.42 . 0.5L4
160 ( 0.10 0.53 0.65
300 ( 0.20 0.6%L 0.64
500 o - 0.28 0.59 0.65
0] ( 1.57 4.56 5431
20 ( 2.89 . L.06 6.01
80 N ( 2.60 5.19 . 6.83
160 ( 1.14 6.10 ' 7+35
300 ( 2.10 5.02 7.38
- 500 ( 2.87. . 5.3L4 7.52
0] ( 1.9 4.8 L.6
20 ( 4.0 5.5 6.3
80 D.M. ( 3.k 8.4 7.8
160 (g) ( 0.9 8.8 9.4
300 . ( 2.5 8.1 9.7
500 ( 3.5 8.4 10.1

Final harvest

(f)

Dead Tops -

0.09
0.14
0.18
0.59
1.22
2.24

5.63
6.14
7.58
5.79
5.51
3.96

1.08
1.08
1.15
0.64
0.546

0.11.
0.10
0.11
0.06
0.04
0.06

" n.d.

Ned.
n.de.
ned.
Ne.de
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APPENDIX II CONTINUED

Harvest

K added
mg/pot

L4 days 63 days 80 days

28 days

as % of dry matter

Concentrations

‘Leaves

(a)

,b,b 1.4n0n(
O 0414¢2 P

2963/.17.
101233

L‘Z ?,1.4n(
1 2 2 ?,?,3

30 ~F O -
o e s e s s
[SVRN VRS U T e W)

Nt Nt e N et et
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160
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756700
655332
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s 0 s & s s
n~F o g

N F 0 oI
« 3 v e 8 0
aNATA N R o B o

o o
FoAand o

Nt Nt N S e S

20

80
160
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500

7

O

0.49
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- 0.32
0.18
0.20

O.
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80
160
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A I o\ I o\ I o B o B oV
« 8 & 0 & P
[eNoNeoReReNe]
W ened v Oy I
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[ Y I R I
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R N T Y

80
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APPENDIX II CONTINUED

.

K addéd Harvest
mg/pot 28 days Ll days 63 days 80 days
Concentrations
(b)  Stem (soluble fraction) mM in stem water
0 ( 73 50 37 - 8
20 ( 78 70 21 .9
80 ¢ 111 _ 95 50 10
160 ( 126 o113 113 22
300 ( 144 163 131 62
500 ( 147 160 134 - 97
o ( 49 L2 52 L6
" 20 ( Lo 39 36 43
80 c { 21 22 : -27 L6
- 160 & 15 9 19 - L8
300 ( 8 : 7 : 13 39
500 ( 5 5 , 6 7
0 - ( 17 30 35 33
2 ( 17 28 24 35
80 M ( 10 18 15 32
160 9 ¢ 8 . 11 14 15
300 (. 9 14 : . 12 11
500 ( 6 14 7 L
0 ( 6.6 9.3 6.9 3.8 |
20 ( 6.3 10.9 3.1 A
80 p ¢ 7.0 11.3 L.8 2.5
160 ( 6.8 - 9.8 9.9 2.2
300 ( 7.8 1L.7 6.8 2.4
500 ( 6.1 14.3 6.8 2.1
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K added Harvest

mg/pot 28 days kL days 63 days 80 days

Concentrations as % of dry matter

(c) Stem (insoluble fraction)

