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SUMMARY

Tuber initiation in a late maincrop variety of cultivated potato

(Solanum tuberosum L.) was studied. The two principal areas of
investigation were firstly, whether the response of tuberisation to
daylength is direct and truly photoperiodic or whether it is
mediated by the growth of the tops (haulms) and secondly, the
hormonal nature of the hypothetical tuberising stimulus proposed by
several workefs; studies were also carried out on the histology of
.the stolon tip immediately prior to fhe appearance of'visible

swelling. .

Experiments in which plants grown in inductive short days were
subjected to light break treatment showed that such treatment causes
partial inhibition of tuberisation and that the effect of daylength
is a genuinely photoperiodic one. The most likely explanation of the
effect of light break treatment was thought to be control of tuber-
isation by a hormonal stimulus, the formation of which is regulated

by photoperiod, among other factors.

Studies on the nature of the proposed hormonal stimulus provided good
evidence for the involvement of endogenous gibberellins, as an
influence acting to inhibit or delay tuberisation: tuberisation was
partially inhibited by repeated applications of gibberellic acid and
promoted when the synthesis of endogenous gibberellins was inhibited
by CCC, when these compounds were applied either to the plant as a
whole or directly to the site of tuberisation, the stolon tip. The
level of endogenous gibberellin-like substances in the stolon tip was
found to be inversely correlated with inductive daylength conditions
and with the degree of advancement of the developmental state of the

stolon tip along the path towards tuberisation, the level of



gibberellin-like substances falling as the tip began to tuberise. This
correlation extended to the period immediately prior to the onset of
visible swelling, in which starch deposition takes place in the tissues
of the tip; this deposition occurred in a consistent sequence in the
various tissués. It seemed unlikely from the results of the present
studies that abscisic acid forms part of the tuberising stimulus
(although endogenous growth inhibitor(s) appeared in the stolon tip

at tuberisation), although it may act indirectly through effects on
overall growth. There was also no e;idence to support the suggestion

that cytokinins promote tuberisation.

The present work provides support for the theory that the‘tﬁberising
stimlus consists of a balance between endogenous gibberellins and
growth inhibitors (the identity of the latter being unknown).
Tuberisation appears to be promoted by environmental conditions or
treatments which cause a lowering of the ratio of endogenous
gibberellins to growth inhibitofs at the stolon tips, although other

factors may also be involved,



INDEX
TITLE
ACKNCWLEDGEMENTS
SUMNMARY
I GENERAL INTRODUCTION
(1) Review of the relevant literature
(ii) Plan of the work
IT MATERTAL AND GENERAL METHODS
(i) DMaterial a. Requirements
b. Variety selected
Ga Suppliers and storage
(ii) General growing conditions
.a. Lighting condiﬁioﬁs
b. Témperature
Cs Humidity
d. Growing media and mutrients
Ee Harvesting procedure
(iii) Methods used in the light break experiments (Section IV)
a. General procedures
b. Light break treatments
IIT PRELIMINARY EXPERIMENTS
(i) Introduction
(ii) Comparison of top growth and tuberisation of plants
grown at high and low temperatures under growth room
conditions. .
(iii) Trial of methods to obtain smaller and more uniform

plants.

b3
43

b3

Ity



IV

(iv)

(v)

(vi)

(vii)

Investigations into the minimum number of short dgy
cycles required for and the effect of changing the
number of short day cycles given upon tuberisation.
To examine the effect of age of the plants at the
beginning of the differential daylength treatment
upon the number of short day cycles required for
tuberisation.
Investigation of the effect oh tuberisation of
removal of the growing point and apical leaf cluster
(topping experiment).
Experiments examining stolon growth
a. To investigate the effect on stolon
number of differential daylength
treatment during both the growing
period and the experimental period.
b. Investigation of tpe order in which
different types of stolon tip tuberise

under inductive (short day) conditions

INVESTIGATION OF THE PHOTOPERIODIC BASIS OF TUBERISATION -

LIGHT BREAK EXPERIMENTS

(i)
(ii)

(iii)

Introduction

The experiments, results and discussion

Conclusions

INVESTIGATIONS CONCERNING THE INVOLVEMENT OF GROWTH-ACTIVE

SUBSTARCES IN TUBERISATICN

(1)

Introduction

(ii) Growth-active substance application experiments

as Introduction and general methods

b. The experiments, results and discussion

Pe

L6

48

50
51

51

\un
m»

54
5l
57
71



(iii) Stolon feeding experiments

=N

be

Ce

Introducticn and general methods
Preparation of solutions of growth-
active substances

The experiments, results and discussion

(iv) Extractions of gibberellin-like substances from

stolen tips in various developmental states.

Se

b.

Ce

d,

Introduction

Extraction and assay procedure
Comparisons of stolon tip material in
different developmental states

Summary

VI INVESTIGATION OF STARCH DEFCSITION IN STOLON TIPS

IMMEDIATELY PRIOR TC AND INCLUDING THE BEGINNING OF

VISIBLE SJELLING

AL GENERAL DISCUSSION

Synopsis of the argument and development of this section

(i) Conclusions from light break experiments

(ii) Summary of consideration of growth substances possibly

involved in tuberisation

(iii) Discussion of the results of experiments with growth-

active substances

A
be
Ca

d.

€

Thé possible role of auxin

The possible role of gibberellin

The possible involvement of growth
inhibitors

Possible daylensth control of the balance
between gibberellins and growth inhibitors

The possible contribution of cytokinins

120

120

121

122

138
138

144
153

124

oy
o
£

189



(iv) Suggested scheme of action for daylength and growth
substances
.a. How many growth substances are involved?
b. Suggested scheme of action
(v) Summary
VIII  AFPPENDIX |
(i) Analysis to determine whether there was any effect of
the source of tuber material on the parameters
measured at harvest.
(ii) Nutrient.solution
(iii) Key to abbreviations

IX LITERATURE CITED

N.B., ihere the work of other authors is dealt with at any length
in parts of the text not dealing specifically with the
literature, these paragrarhs are indented at the left hand

margin.

191

454



SECTICH I. GENZERAL INTRODUCTICN

The purpose of the present investigations was to make some
contribution to our knowledge of the mechanism of tuber initiation

in the potato, Solanum tuberosum, L. The work was mainly concerned

with the effect of daylength on tuberisation, and the line of
investigation followed led into studies on the contribution of
' various growth substances in the process; these studies made up

the major part of the work.

(i) Review of the relevant literature

A substantizl body of literature exists on the induction of tuber-
isation in the potato, but before briefly reviewing this it is
necessary to examine the exact nature of the tuber itself, and its

position in the life~cycle of the potato plant.

The potato plant is produced by the sprouting of a bud on a tuber
emerging from dormancy. ihen the piant reaches a certain stage of
development, stem structures called stolons are produced from
around the bases of the aerial stens. The stolons, which develop
in acropetal succeszion from the base of the plant, are axillary
shoots with a hook-like tip, showing neglicible leaf expansioh and
a diageotropic growth habit. It is on these structures that
tubers are produced, either at their tips or at the tips of side

buds or branches on them.

Histological examination (Artschwager, 1924; Flaisted, 1957;
Booth, 1963%) has revealed readily-observable differences between
the tip of a stolon showing extension growth and the tip of a

4.

stolon which is beginning teo form a tuber,



The first macroscopic visible sign of tuber initiation is an
increase in the diameter of the stolon in the region just behind
the tip (ie. in the region of the sub-apical meristem). The work
of Booth (1963) suggests that this is brought about at the cellular
level by a change in polarity, first in the direction of cell
enlargement and subsequently in the plane of cell division. At
first, the cells in the pith and cortex become shorter and wider

in the region of the sub-apical meristem, -and their volume
increases. This initial change is f;llowed by cell division
throughout the pith, and also in the cortex and vascular tissues,
the divisions taking place in '"random'" directions for the most part,
although most of the divisions in the peripheral cortex appear to
take place fadially (Artschwager, 1924). PFlaisted (1957) states
that the growth of the tuber, at‘least to a size of about 200Cg.
fresh weight, is due more to an increase in cell number than to
changes in cell size, and that the rate of growth is highest in
tissues inside the vascular ring, that is in the pith and in the
storage parenchyma derived by cell division in the internal phloen.
The perimedullary zone produces the largest proportion of the tissue

of the mature tuber.

In the early stages, growth of the tuber occurs at all points along
both the longitudinal and the short axis, with resulting maintenance
of the originsl length/diemeter ratio. Later, while growth in
width Eontinues more or less equally at all points on the major
axis, longitudinal growth of the basal part of the tuber decreases

relative to the apical part (Sadler, 1961).

These microscopic visible changes in the stolon tip raise two

questions:~ firstly, what changes in the metabolism of the pith



and cortical cells of the stolon tip are responsible for initiating
the visible changes and, secondly, by what environmental conditions

are these changes brought about.

Most of the work on tuberisation in the potato has been concerned
with the second of these questions; the responses of the plant
to differing envirconmental conditions have been studied in great

detail.

As pointed out by Gregory (1965), the development of the potato
tuber may be divided into three phases. At first, changes take
place in the stolon tip which result in tuber initiation. Follow-
ing this, the tuber passes into the stage of tubgr enlargement,
which is simply a form of growth, and is characterised by extensive
meristematic activity and accumlation of reserve food materials,
especially starch. Finally, the haulms (tops) die down and the
tuber matures and passes into the dormant period; the cycle being
completed by the breaking of dormancy, which shows itseif by the
sprouting of the 'eyes" (each consisting of one second order and
two third order buds, except in the case of the terminzsl bud) to

produce shoots.

Each of these stages in the growth of the tuber have differént
optimum conditions, and these conditions also vary with the species
and variety of potato. For instance, natural short day conditions
bring about earlier tuber initistion than do long day conditions,

but the final total yield is often found to be better under natural
long day conditions. This is partly because long days tend to bring
about better stolon development, growth and branching, 1eading to a

greater number of tubers, Also,under field conditions, where day-



length effects cannot be separated from those due to total light
received by the plant, long days provide a better suﬁply of photo-
synthate (which leads to greater tuber growth); in addition, long
days lengthen the duration of vegetative growth and active tuber
formation and growth (eg Werner, ﬁ940; Wassink and Stolwijk, 1953;
Bodlaender, 1958; Krug, 1960). In some of the older literature,
many authors do not clearly differentiate between the different
phases of tuber development, but to do so is essential if observa-

tions are to be useful.

In the present work, the only stage of tuberisation to be considered
is the first one, that of tuber initiation, in which extension
growth in the stolon ceases and is replaced by the swelling which is

the first visible sign of tuber initiation.

In the normal course of development, for tuber initiation to occur
the plant must be in an induced state for tuber formation (Gregory,
1965) , inductioﬁ being attained by exposing the plant for a period
of time to a suitable environment (although there are exceptions to
this in cases of abnormal tuber formation:- aerial tuberisation,

de Vries, 1878; V8chting, 1887; Bates, 1943; Denisen, 1953;
Gregory, 1956; secondary tuber formation, Krijthe, 1955; Iippert;
Rappaport and Timm, 1958; premature tuber formation, Schacht, 1856;
Wellensiek, 1923, 1924, 1929; Harvey, Reichenberg, Lehner and Hamnm,

19445 - Krijthe, 1948; van Schreven, 1949).

Gregory (1965) has pointed out that as conditions for induction
approach the optimum, less time is required for its occurrence, and
that although the production of the induced condition is a reversible

process (Gregory, 1954), once the tuber is initiated a point is



reached where the process becomes irreversible. Chapman (1958),
however, has shown that under certain conditions, tubers can begin.

to "grow out'" ie to sprout from the eyes soon after they are formed.

It is generally agreed (Slater, 1963) that the time from emergence
of the potatc plant to the formation of tubers is least under the
following conditions (at least for cultivated varieties of

S. tuberosum):-  short days, low temperatures, high total daily

radiation and low mineral nutrient supply.

‘These different environmental variables interact strongly, but some

separation of their effects is possible.

There is a large literature on the effects of déyleugth on tuber-
isation in potato (eg Garner and Allard, 1923; McClelland, 1929;
Doroschenko, Kerpechenko and Nesterov, 1930; Schick, 1931; Werner,
1940; Driver and Hawkes, 1943; Pohjakallio, 1953; Wassink and
Stolwijk, 1953; Kopetz and Steineck, 1954; Steineck, 1955, 1956 a
and b, 1958; Chapman, 1958; Bodlaender, 1958; Krug, 1960).

Almost all workers are agreed that the onset of tuberisation in the
cultivated potato is promoted by short days and delayecd by long
days (including natural summer days). Except in some wild South
American species, which have an obligate requirement for short days

in order to tuberise, (eg S. demissum, S. acaule, S. bukasovii)

short days are not essential for tuberisation, although they cause
earlier tuber formation, as they have been found to do in most
species of plants which produce tubers (see Gregory, 1565): the

effect is quantitative, not qualitative.

The extent of the daylength dependence effect varies considerably



between varieties (eg Schick, 1931) and even between seedlings of
single progenies (Kopetz and Steineck, 1954; Steineck, 1956b,
1958). Kopetz and Steineck have suggested that the variation is
due to genetically-determined differences in the critical daylensth
(ie the daylength separating the inductive and the‘non-inductive
daylength ranges as defined by Kopetz, 1937). Generally, the
difference in time of tuber initiation in long days and short days
is greater in_maincrop, and especially late maincrop varieties than
it is in early varieties, since the latter are adapted to forming

" tubers during the longest days of summer, Above the critical day-
length, which is high for early varieties and lower for late variet-
ies, tuber growth is inhibited and a large development of foliage
is found; below the critical daylength, tuber growth is stimlated
and top growth is inhibited (Kopetz and Steineck, 1954;

Bodlaender, 1958). Bodlaender (1$53) has pointed out that in
potato the 'critical daylength' is an inexact term, since it covers
a range of daylengths above which plants develop long-day character-
istics and below which short day characteristics, but within which

gradual differences occur.

In short days, stem elongation terminates earlier, and the plants die
earlier than under long day conditions. Leaf and stem weight as well
as the final number of leaves per stem are lower but leaflets are
larger. The leaf/stem weight ratio is higher under short than under
long days (Bodlaender, 1963). Top weight is higher under long days
irrespective of day or night temperature (Gregory, 1954). In the
early stages of development, tuber weight is higher in short days than

in long days, althougii, as mentioned above, plants grown in long days



eventually surpass the short day plants and reach a higher final

production despite their later tuber initiation (Bodlaender, 1963).

Temperature has also been found to exert an important effect on
tuberisation (eg Bushnell, 1925; Arthur, Guthrie-and Newell, 1930;
Beaumont and Weaver, 1931; Werner, 1934; Stelzner and Torka, 1940;
Davis, 1941; Driver and Hawkes, 1943; Gregory, 1954; lWent, 1959;
Borah and Milthorpe, 1959, 1962; van Hiele, 1955; Bodlaender,
1960). Tuber formation starts earlier at low than at high
_temperatures (Bodlaender, 1963); a high night temperature (26°C)
depresses tuber formation under both a high and low day temperature.
The optimum temperature for tuberisation in terms of yield in most
varieties appears to be about 1?°C; above and below this tempera-
ture, tuberisation is partially inhibited, and tubers are very
rarely, if ever, formed above 20°C (Gregory, 1965). The number of
tubers per plant is larger at low than at higher temperatures
(Borah and Milthorpe, 1959, 1962; Bodlaender, 1960; Gregory,

1954) and bigger tubers are generally formed at higher than at lower
night temperatures (Bodlaender, 1960).. High temperatures are
favourable for stem growth (eg Gregory, 1954, found that stem
elongation increased with rising night temperature, with a

maximm at 2300 under both low and high day temperatures and short
and long days, and that with high day temperature, elongation
occurred at a faster rate); they are unfavourable for leaf
expansion. laximum tuber yields are therefore found at inter-

mediate temperatures.

Night temperature appears to exert a greater effect on growth and



tuberisation than does day temperature (eg Gregory, 1954). The
influence of tempgrature, like that of daylength, is found to exhibit

inter-specific and inter-varietal differences.

By growing potato plants (S. tuberosum, variety Kennebec) under

inductive and non-inductive environments, Gregory (1954) sought to
determine the relationships between photoperiod, day temperature
and night temperature on growth of tops and tuber initiation. As
mentioned above, he found that stem elongation appears to increase -
~with rising night temperature, with a maximm at 2300; under both
low and high day temperatures and both short and long days; with
high day temperature, elongation occurred at a faster rate. On
the other hand, short days and low night temperatures were found to
arrest the growth of the plant, and caused it to mature earlier.

At intermediate night temperatures, there appeared to be little
effect of daylength on rate of elongation at both high and low day
temperatures, but at both high and low night temperatures, rate of

elongation was significantly faster under long days.

Gregory found that in short déys, there is a wide range of day and
night temperatures where a relatively uniform number of tubers are
produced, but that high night temperatures (about 2600) depress
tuber formation under both high and low day temperatures. In long
days, the temperature range for tuber formation was found to be
greatly festricted by a requirement for low temperatures at night,
that is as night temperature increases, tuber formation becomes
more dependent on short days. In long days, tuber formation is

inhibited in a wide range of both day and night temperatures.



Similar results have also been obtained by Bodlaender (1960) with

the variety of S. tuberosum Gineke,

Total daily radiation, as distinct from photoperiod, also affects
growth and tuberisation of the potato plant. Pohjakallio (1951)
found that a decrease in light intensity from 67 to 33 per cent of
full daylight resulted in a decrease in the dry weight of the whole
plant (38%), in an increase in that of the shoots (57%) and a sharp
decrease in tuber weight (80%). Similar results have been found
by Bodlaender (1963), who has also shown that stem elongation was
mich more pronounced at low than at higher light intensities in

the range 2,000 to 16,000 1lx and that leaf weight was higgest at
high liéht intensities. Tuber yields were also larger at higher
than at lower light intensities. - Tuber formation started earlier,
maximum stem length was reached earlier and the plants died earlier
at higher light intensities. There was a greater total production
of dry matter at high than at low light intensities, and a larger

percentage of the dry matter was used in tuber production.

These results have also been confirmed by the work of Slater (1963),
which is described more fully in Section IV. Sléter found that
there was no difference in the dry weight accumlation between long
and short days with any one amournt of daily radiation; he also
found that differences in other components of top growth were small
and variable with any one amount of daily radiation. As the amount
of daily radiation was increased, the difference in time to tuber
initiation in long or short days decreased. These results suggest
that the effect of daylength and total daily radiation are separate,
and that the effect of.daylength on tuberisation is a true photo-

periodic one, and not a result of the production of different amounts



of photosynthate under different daylengths. This conclusion is
confirmed by an experiment in which tuberisation was delayed by a
light break in the middle of the night given to plants grown in
short day conditions (see Section IV); similar results have also
been found with light break treatment in a wild species (Mokronosov
and Lundina, 1959) although these are the only two experiments
which have used a light break treatment and few details are avail-
able. Borah and Milthorpe (1959) have also found that tuber
initiation occurred sooner with increase in the mean daily

radiation over the range 70-370 cal./bm.a/ﬂay.

Bodlaender (1953) sums up the interactions of.temperature, light

intensity and daylength as follows:-

High temperature generally stimulates stem growth and inhibits leaf
and tuber development, especially at low light intensities. As
light intensity increases, stem elongation is inhibited and the
optimum temperature rises. The influence of high températures

may be counteracted to some extent by short days, leading to
shorter stems, larger leaves and earlier tuber formation. With
very low light intensities and long days, stems become very
elongated aﬁd very few tubers are produced. Temperature, light
intensity, and sometimes also daylength, show optimum curves for

the various growth components.

It therefore appears from the literature that low temperature, high
light intensity and short days accelerate the development of potato
plaents - stem elon_ ation terminates early, tuber initiation begins
early and the plants die early. The plants have small steﬁs and

large leaves and tuber growth is stimulated. On the other hand,

10.



high temperature, low light intensities and long days promote stem

elongation but inhibit leaf expansion and delay tuber formation.

There is thereforg a great deal of information concerning the effect
of environmental coqditions on tuberisation. Mueh less information,
however, is available concerning the first of the questions posed at
the beginning of the Introduction, namely, what changes in the
metabolism of the pith and cortical cells of the sub-apical region
of the stolon tip are responsible for initiating the visible changes

_which take place at tuber initiation?

Many different theories have been advanced to explain how tuber
initiation is brought about; these fall into two groups. The
first group comprises those theories which attribute tuberisation
to a high carbohydrate level. De Vries (1878a—ané—b) suggested
that the formation of tubers was due to an increase in the concen-
tration of nutrient substances as a result of loss of moisture.
¥ellensiek (192hke—ard—b, 1929) has also proposed this explanation
for tuber formation on sprouts of old tubers; he considered that
an increase iﬁ the concentration of metabolites arose from the loss
of water by the tubers during storage, and especially following
de-sprouting. Cortwijn-Botjes (1927), however, was able to obtain
tuberisation of the last-formed sprouts of successively de-sprouted
tubers stored in darkness and constantly supplied with water, thus
throwing.doubt on \ellensiek's explanation. Vochting (1€87, 1900)
and Molliard (1915, 1920) also proposed that the formstion of tubers
was caused primarily by the concentration of metabolites such as

sugar.

1.



A great deal of work appears to confifm the idea that tuberisation
is associated wit? high carbohydrate levels in the plant. Factors
which raise the carbon/nitrogen ratio also favour tuberisation.
These results have been found both in experiments with whole plants
(eg Wellensiek, 1929; Verner, {934;_ Driver and Héwkes, 1943,

Borah and Milthorpe, 1959, 1962; lHlthorpe, 1962; Headford, 1962;
Bodlaender, 1963) and with cultured pieces of plants (Bernard, 1902;
Magrou, 1938,_1939; Gregory, 1956; Mes and Menge, 1954; Okazawa,
19555 Borah, 1959) although Chapman (1958), using cultured node-
"pieces, found that varying the nitrogen level of the medium

exnibited no effect on the rate of tuberisation.

There have been various speculations on the effect of respiration
rate on the growth of the plant and the connection of this with

tuberisation.

Driver and Hawkes (1943) suggested that excessive respiration,
brought about either by long days or by high temperatures, diminished
the quantity of carbohydrates available for translocation to the

underground parts and therefore reduced the growth of tubers.

Bushnell (1925) proposed that the failure of several American potato
varieties to form tubers at temperatures of 26-2900 was due to the
mich greater increase in respiration rate than in photosynthetic
rate with increase in temperature and therefore to a smell amount

of carbohydrate being available for tuber initiation; he
substantiated his idea by his finding that plants grown at high
temperatures had a low carbohydrate content compared with plants
grown at lower temperatures. Other workers, however, were not

satisfied with Bushnell's conclusions. Slater (1963) has pointed

124



out that in the potato, maxdmum vegetative growth occurs at 2500
and that losses f?om respiration at this temperature are usually
only about one fifth of the income from photosynthesis. Also,
according to the calculations of Burton (1966) from the results

of Winkler (1961), it would seeﬁ that the leaves of a turgid
potato plant might produce a net surplus of carbohydrate up to a
temperature of nearly 3400, and certainly at 2900, the temperature

at which Bushpell found no tuber formation.

The key to the question appeared to be that top growth is
potentially faster the higher the temperature, over the raﬁge
considered, and tends to consist disproportionately of stem growth.
Therefore, although there may be a net exportaﬁle surplus of carbo-
hydrate in the functional leaves, it is all used in the young plant

for top growth, especially stem and branch growth.

Bodlaender (1963) has come to a similar conclusion. He showed
that the ratio of leaf weight to stem weight fell with rising
temperature, and, coupling this with the fact that tuber initiation
was earlier af low temperaturé than at high temperature, he
suggested that temperature might exert its effect by differentially

influencing different organs ané the partitioning of nutrients.

weight of tubers
weight of tops

Gregory (1954) used the ratio to compare the
conditions for optimal weight of tops with those for optimal tuber
weight; these ratios are also @ neasure of the efficiency of the

Plant in converting photosynthate into tuber growth (see Table 1).

weirht of tuber
weight of tops

He found that the ratio of Z fell as the night
temperature was raised with both short and long days and with both

high and low day temperatures. The data suggests (see Table 1)

13



TABLE 1. Ratio for weight of tubers to weight of tops as
affected by day length, day and night temperature
in S. tuberosum, variety Kennebec (after Gregory,

1954) .
Night 8Dy LDs
temp : da dag
(°c) temp( C) temp( C)
17 20 17 20
10 6.87 5 (5] 0.54 0
17 2.22 1516 0.0% (0]
23 0.29 0.05 0 0
26 0 (0] 6] (0]

SD = 8 hour photoperiod
LD = 16 hour photoperiocd



that a far greater proportion of the photosynthate formed in the
aerial parts of the plant is used for top growth rather than for
tuber growth with high temperatures and long days, conditions which
are less favourable for tuberisation. The data also indicate that
there is no relation between plant size and tuber yield. It
therefore appears that the growth of the tops and the initiation of
tubers are intimately inter-related and that it is not simply the
overall carbohydrate level in the plant which is important, but its

distribution between tops and tubers.

It appeared that a fuller understanding 6f the growth of the potato
plant and the ways in which it is influenced by temperature might

be obtained by following the correlations in growth of the different
organs during ontogeny. Borah and Milthorpe (1962) did this and
showed that the growth of the whole plant before tuber initiation
was maximm at 25°C and that the difference between photosynthesis
and respiration per unit weight of tissue was greatest &t this
temperature, In the face of this result, Bushnell's suggestion
that there is little carbohydrate remaining for growth at high
temperatures does not hold, at least up to 2500. Borah and
Hilthorpe showed that there is more assimilate available at ;500
than at lower temperatures, but that a greater proportion of this
was used in stem, root and stolon growth at this temperature, They
concluded that this, together with the faster growth rate of all
tissues, implied a lower concentration of translocated carbohydrate
at the stolon tips of the plants grown at high temperatures, and
suggested that tuber initiation was associzted with those conditions
which lead to a higher concentration of soluble sugars in the stolon.

tip; this condition could z2lso be expected under conditions of hizh

14,



rather than low radiation. The results they obtained suggest that
tuber initiation was indeed associated with those conditions which
lead to a high concentration of soluble carbohydrates at the sites
of tuber production. Borah and Milthorpe, in contrast to many other
workers, dismissed the influence-of photopefiodic éffect as
negligible, emphasising the "'substrate'' stimulus as the only factor
of importance. (This may have been due to the fact that they used
Arran Pilot, a first early variety, for many of their experiments;
such varieties do not normally, as mentioned before, exhibit such a
‘marked response to daylength as do maincrop and especizlly late

maincrop varieties.)