0.38 0.1L 0.13 0.05

0 (
20 ( 0.45 0.25 0.12 0.20
80 K ( 0.75 0.36 0.20 0.05
160 ( 1.19 0.66 0.56 0.47
300 ( 1.29 0.77 0.63 : 0.27
500 - (  1.43 0.79 1.02 0.50
0 ( 3.6 1.9 2.0 2.2
20 ( 3.1 1.7 2.0 2.1
80 Cca ( 3.4 1.5 1.7 2.2
160 ( 3.7 1.4 1.2 2.4
300 ( 2.8 1.1 1.5 2.0
500 ( 3.0 1.1 1.0 1.6
0 ( 0.10 0.11 0.13 0.14
20 ( o0.10 0.11 0.12 0.14
80 M ( 0.11 0.09 0.09 0.14
. 160 S 0.1k 0.10 0.07 0.10
300 (  0.14 0.08 0.09 0.06
500 ( 0.15 0.10 0.06 0.05
0 (  0.21 0.11 0.10 0.07
20 ( 0.16 0.12 0.09 0.06
- 80 p ( 0.16 0.11 0.10 0.06
160 ( 0.25 0.11 0.11 0.07
300 (  0.17 0.11 0.06 0.06
500 ( 0.15 0.11 0.08 0.0L



K added Harvest
mg/pot 28 days Ll days 63 days 80 days "Final
Concentrations as % of dry matter
{d) Roots
0 ( 1.96 1.16 0.97 0.4k - 0.48
20 ( 1.83 1.61 0.69 0.51 . 0.22
80 " ( 2.19 1.66 0.85 0.48 - 0.22
160 ( 2.63 1.76 1.60 0.70 0.21
300 ( 3.08 T 2.52 1.91 0.78 0.53 "
500 ( 2.92 2.84 2.02 1.62 0.57
0 (3.9 1.9 3.1 3.3 2.6
20 ( 2.7 2.1 2.6 3.0 3.6 -
80 ca ( 2.1 2.4 2.6 3.3 3.1
160 ( 2.6 2.3 2.3 3.2 3.8
300 ( 2.3 2.2 2.4 3e Lt 2.7
500 ( 2.3 1.9 3.1 3.8 3.0
0 ( 0.32 0.23 0.24 0.19 0.15
20 ( 0.35 0.32 0.23 0.24 0.13
80 "M ( 0.31 0.32 0.26 0.24 0.09
160 9 ( 0.30 0.29 0.3k 0.25 0.12
300 ( 0.37 0.42 0.25 0.41 0.16
500 { 0.29 0.36 0.35 0.32 0.11
0 ( 0.31 0.28 - 0.26 0.16 0.26
20 ( 0.37 0.38 0.18 0.13 0.15
80. D ( 0.39 0.24 0.23 0.10 0.13
160 ( 0.27 0.20 0.19 0.14 0.18
300 ( 0.37 0.26 0.20 0.13 0.11
(

500
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0.27 0.37 0.19 0.26 0.12
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APPENDIX II CONTINUED

Harvest

63 days 80 days Final

Concentrations as % of dry matter

(e)

20
80
160
300
500

20
80
160
300
500

Ca

PN SN N N SN N

20
80
160
300
500

Mg

PN AN AN N S S

20
80
160
300
500

20
80
160
300
500

PN SN N N S S

20
80 %
160 D.M.
300

500

e I e )

PN TN SN S N S

NN SN N S S

Tubers
1.56 1.06 1.18
1.22 1.08 "1.25
1.57 0.94 1.18
2.37 1.54 1.68
- 2445 2.23 2.16
2. 46 2.48 2.33
0.28 0.1k : 0.13
0.20 0.10 0.16
0.19 0.08 0.09
0.29 0.08 _ 0.10
0.20 0.09 -~ 0.13
0.14 0.08 0.08
0.079 0.066 0.073
0.061 0.059 0.072
0.069 0.046 0.07L4
0.104 0.080 0.087
0.110 0.099 0.108
0.103 0.100 0. 104
0.32 0.24 0.27
0.18 0.22 0.25
0.25 0.16 0.21
0.3L4 0.18 0.21
0.28 0.25 0.21
0.25 ' 0.22 0.20
1.19 1.33 1.65
1.02 1.04 1.33
1.09 0.88 1.22
1.75 0.97 " 1.09
1.18 . 0.87 1.07
1.18 0.88 1.04
13.8 19.2 16.2
19.1 20.8 19.0
19.1 23.6 20.3
12.8 22.7 21.0
14.9 20.7 19.5
17.7 19.2 18. 4

Final harvest

(£)

Dead Tops

0.16

- 0.22

0.22
0.98
1.5k
2.76

D W e\
. « o e

.