Burt (19561, 196%a) measured the changes in the concentration of
soluble sﬁgars at the stolon tips in an experiment in which groups
of plants grown at 2500 were transferred for one week to
temperatures of either 300 or 900. At the end of the low tempera-
ture treatment, the soluble sugar content of the stolon tips rose
markedly, then returned to normal, and tubers were formed. Burt,
like Borah and Milthorpe (1962),consid§rs'that tuber formation is
associated with a high concentration of soluble sugar in the stolon

tip. He also found starch in stolon apices.

Lovell and Booth (1967), however, found that delay in tuber
initiation brought about by gibberellic acid application was not
associstea with a low concentration of carbohydrates in the stolon;
gibberellic acid treatment gave longer stolons which, in the first
3 weeks after treatment, had a higher totzl sugar content than
those of the untreated plants. They dia fin&, nevertheless, that
starch synthesis in the stolons was closely correlated with the

onset of tuber formation, and that "gibberellic ascid treatment
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delayed tuber formastion and hence delayed the onset of starch
deposition'’, In translocation experiments in which 1LI'CIZ)a was

fed to single leaves of plants just starting to tuberise, treat-
ment with gibberellic acid a few days earlier almost stopped
translocation to the stolons ané tubers, tﬁe predaminant site of
accumulation in untreated plants, and switched translocation to

the upper shoot and shoot apex. Al though these results may appear

to be consistent with the carbohydrate theory of tuber initiation,

Lovell and Booth do not interpret them in this way (see below),

Many other workers (eg VOchting, 1900; Yerner, 1934; Drivef and
Hawkes, 1943) have also attributed tuberisation to an accumlation
of nutrients above the level needed for respirétion and growth,
The opinion general among them is that tuber formation has a lower
priority'" on available photosynthate than does shoot growth, and
that favourable conditions for tuberisation exert their effect by

supplying photosynthate in excess of the demands of the shoot.

The idea that the distribution of carbohydrate can be achieved by
competition between sinks of iarying activitiesdoes not, however,
account for all the facts. Tuberisation is not necessarily
confined to the underground parts of the plant, Under certain
conditions (if the plant is damaged or is grafted on to a stock of
another Solanum species so that normal tuberisation cannot take
place), éubers can be formed on the aerial parts (see Fig. 1). It
appears that, under certain conditions, any bud, even one near the
shoot apex, can elqngete to ferm, instead of a leafy branch, a

stolon and subsequently a tuber.
The other group of theories of tuberisation propose the involvement
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FIGURE 1. Abnormal tuber formation at nodes on aerial parts of
plants consisting of potato scion grafted on to
tomato stock.

a. (i) diagram of whole plant No. 1

(ii) detail showing tuber in leaf axil
b. (i) diagram of whole plant No. 2

(ii) detail showing tuber at node.
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of a specific hormone-like, transmissible factor for tuberisation
and consider that, while carbohydrate is obviously necessary for
tuber growth, the actual stimulus is not a certain level of sugars,

but a more specific tuber-forming substance,

Several early workers have proposed from studies on various
tuberous plants, the existence of a special tuberising stimlus
(eg Doposcheg—Uhlé}, 1911; Zimmerman and Hitchcock, 1936; Dostél,
1945).  The principal recent exponents of the hormonal theory of
£uberisation in the potato are Gregory (1955), Chapman (1958) and

Madec (1963).

Gregory and Chapman, using cuttings from Kennebec and Triumph
potato plants respectively, grown under different environmental
conditions, found that induced cuttings from all parts of the plant
formed tubers fron axillary buds at the lower nodes, whereas non-
induced cuttings formed vegetative shoots from axillary buds when
the plants were subsequently kept in non-inducing condi%ions. In
Chapman's experiments, inducing and non-inducing conditions
consisted of short and long days respectively, the long days having
a supplementary daylight period of very low intensity light, which
Chapman considers to have been more or less photosynthetically

inactive.

In Gregory's experiments, both daylength and temperature were
different in inducing and non-inducing conditions, which consisted
of short days with low temperatures and of long days with higher

(night) temperatures respectively.

Gregory and Chapman have interpreted their results from these

experiments to mean that. the proposed tuber-forming stimulus is
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present throughout the plant, but only under inducing conditions.
They have also concluded that the stimulus moves mainly in a basi-
petal direction: this is indicated by the fact that it was almost
always the basal bud of a cutting which developed first into a
tuber no matter from which part of the plant the cutting was taken.
Al so, sub-apical cuttings were found to require a longer induction

time than apical cuttings.

Gregory has also shown that the induced state can persist in an
induced cutting, even after some time in non-inducing conditions,
although the induced state was found to disappear fairly rapidly
from intact plants which were placed in a non-inducing environment.
He has also demonstrated a guantitative relationship between the
duration of induction and the amount of tuber-inducing factor

produced in the plants,

Gregory (1956) conducted other experiments which demonstrated that
tubers could also be induced on one-node stem-pieces without leaves,
grown in sterile culture. He first demonstrated that sugar was
necessary for the production of tubers using one-node pieces taken
from inﬁuce@ plants and grown on agar with different sucrose
concentrations. No tubers were foried on pieces grown on agar
alone, but tubers were formed on the pieces in all the sucrose
treatments after about 4 days, the size of tubers formed being in
proportion to the amcunt of sucrose supplied. He then showed that
sugar alone was not sufficient to bring about tuber initiation;

for this, he used node-pieces from non»in@uced plants. Vegetative
shoots were formed after about 4 days in the cultures given
suitable sucrose concentrations, but tubers were only formed after

a very long time (about .26 days), contrasting with the resvonse in
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stem-pieces from induced plants, which began to show tubers after
only 4 days. These experiments showed that a single axillary bud,
without the leaf, from an induced plant, is capable of forming a
tuber. provided it is supplied with sucrose. Gregory points out
that with the non-induced stem euttings plénted in.agar alone, not
only tuber formation was absent, but shoot development as well.

When sucrose was added to the medium, however, shoots developed
rapidly, indicating that sucrose is required for shoot development
also. He considers that the fact that buds from non-induced stem
lpieces developed shoots, and those from induced stem-pieces formed
tubers when sucrose was added is indicative that sugars are required
for the growth of the shoot and of the tuber, but notresponsible for
the actual tuber induction. Similar results have also been
obtained by Okazawa (1955) with sprouts of different physiological
ages: in the presence of sugars, segments of young sprouts do not

tuberise, but those of aged sprouts do form tubers.

Gregory considers that in the intact plant the axillary buds may

be in an induced state, but that tuber‘initials do not mnormally
develop into visible tubers because all the available photosynthate
is translocated to the actively-growing tubers beneath the ground:
that this may be the case is suggested by the observation of aerial
tubers in field-grown potato plants affected by diseases interfering

with the movement of food to underground parts.

Gregory (1956) has pointed out that one of the most important pieces
of evidence for a flowering hormone is derived from grafting
experiments in which an induced plant can cause the formation of
flovwers when grafted on to 2 non-induced plant, even when both

plants are then kept under non-inducing conditions. (see eg



Zeevaart and Lang, 1963; Salisbury, 1963). Gregory found that non-
induced potato stocks on to which induced scions were grafted
produced tubers when kept under non-inducing conditions, but that
non-induced scions did not produce this result; the control stocks
formed no tubers, but instead déveloped shobts froﬁ their leaf
axils. This result appears to indicate that a tuberising hormone,
similar to the flowering hormone, is produced in potato tops when
groun under suitable environmental conditions. Chapman (1958) has
found similar results with grafted cuttings. In addition, he
‘found that when scions grown in long days (non-induced) were
grafted on to tuberised stocks which had been grown in short days
(induced), the tubers began to grow vegetatively again, forming
stolons from the eyes of the tubers. It seems from the results of
all these experiments that tuber-formation could be due to the
translocation of some tuber-forming material from the induced

scions to the stocks.

Chapman has also conducted experiments (Chapman, 1958) in which
different parts of the plant were subjéctéd to different daylength
treatments to attempt to locate the site of production of the
stimlus, He found evidence suggesting that the stimulus is
formed in the apical part of the shoot (results of differential
daylength treatment given to the terminal part alone wcre the saume
as when given to the whole plant) and that there is very little
lateral movement of the stirulus on its way down the stenm
(differentiel daylength treatment of plants with two steﬁs
resulted in uniloteral tuber formation on the half of the stolon
system below the stem given short day treatment). He also found

that plants which had had the basal leaves removed tuberised first.
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Okazawa and Chapman (1962) have shown that the stimulus still
travels from the growing point to the stem base even if the growing
points are trained downwards so that they are below the level of

thg base.

Madec and Perennec (1959) found that tomato scions were incapable,
when grafted on to potato stocks, of causing the initiation of
tubers on the stocks. They also found that the subsequent graft-
ing of induced foliage of potato on to the tomato foliage of such
grafted cuttings (resulting in a potato/tomato/potato double-
grafted cutting) allows them to form tubers. This result has
been confirmed by Okazawa and Chapman (1963). Okazawa anﬁ Chapman
also foﬁnd, however, that the tuberising stimlus from a double-~
grafted potato scion could only pass through the tomato interstock
if this did not bear young leaves; when the interstock bore young
leaves, tuberisation of the potato stock was irhibited whether or
not there was a supply of tuber-forming stimlus from the potato
top scion. They also found that tomato and eggplant scions with
young leaves were capable of inhibitin: tuberisation in potato
stocks. It therefore seems that it is impossible to induce
tuberisation in potato by using scion tissues which are not of
potato, suggesting that the stimulus which brings about tuber-
isation is specific to potato, but that something is produced in
the young leuves of other Solanaceous plants which can inhibit

tuberisation in potato.

Another type of experiment which has been carried out following
up the analogy of the flowering hormone is one by Madec (1951)
in which 0.2-0,35 of raw, filtered sap, extracted with a press from

induced plants of the variety Bintje, was injected into the
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medullary space of the basal internode of non-induced cuttings of
the variety Ackersegen. This is comparable to an experiment
carried out by Harada (1960) to investigate the flowerinz hormone

in Chrysantherum and Rudbeckia, ladec found that tubers were

produced much sooner in plants injected with sap from induced
plants than in the controls, in which the injection consisted of
sap from non-induced plants. Other experiments have also suggested
that the inducing substance is thermo-stable, since sap of induced
plants remained active after boiling for 5 minutes. These results
are perhaps not wholly convincing because sap was injected into a
space which is normally empty, and this alone might conceivably
cause some effect on the plant's metabolism. Simmonds (personal
commnication) was unable to stimmlate tuberisation by this method.
Edelman (1963) has pointed out that the results of Madec's
experiments could be explained on the basis that sap from the
induced plants inhibited growth of the cuttings, thereby deflect-
ing photosynthate into tuber formation. Madec (1963) éoubts this,
however, since tomato foliage and non-induced potato leaves would
not substitute for induced potato leaves. It is also conceivable
that tuberisation could be brought about by the presence of a high
level of photosynthate in the injected sap of induced plants, but

the volumes used were so small that this seems unlikely.

Two other types of experiment also lend support to the theory of a
hormonal tuberising stimulus. The first of these are the
experiments of MHokronosov and Imndina (1959) and Slater (1953)
(mentioned earlier in the context of the effects of daylenszth and
light intensity and discussed in more detail in Section IV),Iin

which a light break treatment given to plants grown in short days
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was found to prevent or delay tuber initiation without much
detectable effect on the growth of the tops. It is difficult to
explain these results on the basis of carbohydrate levels in the

plant.

In the second type of experiment, Burt (1964b) and Idsberger and
Humphries (1955) have deronstrated that the removal of developing
tubers depressed the net assimilation rate (EA) of the parent
plant. These results suggest that the movement of carbohydrates
to the tuber is caused by a '"pull' to an active sink (the
developing tuber) such as would be expected if a hormonally-
induced metabolic change had occurred there. This is difficult

to expl%in on the theory that tuberisation is the result of the
build-up of high levels of carbohydrates at the stolon tips, caused
by conditions which depress the growth of the shoot, because this
suggests a ''push" of carbohydrate from the leaves to a passive sink
(the tuber) which would then presumabiy continue even if the tubers

were removed.

Iovell and Booth (1967) have aiso interpreted the results of their
studies on the basis of hormonal contfol of the initiation of
tuberisation. Gibberellic acid treatment was found to switch
translocation of labelled carbohydrate from the stolons and tubers
to the upper shoot and shoot apex. Although gibberellic acid
treatmept had 1little obvious morphological effect on the shoot
apical region~during the period of the experiment, it was clear
from observation of plants similarly treated and allowed to
continue growth that they later showed enhanced elongation of the
upper shoot region. fhe increased netabolic activity of shoot

apical regions brought about by gibberellic acid treatment might
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have been expected to act as a sink for labelled carbohydrate.

They consider, however, that it is unlikely, since the new nore-
active shoot sink would have been competing with tuber sinks already
in operation, that the appearance of the shoot sink would have cut
down translocation to the tuber Sink as markedly as was found to be
the case. They have suggested, instead, that the development of
the shoot sink following gibberellic acid treatment is accompanied
by, rather than results in, a switchipg—off of the tuber sinks by
changing the nature of growth at the stolon tip, such that starch
deposition and tuber bulking is suppressed, leading to the eventual
outgrowth of the tuber as a stolon. In summary, the translocation
pattern is held to reflect the activity of the various sinks, this

activity being hormonally controlled,.

This idea that the level or distribution of carbohydrate and its
connection with the state of dormancy is contrﬁlled by some other
factor is also supported by the resuits of van Schreven (1956) who
has observed tuberisation of sprouts in darkness after feeding a
series of different substances. to the mother tubers. He found that
early formation of daughter tubers on.sprouts was correlated with an
increased ratio of soluble carbohydrates to soluble nitrogenous
substances in the mother tubers and in the sprouts. This ratio was
found to be higher in tubers which had been stored at a high
temperature than in those stored at a low temperature. Despite
this, feeding of sugars (glucose, sucrose) or of nitrogenous
substances (tyrosine, asparagine, glutamic acid) were both found

to retard tuberisation of the spfouts. None of the substances fed
greatly affected the dates of tuberisation of the sprouts of tubers

which had been stored at either low or hizh temperatures, but the
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times of tuberisation of sprouts on mother tubers stored at the -
different temperatures were markedly different. This suggests that
none of the substances used is.the real stimulus which brings about
tuber initiation, but that this is some other factor or factors
which is produced, or destroyed, at different rates in mother tubers

stored at different temperatures.

There seems, therefore, to be a strong body of evidence to sugzest
that tuber initiation is brought about by a tuber-forming stimlus,
manufactured in the tops and translocated to the stolons in the
growing plant (or made, or stored and destroyed, and translocated to

the sprouts in stored mother tubers).

Some workers, however (eg Borah and Milthorpe, 1959; Milthorpe,
1962; Headford, 1962; Burton, 1966) have remained unconvinced of

the existence of a specific tuber forming stimlus.

Burton (1966), for instance, considers that the available evidence,
with-the possible exception of that of lMadec (1951) is not in-
consistent with tuber initiation as a result of the translocation
of excess carbohydrate to the stolons and has suggested (Burton,
1963) that tuber formation follows the cessation of axial growth

in the stolon as a result of accurmlation of a substance or substances
produced during the operation of the respiratory cycles, its
concentration being related to the rate of respiration and therefore
to the supply of carbohydrate substrate to the stolon tip. He
considers that this suggestion may be reconciled t& the results of
Gregory, Chapman and lMadec if it is postulﬁted that the substances

are producéd both in the foliazze and in the stolon in the course of

respiration. Their accumulation in the stolon may be a result of



both their translocation as such from the foliage or their
excessive production at the stolon tip, following the accumulation
in it of carbohydrate translocated from the foliage. It is
difficult to reconcile this suggestion with the inhibiting effect
of high temperatures on tuberisation, since at high temperatures,
respiration would be expected to proceed more rapidly, and there-
fore to lead to the production of a greater amount of Burton's
proposed substance. Burton (1956), however, appears to have
modified this theory to include gibberellins and inhibitors of
axial growth in his "substances which are related in amount to

the activity of the respiratory cycles!, although he does not make
it clear how he considers that the balance of these substances is

affected under different environmental conditions.

It could be argued that the results of Gregory and Chapman with
grafted potato plants in which tubers were found on non-induced
stocks after the graftinz on to themlof induced scions, may be
explained by the possible presence in induéed scions of large
amounts of carbohydrate svailable for use in tuber growth, It is
difficult to understand, however, if this were the case, why
tuberisation could not then be brought about by tomzto scions.
(Madec, 1963) grown in suitable environmental conditions, unless
the balance of different types of carbohydrate produced in tomato
foliage was in some way unsuitable. bven more difficult to explain
on the basis of carbohydrate levels, is the observation of
Okazawa and Chapman (1S563) thet a tomato interstock with young
leaves did not cllow the induction of tubers by an induced potato
scion double-grafted on to it, unless the available carbohydrate

was used for growth by the young leaves on the interstocls,
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There remains one other factor to be considered. Yadec and Perennec
(1962) have pointed out that the photoperiodic, or ofher environ-
mentally controlled, induction of tuberisation may be modified and
supplemented by the inducing effect of the mother tuber. It is
quite possible for young tubers té be produced in the complete
absence of folizge (eg Gregory, 1956) or before emergence of the
foliage above the ground (see Gregory, 1965). Alsc, Madec and
Perennec (1959), in their grafting experiments of tomato on potato,
in which grafting was followed by propagation of cuttings, have
shown that the mother tuber participates in the tuberisation of the
plant and can by itself induce it. They demonstrated that grafted
ecuttings separated very early from the mother tuber and propagated ,
had not tuberised by the time grafted cuttings separated rmuch later
had initiated tubers; the enlargement of tubers was assured by the
products of photosynthesis supplied by the tomato foliage, which
was inactive in inducing the formation of tubers. Madec and
Perennec (1959, 1962) have also shown that the effects of the
foliage and of the mother tuber on tuberisation are additive. This
suggests, they propose, that the tuberisation factor synthesised

by the foliage is the same aé that préduced during "incubation'' of

the mother tuber.

Madec (1963) thinks that it is possible to combine the two main
groups of theories which have been formilated to explain tuberi-
sation of the potato, and that these are in fact complementary
and not incompatible. He has pointed out what should perhaps by
now be obvious:; that, "after the vreliminary induction of the

faculty to tuberise, the growth of the tubers also depends on
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the supply of necessary metabolites; it is not surprising there-
fore that the facpors acting on this supply could have effects on
the manifestation of tuberisation'!. He considers that it is at
this point that factors such as water supply, mineral nutrition
and photosynthesis exert their éffect; he.further.prcposes that
temperature and even photoperiod may have their effects to some

extent on this part of the tuberisation process.

It therefore appears possible and likely, although all workers
~are not in agreement on this point, that tuberisation is brought
about by some sort of stimulus, which can be supplied to tﬁe
stolons from both the tops, when grown in suitable inductive
conditions (of which photoperiod and temperatu?e seem to be the
most important), and/or from the mother (seed) tuber. The
influence from the latter appears to be always promotive of
tuberisatiqn. The nature of the stimmlus, and the methods of
its production in the plant and its action in imtiating tubers

are, however, very incompletely understood.

(ii) PFlan of the work

From the foregoing review of the literature it may be seen that
there are, among others, two principal areas where our knowledze
needs to be expanded. The first of these is the question of
whether the response of tuberisation to daylength is direct and
truly photoperiodic, or whether it is mediated by the growth of
the tops. The second is that of the hormonal nzature of the

hypothetical tuberising stimlus.

After some preliminary experiments which were carried out to

establish growing and treatment conditions for the material
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(Section III), the work was mainly concerned with these two areas
of investigation. Some histological examination of the stolon

tip immediately prior to and at the time of the onset of visible

swelling was also carried out (Section VI).

The photoperiodic nature of the daylength response of tuberisation
was investigated in the experiments described in Section IV;
Section V comprises experiments concerning the hormonal nature of

the stimulus.’

" Various growth-active substances have been suggested as being
concerned in the initiation of tuberisation, either as the tuber-
ising stimulus itself, or as a component of it, or as an antagonist
of its action. Possible contributions of these substances are
discussed in Section V (i) which comprises, as well as an intro-
duction to the experiments involving growth-active substances
carried out in the present work, a review of the substantial
literature on this subject. It was felt that such an intro-
duction and literature review was necessary in the case of
Section V in order to point out.the reasons for the various lines
of investigation followed in this part of the work. It was also
feit that this introduction should be placed immediately prior to
the experiments to which it refers, both to preserve the logical
sequence of the thesis, and also because it is particularly
relevantlonly to that section (V). For this reason it does not

form part of this General Introduction.

This policy is also pursued in the other sections concerned with
experimental results (IV and VI), although the introductions

involved are rmch shorter than that for Section V. In Section IV,
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the introductions concerned with the different types of experiment
are given separately in their relevant positions with respect to

the descriptions of the experiments.

Throughout the thesis, the details of the nesults.of each
experiment or group of closely related experiments are discussed
in the account of the experiment(s) in the appropriate section.
The more general implications of the results and the ways in which
these may be related to the results of the other experiments
_carried out, and also to those of other workers, are further

discussed in Section VII (General Discussion).



SECTION TII. MATERIAL AND GENERAL METHODS

(i) Material

8o Requirements

So as to be certain of obtaining material at all times, it was
considered advisable to use a fairly common variety of cultivated

potato (Solanum tuberosum L) which could be purchased commercially,

rather than a wild potato species, even though some of these have
an obligate requirement for short days for tuberisation (see
_Section I), because this would have to be grown entirély in the

Botany Department.

Because of their relatively clear-cut tuber initiation response to
daylength, a late maincrop variety of S.tuberosum was considered

to be most useful for the present work (see Section I).

Other considerations were availability of virus-tested stocks, and
a fair resistance to the commoner potato diseases. A fairly long
tuber with well-spaced eyes was also required, so that the maximmum
number of tuber pieces of uniform size.containing one eye could be
obtained from each tuber, in view of the growing technique established

in Section III (see below).

b. Variety selected

The commercial variety which best seemed to fulfil these require-

ments was !'"Up-to-Date" (UTD).

Initial experiments were carried out using Golden Wonder (GW),
which is also a late maincrop variety, but difficulty was
experienced in obtaining it virus~free so that it was not used
in later experiments some other varieties were also used
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initially (Kenyan varieties Roslin Samura and 3751/5 produced at
the Scottish Plant Breeding Institute at Pentlandfield, Midlothian),
but these were found to grow less uniformly under controlled

environment conditions than did Up-to-Date.

Co Suppliers and storage

Some material was kindly supplied by the Agricultural Scientific
Services Official Seed Testing Statiog at East Craigs, Corstorphine,
Edinburgh, from their virus-free stocks of Up~to-Date. Material
was also obtained from Buchan Potato Growers Ltd, 20 Commerce
Street, Fraserburgh, Aberdeenshire. The highest quality’
commercially-available grade (FS) of virus-tested tubers was

purchased.

The remainder of the material used was grown either in the glass=-
house or in the garden at the Botany Department of the University
of Edinburgh, The King's Buildings, West Mains Road, Edinburgh,
from the stocks from the above two suppliers, or from stored

tubers produced in the Botany Department in the previous year.

Bach experiment used material from a éingle source, and there was.
therefore no variation within experiments which was due to the
source. To determine whether there was any possible variation
between experiments due to the source, graphical analyses were
carried out, plotting various parameters against age of the plant
for plants grown from tubers from various sources. The results

of these analyses are given in Section VIII,

Initially, potato tubers were stored in polythene bags, with or

without dry sand, in cardboard boxes in a cold room maintained
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continuously at a temperature of 2°C (=1°C).  Some rotting was
found under these conditions and the sprouting eyes ténded to turn
black, presumably due to frosting. A small wooden potato store
was therefore constructed out of QOors, with a heater and thermo-
stat arranged.so that the temperature never fell below 500. The
tubers were laid on metal trays with a space of about 150 cm
between the potatoes on one tray and the tray above for
circulation of air. These conditions of storage seemed to be
more successful, although the potatoes tended to sprout during
the spring and early summer months. After a large harvest of
stocks in the garden or glasshouse, when this store was full, some
of the material was stored temporarily in cold frames out of
doors. Each experiment used material which had all been stored

under one set of conditions.

(ii) General growing conditions

The general growing methods employed were developed from the
results of the preliminary experiments described in Section III.
The plants for all the experiments were grown under controlled
environment conditions, achieved by the use of large walk-in type
growth rooms with facilities for controlling automatically the

daylength, temperature and humidity.

8 Lighting conditions

Light regimes

Three light regimes were employed. During the time after
planting when the plants were being grown up in preparation for
an experiment (referred to as the growing period), the plants

were given the maximum possible amount of light for photosynthesis
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and the light period (day) consisted of 18 h of fluorescent (F1)
light, supplemented by tungsten (T) light to supply the longer
wavelengths. The remaining 6 h of the 24 h cycle consisted of
darkness (night). This regime will be referred to as high

intensity long days (HI LD).

After the growing period, which lasted for about 35 days, by which
time the plants had reached a height of about 10-15 cm, they were
transferred to the experimental conditions. These were of two
types:

1a Non-inductive long days

and 2. Inductive short days

In the non-inductive long days, the day consisted of 8 h of
fluorescent plus tungsten light, followed by 10 h of low
intensity tungsten light, making a total of 18 h of light; this
was followed by a 6 h dark period. This regime will be referred
to as low intensity long days tLI LD). It was used for long

day conditions during the experimental period so that plants in
short days and long days received approximately the same total

amount of high intensity light.