O0.0000 r
o WU O i Yoo~ D\
W ool Ww

[ole]

gy
w

0.11
0.07
0.04
0.06

Neda
Ned.
Nede
n.d.

Nede -

n.dl
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9

Regressions quoted in Chapter 4

All are calculated with the replicates separated, giving 12 points.
x is always the quantity of K added in m~equiv/pot.

y is the variate quoted.

Variates from the 80-day harvest

Quantity of K in leaves (m-equiv/pot)

y = 0.180 + 0.125x 3 r2 = 0.94

Quantity of K in stem dry matter (m-equiv/pot)
2

y = 0.032 + 0.01kx 5 0 = 0.31
Quantity of K in roots (m-equiv/pot)

y = 0.096 + 0.023x 5 22 . ok
Quantity of K in tubers (m-equiv/pot)

y = 1.500 + 0.315x : r2 = 0.88
Total K uptake (m-equiv/pot)

y = 1.768 + 0.610x , ; rz = 0.98
Quantity of Ca in leaves (m-equiy/pot)

¥y = 3.833 - 0.165x% 3 r2 = 0.38
Quantity of MQ in tubers (m-equiv/pot)

y = 0.290 + 0.036x 3 r2 = 0.75
Quantity of P in tubers (m-equiv/pot)

v .= 0.396 + 0.0l?g 3 r2 = 0.76
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from other harvests

Quantity
Yy o=
Total Ca
y =

Quantity

"

y ‘

Nutrient

of Ca in leaves (k4 days) (m-equiv/pot)

2.052 - 0.088x . r2 = 0.7k
in plant (4L days) (m-equiv/pot)
4.795 - 0.167x i r° = 0.81

of Mg in leaves (44 days) (m-equiv/pot)

2

0.498 - 0.017x s ro = 0.L6

movements

Gain of Ca by leaves, 44-80 days (m-equiv/pot)

2

¥y = 2.242 - 0.110x s ¥ o= 0.72
' Loss of P by soluble stem fraction, 44-80 days (m-equiv/pot)
. 5 .

y = 0.068 + 0.0079x s r = 0.76
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Quantities and concentrations of nutrients in plant parts,

second experiment

(See Chapter 5)

Mg added (mg/pot)

K added
(g/pot) 0 120(s)  120(L) 300(S) 300(L) = Mean
Quantities
(a) Leaves K, Mg, Ca and P in m-equiv/pot
0 ( 0.87 0.87 0.95 0.54  0.75 ©0.80
1 ( 4,80 L.26 2.25 2.29 2.62. - 3.24
2.5 K ( 9.10 7.33 7.56 5.91 5.98 7.18
( » . .
Mean ( L.92 L. 15 3.59 2.91 3.12 374
S.E.'s* Column mean 0.56  Row mean d.hB
Within table 0.97 :
0 ( 0.96 3.15 2.72 L.76  5.05 3.33
1 ( 0.51 1.69 2.79 3.02 5.83 2.77
2.5 Mg (- - 0.39 0.84 1.97 1.02 600 2.13
- | : _ ' : :
Mean ( 0.62 ° 1.89 2.49 2.93 5.77 2.7k
S.E.'s Column mean 0.17 Row mean 0.13
Within table, 0.30
0 ( 14.0 17.1 15.6 11.9 “12.0 14.1
1 ( 8.9 13.5 8.6 12.2 7.6 10.1
2.5 Ca ( L.8 5.4 L.5 L.3 L.3 L.6
o - :
Mean (9.2 12.0 9.5 9.5 8.0 9.6
S.E.'s Coiumn mean 0.79 Row mean 0.61
Within table 1.37
o) ( 0.39 0.55 O.hl 0.42 0.44 0.45
1 ( 0.40 0.46 . 0.22. 0.34 0.32 0.35
2.5 P ( 0.61 0.33 0.36 0.30 0.36 0.39
(
* Mean ( 0.4y 0.L5 0.34 0.35 0.37 0.40