The intention of this was to eliminate as far as possible any
overall nutritional effects (due to photosynthesis) of the day-
length differences and thus ensure that any differences between
plants grown in short days or long days were due to a direct
response to photoperiod. The studies of Hofstra, Ryle

and Williams (1969) on the effects of daylength extension with
low intensity light on growth have shown that the energy supplied

by such supplementary light can make a significant contribution.
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to carbon assimilation. Nevertheless, the regime used was
certainly preferable in this respect to the high intensity long

day regime.

Although both long day regimes may be regarded as ﬁon-inductive
to tuberisation, tubers do eventually form after many weeks on
plants kept in such conditions, the response to daylength being
(see above) quantitative and not qualitative in cultivated
varieties of S.tuberosum. The time taken to initiate tubers is,
.however, usually a great deal longer.than that requiréd under the

conditions referred to as inductive.

The inductive regime used during the experimental period consisted
of a day of 8 h fluorescent plus tungsten light, followed by a
night of 16 h darkness. This regime will be referred to as short

days (SD).

The combination of low intensity long days and short days used
during the experimental period is referred to for convenience as

"differential daylength conditions'.
The different daylength regimes are shown in Fig 2.

Types of Light used

The fluorescent lights used were Mazda 5 ft 65/80 W T 12 "Warm
White'" tubes, and the tungsten lights were 40 ¥ bulbs. The
emission spectra for fluorescent light alone and for fluorescent
and tungsten light together are shown in Fig 3. The total light
energy supplied by fluorescent plus tungsten sources together was
80¢3-129.1 W/ma in the wavelength range 400~700 nm at soil level.

in the pots on the growing table; the intensity of the tungsten
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FIGURE 2.

Daylength regimes used in growing period and
experimental (differential daylength) period.

HI ID = high intensity long days
LI LD = low intensity long days
SD = short days

Fl = fluorescent light

T = tungsten light
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FIGURE 3.
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lights alone at this level was about 6.1 W/m® in the range 400~

700 nm.

These intensities fell slightly as the lights aged. Replacement
of.fluorescent lights was carried out regularly (after approxi-
mately 3000 hours burning time), and the tungsten bulbs were
replaced individually as necessary. The illumination level
varied to some extent over the surface of the table, but plants
were routinely randomised to overcome the effect of any environ-
mental gradients.

b. Temperature

A temperature of 20°C (=1°C) during the day and 17°C (¥1°C)
during the night was employed in the high intensity long day and
short day light regimes. In the low intensity long day regime,
the temperature during the first 8 hours of the day, when both
fluorescent and tungsten lights were on, was ZCOC (21°C): and the
temperature during the rest of the 24.hour cycle (tungsten
extension of day and the night) was 17°C (219¢) so0 as to be
comparable with the short day regime. In a few experiments,
higher temperatures (30°C day-27°C night, both +1°C) were used.

Ce Humidity

The relative humidity of the growth rooms was automatically
controlled at a minimum value of approximately 65%. A check
was ca;ried out using Weatherley's leaf disc method (Weatherley,
1950) to ensure that conditions employed in both temperature
regimes were not such as to cause water strain in the plants.

At 2000-7?00, the results of this check were found to be
entirely satisfactory, with relative water content values

greater than 90%., Some slight water strain was found in plants
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grown at BOOC-Z?OC, relative water content values being between
80 and 85% no matter how well watered the plants were; these plants
were not, however, visibly wilted.

d. Growing media and nutrients

The standard growing procedure used washed river sand (Quartzog B,
supplied by British Industrial Sand, Glasgow) as the medium. The
tuber pieces were planted in sand in plastic trays 30.5 cm x 58.5 cm
(35-40 pieces per tray) and watered with 1 1 of Hoagland's No 1
solution (Hoagland and Arnon 1938; see Section VIII) weekly, water
being given in addition when necessary. (Unless otherwise stated,
"water" means distilled water). After two weeks the successfully
sprouted pieces, which had also rooted, were transferred to sand in
small plastic pots (12 cm top diameter and 11 cm high). Drainage
in both trays and pots was provided by a bottom layer of large and
a layer of small granite chips. Plants in pots were given 100 ml
each of Hoagland's No 1 solution weekly throughout the growing and
experimental periods. 100 ml of water was also given every 1-2

days as necessary.

For stolon feeding experiments (Section V (iii) ), the plants were
grown, after transfer from trays to small pots, in "Vermiculite"
or "Vermipeat" (supplied by Vermipeat Ltd, 1 Bath Road, Britton,
Bristol, or by Alexander Products Ltd, Burnham-on-Sea, Somerset)
instead of sand. With this method, it was easier to obtain

stolons free from the substratum and undamaged for treatment.

At the beginning of the experimental period the stolons were freed
from the substratum, and two unbranched stolons about 10 cm long
were selected on each plant. The terminal 2=3% cm of thesel

stolons (which were still attached to the parent plant) were
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placed in small glass bottles containing the treatment solution.
The bottles were cylindrical (5 cm long x 1 cm diameter) with a
narrow neck (0.6 cm diameter) which prevented the solution inside
from running out of the bottle, even if this was lying horizon-
tally. This was of advantage when fitting the stolons into the
bottles. The bottles were painted on the outside with black
Valspar gloss paint to reduce the light level to that enabling
tuberisation to take place, and also to inhibit algal growth.

1.5 or 2.0 ml of the appropriate solution was placed in each
‘bottle and aerated with laboratory air through a Pasteur pipette
connected to a small Austin Dymax II pump. The stolon to be
treated was then inserted in the bottle, which was partly
embedded in the Vermiculite (see Fig 4). Every 1-2 days the
stolons were carefully removed from the bottles and air was again
bubbled through the solutions to prevent rotting of the stolcns
due to lack of oxygen or build-up of carbon dioxide. When the
stolons were removed from the bottles on these occasions, the
progress of tuberisation in each stolon was noted. The solutions
were replaced several times during the course of each experiment.

Details of the experiments are given in Table 25 (Section V (iii) ).

For checks on stolon growth (see Section III), the plants were
grown for the first 3 weeks in Vermiculite instead of sand (to
allow transplanting with a minimum of damage) and then transferred
to polythene basins containing Hoagland's No 1 solution diluted
1:10.  The nutrient culture set-up is shown in Fig 5. The plants
were supported by Hoffman clips in which the stems were inserted
after being wrapped in cotton wool; they were also each contained

within a wire spring of diameter about 120 cm, which could be
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FIGURE 4.  Arrangement used in stolon feeding experiments
(Section V (iii) ).
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FIGURE 5. Arrangement used for growing plants in nutrient
culture.

Nutrient solution consisted of Hoagland's solution
(see Section VIII) diluted 1:10 with water.
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extended as the plant elongated. To prevent algal growth, and so as
not to inhibit tuberisation of stolons, light was excluded by means
of a board across the top of the bas;n, perforated to allow the plant
roqts to reach the solution. The solution was topped up every
second day and replaced several times during the experiment; it

was continuously aerated with laboratory air using a small Austin
Dymax II pump. The holes in the board were loosely plugged with
black cotton wool to help in elimination of light.

€. Harvesting procedure

A harvesting procedure was developed in which the following measure-
ments were made:- top height, node number (counting the épicai
cluster of very small leaves as one), dry weight of tops, and
occasionally of roots, stolon number, tuger nunber, number of

tuberising stolons and sometimes tuber fresh weight.

(N B Harvest dates are referred to throughout the work by the
nunber of days after the start of the experimental period (ie
the period during which differential daylength treatment was
given). Flants at a 14 day harvest are therefore 49 days old,
having been grown up for 35 days and then given 14 days of

differential daylength treatment during the experimental period.)

When it was realised that starch deposition in stolons which were
not visibly tuberised might be useful (see Section VI), this

information was also recorded.

Flowering (presence or absence of flowers or visible flower
primordia) was also recorded throughout the work, but this is
not included in the tables of results as the data showed no

apparently meaningful trends, flower initiation occurring
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irrespective of environmental conditions.

(iii) Methods used in the 1i-ht break experiments (Section IV)

a) General procedures

In all the experiments, the plants were grown for 35 days in high
intensity long days. After this, control plants were grown in
low intensity long days or short days and treated plants in short
days with a short period of night break light given at or near

the middle of the night. The plants were harvested 14 days after
tﬁe beginning of the light break treatment, and in those cases
where light breaks were not continued until the harvest date, the
plants were transferred at the end of the cyclés incorporating
light breaks to low intensity long days for the remainder of the
experimental-period. Details are given in Table 5 (Section IV).

b) Light break treatments (see also Table 5)

Lights and filters

The filters used for the coloured light breaks were red (flashed
ruby) and blue (flashed blue) glass plates obtained from
Cunningham, Dickson and Walker Ltd, Northfield Broadway, Edinburgh;
transmission curves are given in Figs 6 and 7.

Administetian of 1i-ht break treatment

During the period when light break treatment was given the plants
(in small pots, as described in Section II (ii) ) were placed in
the large metal cans used in some of the preliminary experiments
(see Section III). The cans were painted black on the outside
and silver on the inside, and each can accommodated 4 plants in
pots (see Fig 8). TFor the coloured light bresks, the glass plate
filters, which were slightly larger than the mouths of the cans,

were placed on top of the cans. Each plate was fitted with a



FIGURE 6. Transmittance of red glass plate used to provide the
red light source and, together with blue plate (see
Fig 7), the far-red source for light break treatments
(Section IV),
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FIGURE 7. Transmittance of blue glass plate used to provide the
blue light source and, together with red plate (see
Fig 6), the far-red source for light break treatments
(Section IV).
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FIGURE 8, Arrangement used for giving coloured light break
treatments (Section IV),
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black polythene "skirt! which hung down round the sides of the
can when the filter was in position, to ensure against any
penetration of white light. No filter was used over the cans
containing plants being given white light breaks, and closely-
fitting black polythene covers %ere placed bver caﬁs containing

short day control plants.

Light breaks were controlled either by a pre-set time clock, in

the case of the simpler experiments, or manually, if it was necess-
_ary to change filters. With autonmtically-controlled treatment,
the plants were prepared prior to the start of the dark period

and the filters removed again before the beginning of the light
periods In experiments 4 and 5, the plants given light break
treatment were kept in normal short day conditions in the day and
transferred at night to a small culture room for light break treat-
ment so.as not to disturb other material for which normal short

days were required.

Checks were made on the operation of the automatically-timed light
breaks by exposing photogravhic bromide paper together with =
thermograph which registered a rise in temperature when the
tungsten lights came or in experiments 1-3,or by means of a
Solarimeter fitted to a recording integrator (Lintronic/Agromet

Mk III) in experiments 4 and 5.

tlhen manually-operated light breaks were given,great care was
taken to allow no stray light to enter the growth room containing
the plants during their night period. The room containing the
growth chambers was locked and darkened, and operations were

carried out with the aid of a small torch fitted with a green
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filter, considered physiologically "safe" (Muray,1968). All
filters and covers were removed after the last light break treat-
ment in each night period in readiness for the automatically-
timed commencement of the next light period (day)e 1In
experiments with manually—operaéed light bfeaks in.which the
plants' '"might' corresponded to the natural day, the plants were
either grown up entirely in this light regime, or were subjected
to several days of continuous light at the end of the growing

period.
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SECTION III PRELIMINARY EXPERIMENTS

(i) Introduction

This part of the work was conducted principally to determine the
most suitable growing conditions for the material and to plan, by
observation of tuberisation under-various conditions and at various
times after planting, a time schedule for future experiments. Tt

also contributed to the final choice of the variety to be used.

Before undertaking these experiments, growth of potato plants
kept under controlled environment (growth room) conditions was
compared with that of plants in the glass house, The material
was shown to grow and tuberise satisfactorily in the growth rooms;
as many tubers were formed as in the plants grown in the glass-
house, although total and mean tuber fresh weight were lower at
harvest after 5z months.,

(ii) Comparison of top growth and tuberisation of vlants grown
at hich and low temperatures under growth room conditions

The first of the preliminary experiments was carried out to
determine whether the results of other workers (see Section I)

on growth and tuberisation with different temperatures would be
confirmed using the growth room conditions available. The
variety Golden /Jonder was used, although it was not virus-tested,

because it was a readily-available late maincrop variety and

stocks of Up-to-Date had not yet been obtained.

The conditions used were short days with two temperature regimes:
low (20°C day - 17°C night) and high (30°C day - 27°C night).

The plents were grown from whole tubers planted in large metal
cans about 30 cm square by about 60 cm high provided with broken

crocks covering drainage holes in the bottom and three-quarters



filled with John Innes Compost No 2. Watering was with tap
water as required. Two plants from each treatment were harvested
at approximately weekly intervals, beginning about a month after

the appearance of the first sprouts, 9 days after planting.

The results are given in Table 2 and the appearance of typical
plants in Figs 9 and 10. Values of all perameters were generally
greater at low temperature (except shoot number, which was
dependent on the number of eyes sprouted). Leaves were larger,
fiatter and lighter green at low temperature (see Figs 9 b and

10 b); also, stems were thicker and tubers formed earlier.

These results are in agreement with those of other workers (see
Section I), showing that a late maincrop variety behaved in the

expected way with the controlled conditions available,

It was decided that this methpd of growing plants was unsuitable
for future work, which would require larger numbers of plants.

Very few cans could be accommodated on the growing tablés. The
plants themselves were large and required strong staking to prevent
them becoming tangled together, and they were difficult to move
from room to room. They were also very variable due to the
differing weights of and the different numbers of eyes sprouted

on the mother tubers. An alternative growing method was there-

fore necessary.

(iii) Trial of methods to obtain smaller and more uniform plants

To try to obtain smaller and more uniform plants, a trial was
conducted using small and medium-sized pieces of tuber (Golden
Wonder), ‘The small pieces consisted of c¢ylinders 1 cm high and

2.5 cnm in cdiameter, extracted from the mother tuber with a cork

il



TABLE 2.

growth in SD at high (HT) and low (LT) temperatures in plants grown in cans from whole tubers.

Results of first preliminary experiment (Section III (ii) ). Differences in top, stolon and tuber

r Harvest date %8 DAYS 45 DAYS 53 DAYS 59 DAYS 64 DAYS
Temperature LT HT LT HT Ir HT LT HT LT HT

5 Wo. of shooks 21 13 12 7 10 9 12 10 6 5
Top fut. (g) She2| 1141 | 1539 | 110.3 [ 172.7 | 145.3 | 174.5 | 57.5 | 170.4| 85.3
Top dwt. (g) - - - - 9.4 8.6 9.2 347 9.7 5.0
Leaf area (cm’) : - 3 - |26 |2s67 | e |11an | 3203 | 1383
No. non-tub. !
stolons 55 23 23 15 559 2k 29 .18 16 25
Tub. Stolon - :
No. 11 9 8 5 9 6 10 b 17 11
Tuber fwt.(g) 20.3 0.3 39.2 o LT e A e 2047 7644 1721 10945 43,6

% Replication 2 i 2 2 2 2 2 2 2 2

Harvest date is given in this experiment as days from planting.
after planting.

LT = 20°C day/17°C night;

Sprouting occurred approximately 9 days

HT = 30°C day/27°C night

For other abbreviations, see Section VIII.



FIGURE 9.  Results of first preliminary experiment (Section III (ii) ).
4.  Appearance at harvest, 64 days after planting (55 days
after sprouting) of plant grown at low temperature,

b.  Appearance at harvest, 59 days after planting (48 days
after sprouting) of third and fourth leaves of plant

grown at low temperature. Note large size compared to
leaves from plant grown at high temperature (Fig 10).
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FIGURE 10, Results of first preliminary experiment (Section III (ii) ).

&.  Appearance at harvest, 64 days after planting (55

days after sprouting) of plant grown at high temperature.

b.  Appearance at harvest, 59 days after planting (49

days after sprouting) of third and fourth leaves of plant
grown at high temperature. Note small size compared to
leaves from plant grown at low temperature (Fig 9) and
in-curled leaflet margins.
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borer, and each containing one eye. The medium-sized pieces
consisted of pieces from tubers cut into quarters; the pieces
were trimmed to approximately equal weights, and all eyes but one

were excised (see Fig 11).

18 pieces of each size were sprouted and grown throughout the
experiment (35 days) in either short day or low intensity long
day conditions, so as to combine observation of tuberisation under
the different daylength conditions with the trial of size of tuber
piece, Six pieces of each size were grown under high intensity

long day conditions.

The tuber pieces were grown in trays and small pots as described
in Section II (ii) 4, Only one shoot was allowed to develop;
this was achieved by removing any shoots which developed from

lateral buds in the eyes.

These procedures resulted in smaller.and mich more uniform plants
than had been obtained from whole tubers grown in cans (see Fig
12). The size of tuber piece used had very iittle effect on

the growth of the young plants; this being the case, it was
decided to uce the smaller pieces for future experiments, sin&e

they were less wasteful of material and quicker to prepare.

At harvest 35 days from planting, tubers had fornmed on almost

all the plants grown in short days, but on none of those grown

in either long day regime, confirming the inductive nature of the
short day conditions and the non~-inductive nature of both types
of long day conditions. Iow intensity long days produced taller
plants with thinner, mgre flexible stems than did short days or

high intensity long days.
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FIGURE 11. The two sizes of tuber piece used in second preliminary
experiment (Section III (iii) ).
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FIGURE 12,

Appearance of potato plant grown in small pot for 35
days in high intensity long day conditions at low
temperature and then transferred to short day
conditions at low temperature for 7 days.

Small shoots such as that labelled '"s" were routinely
removed as soon as they appeared above the soil.






Gregory (1956) and Chapman (1958) found that about two weeks was
necessary for tuber initiation; it therefore appeared that it was
not necessary for differential daylength treatment to extend over
the whole time of the experiment. It was decided to use an
initial growing period of non-inductive long days before commenc-
ing differential daylengzth treatment. High intensity long days
were thought most suitable for this growing period for two
reasons. Firstly, plants grown in high intensity long days were
shorter .and less flexible and it was thouzht that this would make
it easier to ensure that each plant received an equivalent amount
of incident light and to administer treatments, for example in the
projected li-ht break experiments (Section IV) and the projected
growth substance avplication experiments (Section V (ii) ); in
the former, plants would be placed inside cans with filters on
top, and in the latter, drops‘of liguid would be avplied to the
apex. Secondly, more high intensity light would mean less like-
lihood of lack of carbohydrate for tubers due to low photo-

synthetic activity.

Such an initiel growing period of high intensity long days,
followed by differential daylensth treatment consisting of a vary-

ing number of short day cycles, was used in the next experiment.,

iv) Investizations into the minimm nunber of short day cycles
- - -

required for and the effect of chaniging the numper of short cay
cycles given upon tuberisation

Having developed a suitable growing method, it was next necessary
to establish a basic time schedule for tubgr'sation experiments,
based on a knowledge of the minirmm nurber of short day cycles
required to induce tuberisation and Qf the effect on tuberisation

of increasing the number of such cvcles above the necessary
e o

L6.



mininum.  The object of these investigations was to determine ﬁhe
optimum number of short day cycles for the induction of tuberisation;
this would in turn determine the timing and number of harvests used
in investigations of the effects of factors other than daylength

on tuberisation.

Two similar experiments were conducted, one using Golden 'Jonder
and the other Up-to-Date and the Kenyan varieties (see Section

II (i) ). The plants were grown by the standard method

déscrihed in Section II (ii) d and then given either low intensity
long days or a number of short day cycles (3, 6, 9, 12, 15, 18 or
21) followed by low intensity long days if necessary until harvest.

The plan of the experiments is given in Table 3.

The results of these experiments, for the varieties Golden ionder
and Up-to-Date, are shown in Figs 13 and 14, The responses of

both varieties were very similar for all the parameters measured.

Generally, with increasing number of short day cycles, decreases
were found in top height, node number and top dry weight (the last
being very small and due meinly to a decrease in stem dry weight).
The trends tended to become more clear-cut at later harvests. With
increasing number of short day cycles, tuber number and tuber fresh

weight increased,

In Up-to-Date, tubers were detected with 3 short day cycles at

the 21 day harvest, but a minimum of 6 short day cycles were
required at the 14 day harvest. Because of the increase in tuber
nuuber and fresh weight with increasing number of short day cycles,
it was considered desirable to use a basic inductive treatment of

more than the minimum number of cycles. In Up-to-Date, the
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& fourth
TABLE 3. FPlan of third, preliminary experiments(Section III (iv) ).

Number of plants given a certain number of SD cycles
and harvested on certain dates.

Harvest date (days)
cycles GW | UTD | G | UTD | GW ) UTD
0 2 2L 2 2 [
3 ] I 24 2 1 1
6 2 [=22 2] ma 1 1 *
9 I Tl Ay
12 2| 2 LT
7 LR
18 A
21 2

GW = Golden Wonder

UTD = Up-to-Date

Date of harvest is given from start of
differential daylength (experimental) period.



FIGURE 13.

Results of third preliminary experiment (Section III (iv),

using Golden Wonder).
short day cycles in a.
b.
c.
de

Ce
f.

Changes with increasing number of
top height

node number

top dry weight

leaf and stem dry weight (taken
separately )

tuber number

tuber fresh weight.

Points are means of two values unless otherwise indicated.
Standard errors (s.e.) of means are shown.
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FIGURE 14. Results of fourth preliminary experiment (Section IIT

(iv), using Up-to-Date).
of short day cycles in a.
b.
Ce
d.

€.
f.

Changes with increasing number

top height

node number

top dry weight

leaf and stem dry weight
(taken separately)

tuber number

tuber fresh weight

Points are means of two values unless otherwise indicated.
Standard error (s.e.) of means are shown.
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increase in tuber number and fresh weight started to decrease
after about 12 short day cycles (see Figs 14 e and f) and it was
therefore thought unnecessary to give many more cycles than this.
14 shoft day cycles was accordingly selected as a convenient

number for the standard inductive treatment.

The Kenyan varieties showed much less clear-cut trends, probzably
due to their uneven early growth, and this, together with the
difficulty of obtaining a continuous supply of tubers, led to

their rejection as experimental material.

The results with Golden Wonder and Up-to-Date are in agreement
with those of Gregory (1956) and Chapman (1958).  Although 14
short days were not strictly necessary for tuberisation, as few
as 5 cycles being sufficient for some response if harvest was
delayed until 21 days, 14 short days was decided on as a more
suitable, and reliable, inductive treatment.

(v) To examine the effect of age of the plants at the beginning

of the differential daylensth treatment upon the number of short
day cycles reguired for tuberisation

The object of this investigation was to determine whether the time
teken to initiate tubers is affected by the age of the plant at

the beginning of the differential daylength treatment (experimental
period). If this were the case; it would be necessary to

standardise the length of the growing period.

Two similar experiments were carried out using Up-to-Date plants
which were grown for 35, 40 or 45 days in high intensity long day
conditions and given 3, 6 or 9 short day cycles and then kept in
low intensity long days until hervest at day 14 (ie 14 days from

o |

start of differential daylength treatment). The replication



levels were 4 (2 for long day controls) and 3 in the first and

second experiments respectively.

Similor results were obtained in both experiments (see Fig 15:
results of second experiment). All parameters, including tuber
number, were greater in the older plants. Top height decreased
with increasing number of short day cycles, but node number,
where it was recorded (in the first experiment), and top dry
weight appeared unaffected. Fewer short day cycles were
fequired to bring about tuberisation in older plants (see Fig

15:.e).

On the basis of these results, it was found necessary to use a
constant length of growing period; material was therefore grown

for 35 days prior to the start of the experimental period.

The basic time schedule developed as a result of these experiments
and those in (iv) above consisted of a growing period of 35 high
intensity long days, followed by an experimental period of usually
1% days in which differential daylength treatment, consisting

of either short days (inductive) or low intensity long days (non-
inductive) was given. Harvest was usually carried out 14 days
from the beginning of the experimental period, although in some
experiments where sufficient material was available, additional

harvest dates were also used.

It was also found in the above experiments that the material
showed a fairly high level of variability, and this was
encountered throughout the work, although all possible attempts
were mede to minimise and counteract it, ie standardised planting,

growing and feeding conditions, randomisation of experimental



FIGURE 15. Results of one run of fifth preliminary experiment
(Section III (v) ). Changes with increasing number of
short day cycles and different ages of plant in
a. top height
b. top dry weight
Ce tuber number

Points are means of three values unless-otherwise
indiecated, Standard errors (s.e.) of means are
shown.
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TABLE 4. Results of topping experiment (Section III (vi) ).
Effect of decapitation on top, stolon and tuber
growth at 14 day- harvest for plants grown in SD.

Treatment Topped | Intact S.A.

p | LSD
Top dwt.(g) 1.6 2,2 0.05 O.k
Stolon no. 7.0 8.3 ns
Tuber no. b7 245 0.05 2.0
Tub. stolon
no. o RS 1.8 ns
Tuber fwt.(g) 5.0 12 0.005 | 0.4

S.A.= Results of statistical analysis. Level of
significance of variance ratio (p) and least
significant difference (LSD) are quoted.

For other abbreviations, see Section VIII,

The level of replication was k.



treatments, and as high levels of replication as growing space

would allow,

(vi) Investigation of the effect on tuberisation of rermoval of
the growing point and apical leaf clustor (tovpins exveriment)

As mentioned in Section I, the.éxperiments of Chapﬁan (1958) in
which different parts of the plant were given different daylength
treatments have suggested that the stem apex mediates the photo-
periodic cont:ol of tuberisation. To discover if this were the
case for Up-to-Date, 16 plants were grown in the usual way (see
"Section II (ii) 4) for 35 days, after which time half of them had
the small apical cluster of leaves, including the growing point,
removed., 4 topped and 4 intact plants were then transferred to
either short or low intensity long days. After 14 days all the
plants grown in short days and half of those grown in long days

were harvested; the remainder were harvested after 18 days.