S.E.'s Column me;n 0.040 Row mean 0.031
Within table 0.069

* There were 26 degrees of freedom throughout this Appendix
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Mg added (mg/pot)

Stems

0.50
1.90
10. 16
419

S.E.'s

0.68
0.16
0.24
0.36

S.E.'s

0. 41
0.23
0.37
0.34

S.E.'s

120(8S)

120(L)

300(S)

300(L)

K, Mg, Ca and P in m-equiv/pot

2.51

Column
Within

1.02

Column
Within

Column
Within

0.L2
0.42
0.20

0.34

Column
Within

mean 0.27
table 0.47

mean 0.077 Row mean 0.060

0.18
0.62
5.4k

2.08

0.52"
3.08
6.04

3.21

Row mean 0.21

table 0.134

10.3

mean 0.62
table 1.07

0.34

mean 0.0028 Row mean 0.022

table C.049

0.45
0.23
0.27

0.32

1. 14
0.85
0.47 .

0.82

Mean
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Mean
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Mean
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Mg

added (mg/pot)

TN N N~

120(8)

K, Mg,

0.26
0.36
0.98

0.53
Column

Within

0.63
0.63
0.49

0.58
Column
Within
50
5e
L

U~ W

5.1
Column

Within

0.15
0.11
0.08
0.11

Column

. Within

120(L)  300(S)

300(L)

Ca and P in m-equiv/pot

0.16
0.46
0.85

0049
mean 0.079

table 0.136

0.20
0.37

0.23
0.27

mean 0.0L49
table 0.084L

Ul ~3 W
w o~

5.3
mean 0.61

table 1.05

0.12
0.10
0.08

0,10

" O.1h

0.31
1.43

0.62

Row mean

Row mean

(a3 v
L]
W\l

k.9

Row mean

0.26
0.89
0.87

0.67

0.061

0.12
0.16
0.07

0.12

mean 0.016 Row mean 0.013

table 0.028

Mean-’

0.25 B
0.46
1.04

0.37
0.53
0.49

0.46 "

0.15
0.11
0.10
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Mg added (mg/pot)

K added
(g/pot) 0 120(8) 120(L)  300(S8)  300(L) Mean -
Quantities
(d) Tubers K, Mg, Ca and P in m-equiv/pot
0 ( 11.1 10.6 9.1 9.6 10.0 10.1
1 { 21.0 22.2 25.2 27.1 24.5 24.0
" 2.5 K ( 20.9 32.7 30.0 35.2 30.4 - 29.9
( _
Mean ( 17.7 .21.8 21.5 24.0 21.6 . 21.3
S.E.'s Column mean 1.08 Row mean 0.84
Within table 1.88
o { 1.34 1.47 1.33 - 1.58 1.25 1.39
1 { 2.22 3.04 2.87 L.08  2.92 3.03
2.5 Mg ( 2.00 L.01 2.9] Lo2h 3.33 330
(
Mean ( 1.85 2.84 2. 37 3.30 2.50 2.57
" S.E.'s Column mean 0.12 Row mean O.09
Within table 0.2}
0 ( 1.80 1.24 '1.88 1.54 1.65 1.63
1 (  1.61 1.39 1.46 2.17 2.10 1.75
2.5 Ca ( . 1.36 1. 46 1.51 1.76 1,22 1.46
(
Mean { 1.59 1.37 1.62 1.82 . 1.66 - 1.61
S.E.'s Column mean 0.19 Row mean 0.15 -
‘ Within table 0.33
0 (  3.12 2.98 2.80 °  2.65 2.76 ' 2.86 .
1 ( L.,06 L.23 L.51 4L.79 4.57 LoL3
2.5 P (- 3.43 4L.86 4L.15 L.96 4,25 4L.33
- Mean ( 3.54 L.02 3.82 L.13 3.86 3.88