Top height and node number were, as expected, greaterin the intact
plants as was top dry weight; stolon nurmber was unaffected. No
tubers were formed after 18 days in thé pPlants kept in long days.
After 14 short days, tuber number and tuber fresh weight were both
greater in topped plunts. The results for plants grown in short

days are shown in Table 4,

These results suggest that something is formed in the shoot apex
which inhibits or delays tuberisation, although it is likely that
this is not all that is involved (see Section VII). This inter—
pretation is consistent with the results of Ckazawa and Chapnan
(1962) with plants with forked stems given differential daylength
and pruning treatments (see Section V (i) ). It also explains

a result which they were unzble to account for on their
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interpretation (when both long day an& short day shoots of forked
plants had the growing points removed, tuberisation was greatly
hastened). It is also consistent with the results of Chapman
(1958) with differentisl daylength treatments and with pruning of
Plants kept in long days (in which removal bf the épex led to
earlier tuberisation) althoush not with those of a similar
experiment with plants in short days. This discrepancy may

have been due to differences in age of the plants used or in the
number and position of the young developing and fully expanded
‘leaves removed in addition to the stem apex; on neither of

these points is Chapman explicit. The possible mechanism of
control exerted by the shoot apex and young leaves is investigated

in Section V and discussed in Section VII.

(vii) Preliminary expveriments examinins stolon growth

8. To investicate the effect on stolon number of differential
daylensth treatment durin; both the growins period and the
experimental period

It is generally accepted (Gregory, 1965) that long days enhance
the development, growth and branchinz 5f stolons. Such
differences were not found, however, with differentizl daylength
during the experimental period alone (the procedure normally
used). This experiment was carried out to determine whether
differential daylength treatment ‘during both the growing period
and the experimental period would cause differences in stolon

nuriber in Up-to-Dates

2% plants were grown for 49 days, 12 in low intensity long days and
12 in short days (20% day - 17% night throughout).
Significantly more stolons were formed on the plants grown in

long days (mean 10.4, s e 0.34%) than on plants grown in short
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days (mean 7.9, s e 0.31). Stolons on plants given long days
were also found to be generally more highly branched (due to the

development of more axillary buds into side shoots) and longer.

These results confirm that stolon development in Uﬁpto-Date
behaves in the same way as it does in other varieties. It was
to be expected that such differences would not appear with the
normal experimental schedule, since stolons begin to develop
during the 35 day growing period, when all plants receive the
“same high intensity long day light regime.

b, Investiszation of the order in which different types of stolon
tip tuberise under inductive (short day) conditions

Stolon tips mey be divided into three categories as shown in Fig
16.  The object of this experiment was to ascertain whether all
stolon tips on an induced plant begin to tuberise at about the
same time, or, if this were not the case, the order in which
tuberisation occurs in the different types of stolon tips. 20
plants were grown in Vermiculite and then in nutrient culture
(see Section II (ii) d) so that the stolons could be continuously
observed without damage. After 350ycieshigh intensity loang days
at low temperature, the last 14 of which were spent in nutrient
culture, the light regime was changed to short days at low

temperature (see Section II (di) ).

The Stolﬁns were observed regularly for signs of tuberisation,
which began 9 days after the start of the experimental pericd
(ie after 9 short day cycles). After this, tuber number and
tuber fresh weijht increased fairly linearly with time for a

period of rather more than a week. The first stolon tips to

tuberise were those of side branches of long branched stolons

be,



FIGURE 16. Different types of stolon tip (as found in Section III

(vii) b)
a = tip of side bud or branch of long branched stolon
b = tip of short unbranched stolon

¢ = terminal bud of long branched stolon.
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("a" in Fig 16). 3 or 4 days later, visible signs of tuberisation
were noted at the tips of short, unbranched stolons (b) and after
another 4 or 5 days, the terminal buds of long branched stolons

(c) began to tuberise.

In an induced plant, therefore, the stolon tips do not all tuberise
at exactly the same time, although the times at which they do so
are not very far apart in the life of the plant, nor is the order
of tuberisation of the tips a random one. There are two possible

explanations for this.

It is possible that the arrival of the tuber-forming stimlus at
the stolon tip brings about immediate tuberisation, but that the
growth characteristics of the different iypes of stolon tip cause
different rates of transport of the stimulus from the toovs to the
stolon tips. Alternatively,lit is possible that there is no great
difference in the time of arrival of the stimulus at the different
types of stolon tip, but that it is the differing condiﬁions which
the stimulus encounters when it reaches the tips which cause the

order of tuberisation of the different types of tip.

Further investigation of the conditions at the stolon tip and the
effect of verious factors on these was obvicusly necessary to try
to discover why all stolon tips on an induced plant do not tuberise
at the same time, and some experiments on these topics are described

in Section V.
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SECTION IV  INVESTIGATION OF THE PiIOTOP=RIODIC BASIS OF
TUBLEISATICH = LICGHT BREAX EXPERTIENTS

(i) Introduction

As has been discussed in the General Introduction (Section I),
there is general agreement that the time from emergence of the
potato plant to the formation of tubers is least under short
days, among other conditions, although the response varies with
variety and species. As well as exhibiting delayed tuber
initiation in long days, the plants also have much greater
haulm growth under natural illumination conditions. This
response to differences in daylength has been interpreted in two
different ways by different authors. Some, including Gregory
(1956), Chapﬁan (1958) and Okazawa and Chapman (1962) have
explained their results on the basis of the presence of a '"tuber-
forming hormone" and others eg Burt (1961), Borah and Milthorpe
(1962) have explained the differences brought about by daylength
as resulting from differences in growth of the haulms which in
turn leads to different substrate supply to the stolon tip. In
the experiments (described in Section I) of both Gregory and
Chapman, very little information is given concerning the
differences in top growth in the inducing and non-inducing
conditions. Although the results of these experiments point,
as concluded by the authors, to a specific tuber-forming hormone,
it has been pointed out (3later,1953) that they do not rule out
the possibility that the differences in time to tuber-initiation
are caused by the differences in top growth and therefore in

supply of metabolites to the stolon tips. He has also mentioned

@

the fact that many workers have failed to consider the differences
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in total daily radiation between different daylength treatments,
He has himself carried out an experiment (variety unspecified)

to examine the relationshi: between daylength and tuber initiation
with different amounts of total daily radiation. The following
treatments were used:-

long days (18 hours) with 356, 72 or 108 cal/sq. cm./day and

short days (9 hours) with 35, 54 and 72 cal/sq. cm./day.

He found that there was no significant difference in the dry
weight accumulation between daylengths with any one amount of
daily radiation and any differences in top growth prior to tuber
initiation were small and variable, He also found that as the
amount of daily radiation was increased, the difference in time
to tuber initiation decreased. He has cohcluded that the photo-
periodic effect does occur independently of differences in the
total daily radiation and that his results are compatible with a

hormone hypothesis.,

Slater (1963) has also carried out a further experiment with

S. tuberosum var, Arran Filot and the wild species S. demissum

in which a light break was given in the middle of the dark period

in short days. Details of the experiment are not given but it

is assumed that the light break consisted of white light only,

since no coloured lizht treatments were mentioned. Tuberinitiation
was found to be delayed by the light break treatment for two

weeks in the Arran Pilot material and no tuberisation at all took
place with such treatment in the 5. demissum msterial (which has

an obligate requirement for short days in order to tuberise).

Slater also states that the resulis obtained could not be accounted

for by differences in haulm growth between the treatments.
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Similar results were obtained by Mokronosov and Lundina (1959),
who showed that a short light interruption of the dark period
nullified the promotive effect of short days on tuberisation in

S. demissum.

These are the only experiments which have been carried out to try
to establish that the tuberisation process itself is photo-
periodically controlled, and not regulated by the effect of
differing daylengths on top growth, and hence distribution of

assimilate to the stolons.

In view of the unsatisfactory state of our knowledge on this point,
the experiments in the present section were performed to establish -
whether or not the tuberisation response, for the variety, Up-to-
Date, was genuinely photoperiodic. Since it was thought likely
that the phytochrome system might mediate the photoperiodic
response, red (R) and far-red (FR) in addition to white (W) light
break (LB) treatments were given. The efiect of blue tB) light
breaks was also investigated. In the first experiment, a white
light break treatment was given, in the second both red and rec
plus far-red light breaks, and in the third white, red and red
plus far-red light break treatments were used. In the final

experiments (4 and 5) blue light breaks were given.

The general methods used in these experiments (growth and harvest
of plants and light break treatments) are given in Section II
(Material and General Methods). Table 5 gives details of the
light breaks used in each experiment (timing, duration, number,
timing method, typés of lights and filters used) and also the

level of replication employed and the dates of the harvests.
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TABLE 5, Details of light break treatments used in light break experiments 1 - 5 (Section IV).

1B Experiment 4 2 | 3 kb 5
Colour of LB Ww(T) W(F1)| R R + FR R | R+FR -B B
Time of LB (h) 8 8-t 8 8 8.5 | 8.5 8 8
Duaration of LB (min) 10 5 5 5 + 15 5 5 + 15 15 15
No. of LB 14 7 7 7 6 6 14 8
Timing method A ,z" u M & Fooa
; i 6.1 W/mZ | 80,5 = 129.1 30.3 = 129,14 W/mZ F1 1000 W T _
Light source T b /m2 Fl ® 95.6 = 14lk W/m2 F1 at top 17.5 ‘a'e’/mz Fl
+ T of cans

Filters = - |4R 1B + 1R iR |1B + 1R 1B 1B %
Replication 12 16(8) 4(3) 8 8
Harvest date (days) 1% 14 14 14 14

Colour of LB: W = white light (T = tungsten, F1 = fluorescent); R = red; FR = far-red; B = blue.

Time of IB = Time of light break, measured from start of dark period.

No. of LB = Number of consecutive light breaks,

Timing method: A = automatic; M = manual,

Intensity of light source is given before passing through filters (W/m = Watts per square metre; T = tungsten;
F1 = fluorescent (Warm White).) :

Filters: R = red glass; B = blue glass (see Section II),

Bracketed values for replication represent number of plants used per treatment in ID (long day) controls,
Harvest dates are given from start of experimental (light break) period,



(ii) The experiments; results and discussion

First Light break experiment

In this experiment, a white light break was given at the middle of
the night period, which time appears to be the most sensitive for
most photoperiodic effects (eg Salisbury and Bonner, 1956;

Borthwick and Downs, 1954; Fredericq, 1964),

Zﬁn experiment was in fact carried out to confirm that this was

the case for S, tuberosum var '"Up-to-Date', in which light breaks

were given at 3, 6, 8, 10 and 13 hours after the beginning of the
16 hour dark period fo plantsgrown in short days, but very few
tubers at all were formed on any of the plants; perhaps due to
slow development of the plants or to delay in banking up the sand
around the bases of the plants during the early stages of the

growing period, which may have caused slow stolon initiation.

The only plants to tuberise in the experiment were short day
controls (2 plants out of 15) and plants given a light break at

3 or 6 hours from the beginning of the dark period (3 out of 16
and 2 out of 16 respectively); plants given light break treatment
later in the dark period did not tuberise. The numbers of tubers
were so small that these results could not be regarded as
meaningful; they did point, however, in the direction that light
breaks given at or after the middle of the dark period may have
been more effective in inhibiting the short day tuberisation
response then light breaks given before the middle of the dark

period.

It was unfortunately impossible to repeat this experiment due to

o

lack of time, since it occupied & weeks, two of which reguired a
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growth chamber exclusively devoted to this experiment,/

In the present experiment (lio 1), in which the light break was given
at the middle of the dark period, all the parameters measured at
harvest, except for those pertaining to tuberisation, were
unaffected by the light break treatment (ie top height, node
number, top dry weight, root dry weight and stolon number - see
Table 6). There was a significant difference between the short
day control plants and those grown in short days with light break
treatment for tuber number, number of tuberising stolons and tuber
fresh weight. All three parameters were greater in the plants
given short days without light break treatment. The percentage

of plants tuberised was aslso greater in the short day centrols.
 Despite the iarge reduction, none of the three psrameters was
affected relative to the short day controls as greatly by light
break treatment as by low intensity long days, in which no tubers
at all were .formed in this experiment. The effect on tuberisation
caused by the light break was quantitative, not qualitative. This
is also true, generally speaking, of the daylength response of
tuberisation; in some experiments, low intensity long day controls
were found to have produced a few tubers, although always less than

plants grown in short days during the experimental period.

These results confirm those of Slater (1953), the light break
being found to cause someindibition of tuberisation, and being
unaccompanied by any measureble differences in haulm elongation
or dry matter production as far as the pa;ameters recorded were
concerned., This suggests that the effect on tuberisation is a
direct photoperiodic one, unmediated by differentisl growth of

the haulm under different daylenzth conditions. It is, however,
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TABLE 6.

Results of first light break experiment.