S.E.'s Column mean 0.15 Row mean 0.12
Within table 0.27
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Mg

added {(mg/pot)

PN N S N~

120(S)

Column
Within

0.51
0.21
0.15

120(L)

300(8)

300(L)

Mg, % Ca, % P in dry matter

mean 0.28
table 0.48

0.50
0.53
0.37

0.47

mean 0.021

table 0.037

(R
w N O

2.9
mean 0.18

table O.32

0.21
0.11
0.16

0.16

" 0.34

1.16
3.4k

1.65

Row mean

Row mean

i
w o

[\
.
[es}

Row mean

0.21
0.14
0.14

0.16

0.45
1.63
3. 41
1.83

0.21

" 0.22

0.16
0.16

0.18

mean 0.015 Row mean 0.011

table 0.025

Mean

0.63
0.38

0.50
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Mg added (mg/pot)

K added
(g/pof) 0 120(s)  120(L)  300(S)  300(L) Mean
Concentrations
(b) Stems % K, % Mg, % Ca, % P in dry matter
o ( 0.28 0.25 0.35 0.12 0.31 0.26
1 { 1.05 0.48 0.69 0.32 1.38 0.78
2.5 K ( 4.80 2.76 3.25 2.17 3.43 3.28
( .
Mean ( 2.04 1.16 1.43 0.87 1.71 1.44
S.E.'s Column mean 0.13 Row mean 0.10
Within table 0.23
o) ( 0.14 0.21 0.17 - 0.50 0.26 0.26
1 { 0.03 0.17 0.06 0.49 0.12 . 0.17
2.5 Mg ( 0.04 0.05 . 0.06 0.09 0.08 0.06
(
Mean { o.o7 0.14 0.10 0.36 0.15 0.16
S.E.'s Column mean 0.027 Row mean 0.021
. Within table 0.047
0 ( 2.2 2.4 3.1 2.1 2.1 2.4
1 ( 2.4 2.0 2.5 1.9 2.5 2.3
2.5 Ca ( 2.1 1.7 2.4 1.5 2.2 2.0
( . _
‘Mean ( 2.2 2.0 2.7 1.8 2.2 . 2.2
S.E.'s Column mean 0.14 Row mean 0.12
“Within table 0.25 ‘
0 ( o0.20 0.20 = 0.23 0.24 0.18 0.21
1 ( o0.10 0.10 0.09 0.10 0.11 0.10
2.5 P ( 0.14 " 0.08 0.09 0.09 0.09 0.10
(
Mean ( 0.14 0.13 0.14 O. 1L 0.13 O.14

S.E.'s Column mean 0.01C Row mean C.007
Within table 0.017
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Mean
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Mean
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Mg

added (mg/pot)

e e T e W

Roots

0.55
0. 49
1.54
0.86

S.E.'s

0.27
0.10
0.13
0.17

S.E.'s

120(8)

Column
Within

0.16
0.12
0.08

0.12

Column
Within

120(L)

Mg, % Ca, % P in dry matter

0.74L
mean 0.062
table 0.107

0.12
0.14
0.12

0.13

mean O.1L
table 0.25

.4:‘:1.\\»
Lo g~ 0

mean 0.20
table Q.34

0.18
0.10
0.11

0.13

300(s)

0.31
0.45
1.32
0.69

Row mean

Row mean

N W
O O

3.5

Row mean

0.16
0.10
0.11

0.12

300(L)

0.17
0.12
0.09

0.13

mean 0.011  Row mean 0.009

table 0.019

3

Mean

W -
4
W W Ul

0.19
O.11
0.10

0.13
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Mg

added (mg/pot)

0

Tubers

1.59
2.18
J.12
2.30

S.E.'s

0.060
0.072
0.093
0.075

S.E.'s

0.14
0.09
0.10
0.11

S.E.'s

120(8)

120(L) 300(8) . 3bo(L)

% K, % Mg, % Ca, % P in dry matter

1.41

1.71
2.54

1.88

Column
Within

0.061
0.073
0.097

0.077
Column

Within

0.09
0.05
0.06

0.07 .

Column
Within

Column
Within

1.45  1.54 1.55
1.99 1.8%4 2.13
2.69 2.48 2.75

mean O.O0LL Row mean 0.034
table 0.076

‘0.665 . 0.078 0.061
0.070 0.086 0.078
0.08% 0.092 0.094

0.072  0.086 0.078

mean 0.00%3 Row mean 0.00.i0

table 0.002i

0.15 0.13 0.13

0.06 0.08 0.09
" 0.07 ° 0.06 0.06
0.09 0;09 0.09

mean 0.011 Row mean 0.008
table 0.019

0.28 0.26 0.31
0.30 0.28 0.31
0.31 0.29 0.32

mean 0.009 Row mean 0.007
table 0.016

‘Mean

0.13

- 0.07

0.07
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APPENDIX IV

(See Chapter 6)

Nutrient concentrations in young leaves

Intact plants

Tuberless plants -

0]

K.

0]

K

First sampling (32 days) % K, % Mg, % Ca, % P in leaflet dry matter

Second sampling (42 days)

TRE
s { S187
Kea (o0
%P Qlros

S.E.'s* % K 0.128, % Mg 0.0082,
% Ca 0.026L4, % P 0.0240

( 2.31
RE( 2s
0.286
% Mg E 0.290
( 0.385
%Ca (4421
. 0.802
P o717

*

S.E.'s* % K 0.076, % Mg 0.0138,
% Ca 0.030L, % P 0.0190

‘0.263

.

L4.12
L.02
0.310

0.291
0.260

0.768
0.869

3.06

- 2.97

0.298

0.306 °

0.196
0.177

0.801
0.770

0.150.

0.188

0.294
0.317

0.709
0.746

% K, % Mg, % Ca, % P in leaflet dry

0.275
0.258

0. 402
0.315

0.7L48
0.774

There were 13 degrees of freedom

L5k
3.70

0.256
0.281

0.290

T 0.256

0.872
0.721

matter

© 2.91

2.91

0.277
0-314

0.210
0.225

0.783
0.778
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Intact plants Tuberless plants

0 : K 0 K

Third sampling (57 days) % K, % Mg, % Ca, % P in leaflet dry matter

0 % K (  1.47 3.63 . 1.71 3.15

T Mg o0 1.46 3.36 1.78 . 3.16
0 % M (. 0.452 0.387 0.363 ' 0.270
Mg 9 (¢ 0.601 0. 40Ok 0.378 . 0.35k
0 % ca ( 1.372 0.625 0.935 0.234
Mg ( 1.424 © 0.413 0.848 0.417 -
0 % p 0.566 0.489 0.648  0.588
Mg , 0.519 0.456 . 0.637 0.552

S.E.'s* % K 0.139, % Mg 0.0278
% Ca 0.0956, % P 0.0292

Fourth sampling (74 days) % K, % Mg, % Ca, % P in leaflet dry matter

0 g x ( 0.66 3.67 0.92 © 2.6k
Mg : ( 0.68 3.62 , 1.04 2.81
0 % M ( 0.479 0.316 0.307 0.182
Mg 9 ¢ 0.814 0. 340 0. 406 0.226
0 ( 2.65 1.35 1.34 0.46
Mg BCa i1 0.98 1.53 . 0.55
0 % p (  0.355 0. 423 | 0.327 0.316
Mg ( 0.L443 0.385 0.429 0.312

S.E.'s* % K 0.139, = % Mg 0.0458
% Ca 0.185 % P 0.0226

* There were 13 degrees of freedom
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Intact plants Tuberless plants

0 K ' 0 _ K

Quantities of nutrients in dead stems (m-equiv/pot)

0 K ( 0.72 12.11 2.68 29.07
Mg T 0.63 12.66 2.13 27.75
0 M ( 3.43 1.86 - 4.03 L.79.
Mg 9 8.99 3.02 6.75 6.61
0 ' ca ( 12.0 16.0 14.0 18.6

Mg ( 15.9 11.9 12.0 - 17.8

0 p ( 0.85 0.67 1.90 3490
Mg ( -1.545 0.66 . 1.62 3 bk

S.E.'s* K 1.64, Mg 0.84
Ca 2.14, P 0.32

Weight of dry stems (g)

o) 9.4 1L.6 16.9 - 32.3

S.E.* 2.14

Life span of the plants (days)

0 Days to tuber ( 43.7 L3 43.0 h5ed -
Mg formation ( 42.3 L4 .3 43,7 - k2.3
o] ' Total ( 87 117 139 165

Mg life ( 93 110 132 169

S.E.*¥ Time to tuber formation 1.20
Total time 5.6

* There were 13 degrees of freedom
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Intact plants . Tuberless planté

0 K 0 . K

Water uptakes by the plants (litres)

o Up to ( L.62 5.26 k.71 3.92
. Mg L5 days ( L.31 4.98 3.92 5.01
0 L4k to  (  5.19 8. 41 3.13 7.16
Mg 81 days (- 5.16 8. 46 3.70 6.13

S.E.'s* 0.36, 0.34

Note Ll days was the start of tuber formafion, 81 days marked the
death of the first plant. Water use after 81 days depended
mainly on the longevity of the plants and is not recorded.

* There were 13 degrees of freedom
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Nutrient concentrations in normal and cut tubers

0 K
Normal tubers
0 ( 1.43 _ 2.18
Mg ® K ( o0.94 - 2.28
0 (  0.080 0.095
Mg Mg 5060 : 0.110
0 0 (  0.039 0;036
Mg % Ca (  0.042 0.031
o gp ( 0.375 0.389
Mg (  o0.322 , 0.399
S.E.'s * % K 0.248, % Mg 0.0083
% Ca 0.0047, % P 0.0183
Cut tubers
o ( 1.92 - 3.22
0 ( 0.111 " 0.138
Mg ®Mg ( 5li1o . 0.156
0 ( 0.065 0.072
Mg % Ca (  0.065 0.067
0 % p (  0.595 0.609
Mg (  0.565 - 0.614

S.E.'s*t % K 0.090, % Mg 0.0035'
% Ca 0.0048 % P 0.0125

There were 6 degrees of freedom

" " 5 n n ooomn
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Weights and mean concentrations of 14C activity. and water-

soluble K, Mg and P in individual tubers

(See Chapter 7)

" All concentrations are per g of tuber fresh weight .

Fresh i Conc of
weight TTC activit
g cpm/g x 10~
73 day Harvest
Control 65.7 - 0.00(0) .
52.6 0.43
53.1 1.17
h3.1 0.32
- 36.8 . 0.39
2L.2 0.53
11.1 , 0.78 _
L.7 0.96 ‘
Extra K 77.5 0.96
38.0 0.55
39.1 - 1.01
31.5 1.16
18.3 ‘ 1.25
14.2 ' 1.24
12.3 0.76
12.2 . 1.80
L.7 2.29
9.7% ’ (0.82)
Extra Mg 773 2.10
35.8 1 0.65
28.6 1277
27.9 ‘ 0.41
8.5 . 1.22
7.6 0.03
L.8 2.31

* Collection of small tubers

u—eQuiv/g of water-sol.
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Fresh _ Conc of p-equiv/g of water-sol.
. 14 R : _

weight C activity
g cpm/g x 10-5 K Mg P

73 day Harvest continued

Extra K+Mg 45.9 " 0.99 .. 57 6.8 -10.8
L3.5 - 0.69 54 6.4 11.1

38.7 © 0.30 54 6.7 10.7

25.8 0.18 53 6.7 11.1

16.1 0.64 56 6.5 11.8

14.0 . 2.94 55 8.0 14.8

12.4 2.33 53 6.4 14.2

12.0 0.85 51 6.0 13.9

L, 3* . (2.98) (58) - (10.0) (19.6)

87 day Harvest

Control 87.6 0.61 - 54 L7 8.0
68.7 0.65 55 . 6.5 6.9

63.9 0.18 54 4.8 © 8.5

29.5 0.68 54 L.8 9.0

27.9 0.60 48 L.O . 8.6

5.4 0.85 57 5.3 9.8

L2 0.97 50 k.7 8.5

2.5 1.27 ' 51 5.9 8.7

Extra K 83.1 0.98 56 6.3 7.9
57.5 . 0.72 52 5.7 10.1

50.8 1.29 52 5.6 11.5

50.1 - 2.38 - 51 5.4 12.2

21.7 0.46 L7 Lok 9.8

13.9 0.00(1) 59 4.9 - 8.9

11.1 » 1.84 52 6.7 11.2

2.6 0.00(2) 60 5.6 7.3

2.5 0.00(1) 55 5.9 7.6

1.1% (0.02) (38) (7.0) (2.4)

* Collection of small tubers
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Fresh 14Conc of p-equiv/g of water-sol.
weight C activity

g cpm/g x 10-5 K Mg P

87 day Harvest continued

11.0

Extra Mg 84.6 ’ 1.07 ) 54 7.2
: 50.2 0.00(1) 54 7.5 10,4~
36.0 ‘ 1.25 51 6.8 11.2
26.6 1.07 59 7.1 13.0
14.3 0.00(1) " 53 . 6.6 11.4
13.5 0.31 65 8.0 11.8
11.0 . 1.22 59 8.4 13.8
10.6 - 0.91 , : 50 6.8 13.2
9.9 0.59 68 8.6 12.0
8.9 0.09 ; 56 6.4 11.5 -
7.0 0.47 ‘ .55 6.6 12.1
4.3 0.00(1) . 52 9.5 10.4
7. 3% (0.00(1)) - (59) (9.5) (12.2)
Extra K+Mg 82.0 0.65 _ 51 6.3 10.9
56.8 1.75 49 5.6 11.7
40.2 0.31 63 6.4 11.1
28.6 " 0.18 67 7.3 - 12.5
26.0 0.69 50 6.9 12.4
16.0 0.11 .55 7.1 12.9
9.3 0.89 61 7.3 13.2
7.0 0.02 55 6.9 11.8
5.6 0.25 , 66 7.1 11.6
5.4 0.01 57 - 6.5 11.5
3.1 0.53 49 6.5 10.5
2.6 0.11 50 8.4 10.6

-
)
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APPENDIX VI

Counting carbon-14 activity by liquid scintillation

(See Chapter 7)

Principle. The sample is mixed with a toluene-based phosphor. The
low~-energy /E—emissiOn of the 1lkC causes scintillations in the phosphor
of é wavelength characteristic of the type and energy of the emission and -
these are counted.

Method. A Beckman LS 250 counter was used. Five ml of the suépenéion
of homogenised tuber was mixed with 5 ml of the phosphor and 6.5 g of
'Cab-Q—Sil‘,Va'thixotropic gelling agent used fo keép fhe solids‘in suspeénsion
during counting, and shaken in a special glass vial. This mixture was
counted. |

1 1
Recovery of added QC. When 4C was added to tuber homogenate as sucrose,

- about 90% of the added activity was counted, regardless of the guantity of

1
l‘c added (2,000~10,000 cpm).
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