Differences

in top, stolon and tuber growth in LI LD and SD with
and without light break treatment at harvest after

14 days.
Treatment LDC SDC SD + 1B S.A.
P LSD
Top ht.(cm) 48,2 40.8 3548 ns
Node No. 19.8 19.1 18.8 ns
Top dwt.(g) 1.78 1465 1.78 ns
" Root dwtdg) 0.62 0.61 0.58 ns
Stolon No. 6.7 8.3 9.3 ns
Tuber No. 0 7.6 1.8 0.001 | 2.33
E Tub..~ Stolon
! Nos 0 4.8 1.4 0.001 | 1.02
Tuber fwt.(g) 0 17 0.1 0.001 | 0.66
No. plants
tub. 0/12 (0%) | 12/12(100%) | 8/12(66%) | -
i Replication 12 12 12 =

S.A. = Results of statistical analysis for SD and SD + 1B

treatments.

and least significant difference (LSD) are quoted.

Level of significance of variance ratio (p)

Treatments: LDC = long day controls; SDC = short day controls;

SD + LB = short days plus light break.
For other abbreviations see Section VIII,




quite possible, although Slater does ﬁot mention this, that the
light break causes differences in the growth of the haulm which
have not been measured in either his or the present experiment;
for example treatments could lead to differences in the levels

of various metabolites being suﬁplied to the underéround parts,

but in amounts too small to affect top growth.

Having shown an effect of light break treatment on tuberisation
in Up-to-Date, it was next considered desirable to attempt to

demonstrate the involvement of phytochrome.

Second licht break experiment

Hillman (1967) hss pointed out the increasing support for
the idea that the basic timing mechanism in photoperiodism
is closely related to the endogenous circadian rhythms
observeble in most organisms (Cumming, Hendricks and
Borthwick, 1965; Takimoto and Hamner, 1965) and the loss
in suprort for the 'reversion-as-timer' hypothesis, which
proposed that dark reversion from the Pfr to the Pr form

of phytochrome represents the basic mechanism in photo-
periodic timing, and which once seemed attractive (Hendricks,
1959; Borthwick, 1964). He goes on to say, however, that
although the literature suggests that phytochrome itself is
not part of the photoperiodic timing mechanism in higher
plaﬁts, "it remains the most important, if not the only,

transducer of light effects on that mechanism',

It therefore seems likely that phytochrome is involved in the

control of the photoperiodic response of tuberisation in potato.
The present experiment was accordin;ly carried out to obtain
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evidence for the possible involvement of phytochrome in the
mediation of the ;nhibiting effect (see above) of light break
treatment on tuberisation. This was attenpted by trying to show
an inhibition of tuberisation by a fed light break and a reversal
of this effect by a subsequent éhort_period of expésure to far-

red light.

The experiment included white, red and red plus far-red light
break treatments (for details see Table 5). Light breaks were
_given at 8 hours from the beginning of the 16 h: night veriod,
and the illumination was provided by fluorescent lights fo¥ the
white and red light breaks and fluorescent plus tungsten lights

for the far-red treatments.

The results of the experiment are given in Tables 7a and b, The
white light break treatment caused a significant decrease in top
height in comparison to the short day controls, but there was no
effect of the red light break. The red plus far-red treatment
caused an increase in top height and also in node number above
that of the short day controls and the plants in the red light
break treatment. This enhancement of top growth by the red plus
far-red treatment was the only reversal of a light break effect
to be found in either of the experiments where this was investigated;
there appeared to be no accompan&ing reversal of the effect on
tuberisafion (see below). Node number was unaffected by any
treatment except the red plus far-red and top and root dry weight

and stolon number were unaffected by any treatment.

Although there were too meny zeroes in the tuberisation data to

allow a valid anslysis to be performed on them, all the light
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TABLE 7a. Results of second light break experimente. Differences in top, stolon and
tuber growth in LI LD and SD with and without white, red or red plus far-
red light break treatment at harvest after 14 days.

1

! SeA.

| Treatment LDC SDC SD+WLB SD+RLB SD+R+FRLB

: P LSD

i_

| Top ht.(cm) 50,9 | 19.4 1762 19.1 25.5 0,001 | 1.11

Node No. 19.0 171 17a2 123 18. 4 0,05 0.83
Top dwt.(g) 1.5 1.82 1.65 1.65 1275 ns
| Root dwt. (g) 0.31 0.39 0.42 0.41 0.k2 ns
Stolon No, %aD L,3 5al S5k L,9 ns
Tuber No. 0 0.63 0.06 0.19 0.13 -
Tub. stolon No. 0 0.63 0.06 0.19 0.13 -
Tuber fwt.(g) 0 0.21 0.04 0.02 0.05 -
No. plants tub. | 0/8 9/16 1/16 3/16 2/16 e
(0%) | (56.3%) | (6.3%) (18.8%) | (12.5%)
Replication 8 16 16 16 16 -

PTO. for key




S.A. = Results of statistical analysis (not including LDC data).
Level of significance of variance ratio (p) and least
significant difference (LSD) are quoted).

Treatments: LDC = long day controls; SDC = short day controls;
SD + WLB = short days plus white light break; SD + RLB = short
days plus red light break; SD + R + FRIB = short days plus red
light break followed by far-red light break.

For other abbreviations, see Appendix (VIII)



TABLE 7Db. Results of second light break experiment (continued). Raw data for differences in tuberisation in
T Tk LI LD and SD with and without white, red or red plus far-red light break treatment 2% harvest after
14 days.
Treatment | Parameter Raw data (Replicates)
SDC Tuber no. 1 1 0 1 0 2 4 1 1 0 1 0 1
Tub,.stolon no,. |1 1 0 1 0 2 1 1 1 0] 1 0 1
Tuber fwt.(g) |0s10 0.37 = 0,135 = 0.59 0,90 2,12 0.10 = 0.10 = 0. 41
SD + WLB Tuber no. 0 0 0 0 1 0 0 0 0 0 0] 0 0
Tub.stolon no, |0 0 0 0 1 0 0 0 0 0 0 0 0
Tuber fwt.(g) |- - - - 0,79 = - = - - = = s
SD + RLB Tuber no. 0 0 0 0] 0 0] 1 0 0] 1 0] 0 1
Tub.stolonmo. /0 O O O0° O 0O 0 0 22 i e TR 1
Tuber fwt.(g) |- - - - - - 0.10 - -~ 0.10 - - 0.10
SD + R Tuber no. 0 0 1 0 0 0 1 0 0 0 0 0 0
+ FR 1B
Tub. © stolonmdO 0 1 0 0 0 1 0 0 0 0 0 0
Tuber fwt.(g) |- - .10 -~ - - 0?71 = - = . = =
1DC Tuber no. 0 0 0] 0] 0 0 0
Tub.stolon no. {0 0 0] 0 0 0 0

Tuber fwt.(g)




break treatments appeared to cause a reduction in tuber number
(from 0.63 to 0.05-0.19), nunber of tuberising stolons (from
0.63 to 0.06-0,19), tuber fresh weight (from 0.21 to 0.02-0.05g)
and percentage of plants tuberised (from 56.3%% to 6.3-18.8%).
Because of the small numbers of‘tubers forﬁéd and £he resulting
lack of statistics, it was felt that these results could be more
clearly seen in the form of the raw data, as presented in Table
7ha It was thought that the low level of tuberisation,which
was found throughout all the treatments in the experiments, was
"due to slow development of the plants, since their early growth
was supervised with great care because of the difficultyexperienced
in the experiment to establish the best time for the light break

(see above).

A number of reasons may be put forward to explain the lack of

reversal of the red effect by far-red.

Firstly, it is possible that the far-red sources used were
inadequate in some respect. They may.nop have been selective
enough with respect to wavelength, admitting too much red light,
and therefore making reversal of the red effect impossible, or

they may not have been intense enough, the filter cutting out

too much light.

There are two reasons why this explanation seems unlikely. The
same far-red filters (sce Section II for details) were used by
Murray (1958) with success in Phaseclus, although it is conceiv-
able that the response to Pr/Pfr ratios in potato may differ
from that in - bean., Also, the promotion of top growth by the

red plus far-red light break treatment in the present experiment
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suggests that the plants were capable of responding to the far-red
source used as a light break in the opposite way from their
response to white light (which brings about a high Pfr/Pr ratio
in the plant) as a light break. The response to the far-red
light break is also that which woﬁld be expected from the
literature, far-red light being usually found to promote stem

elongation (Salisbury, 1963).

The second possibility to explain the'lack of response of
tuberisation to far-red light break treatment is that the time
(3-4 minutes) spent in changing the filters between the red and
far-red treatments was long enough for the Pfr-mediated iﬁhibifory
- reactioh to become irreversible, The time taken for this
operation was unavoidable using manually-applied light breaks in
an experiment of this size, since the black polythene covers used
for plents not receiving lizht break treatment had to be fitted
over 8 cans randomly distributed over the growing bench and blue
glass filters added to a further 4 cans also randomly distributed,
on top of the red plates already covering them during the first
part of the light break treatment. This procedure had to be
performed in darkness with the aid of only a point of very low
intensity physiologically-inactive green light from a heavily-
masked torch, and was therefore carried out mainly by feeling for

the positions of the cans, covers and filter plates.

The time required for the inhibitory act of Pfr in plants
of short day response type varies greatly from species to
species. The results of Kasperbauer, Borthwick and

Hendricks (19563) with Chenopodivm rubrnm have shown that

flowering of small seedlings of one strain of this plant
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is inhibited by a red'light break in the middle.of the night,
this inhibitory action being reversed by a far-red irradiance
immediately afterwards. If darkness intervened between the
red and far-red treatments, the level of flowering declined
as the period of darkness inéreased and fequired 70 minutes
of darkness to reach zero, It has since been found, how-
ever, by Downs (personal communication quoted in Borthwick,

1964) that in one selection of Chenopodium album, flowering

usually failed even when the far-red treatment followed the
red within one minute. Also, Fredericq (1964) found with

Pharbitis nil that far-red reversal of the effect of a red

light break on flowering did not take place when two minutes
of darkness intervened between the two treatments; this
indicated that the flower-inhibiting action of Pfr was

completed in slightly nmore than a minute,.

The period reguired for Pfr action td prevent flowering thus
ranges from less than one minute to more than an hour in different
plants. It is thus possible that in the present exveriment, the
time between the red and far-red treatments was ehough for the
effect of red light treatment to become irreversible, if potato

is a plant in which only a very short period of time is reguired.

The third possibility to explain the lack of reversal is, of

course, that phytochrome is not involved in the response.

A further experiment (No 3) was carried out to try to determine

which of theseadternative explanations was the correct one.

Third 1izht break exveriment

This experiment used smzller numbers of plants than did the
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previous one, and this made it possible to cut down the time spent
in changing the filters between the red and far-red treatments to
about 30 seconds or less. A higher intensity light source for

the light breaks was also used, consisting of a 1000W tungsten
photoflood bulb positioneiélose abdve the coloured glass filters
covering the cans containing the plants. The red content of this
light was also smaller compared to the far-red content than that
in the light used for the light breaks in the previous experiment,
in which the source consisted of fluorescent plus tungsten light.
(For details of light sources, see Section IT; for other details

of the experiment, see Table 5).

The resﬁlts of the eﬁperiment are presented in Table 8, Top
height was found to be significantly reduced by both red and red
plus far-red treatment, no reversal being found with far-red in
this experinment. Node number, top dry weight, root dry weight
and stolon number were all unaffected by either light break

treatment.

* Tuber number and number of tubérising stolons were reduced by both
the red and the red plus far-red treafments, althovgh all the
plants in all short day treatments carried some tubers, andé tuber
fresh weight was not found to be significantly affected, probably
because of the high variance in éhe data. Although some tubers
were formed on the long day controls, these plants showed the
lowest levels of tuberisation of all; tuber number and number

of tuberising stolons were significantly less in these plants

than in not only the short day controls, but also the plants

given short days and light break treatment. The results show

once again that the reduction in tuberisation caused by the lizht
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TABLE 8, Results of third light break experiment. Differences in top, stolon and tuber growth in
LI ID and SD with and without red and red plus far-red light break treatment at harvestl
after 14 days.

Treatment LDC SDC SD+RLB : SD£§+FR 5
. . p LSD
Top ht,(cm) 48,8 b5.3 39.8 38.6 0,005 2.48
Node No. 18.0 173 17.8 177 ns
Top dwt.(g) © 1.33 1.26 1.27 1.32 ns
Root dut.(g) - 0.42 0.40 0.47 0.43 ns
Stolon to, 9.7 9.8 T 12:5 ns
Tuber No. 0.3(1.0068) 643(1.2156) 3.5(1.1434) 3.0(1.1205) Q.005 | (0.0611)
Tub. stolon No. | 0.3(1.0155) 4.5(1.1696) 2.8(1.1196) 3.0(1.1178) 0.005 | (0.0489)
Tuber fwt.(g) 0.1 0.90 1.21 0.35 ns
No. plants tube | 1/3 (33.3%) L4 /4 (100%) L4 /4(100%) 4 /4(100%) -
Replication (1 rotted) 4 L L b -

Treatments:- IDC = long day controls; SDC = short day controls; SD + RLB = short days plus red
light break; SD + R + FR LB = short days plus red followed by far-red light break.

Bracketed values are log transformed values, and LSD values obtained from these. For other
abbreviations, see Section VIII.



break treatment (compared to short day conditions) was quantitative,
not qualitative, and less pronounced than that found in low

intensity long days.

It was again impossible to demonstrate a reversal Qf the inhibiting
effect of red light-break treatment on tuberisation by the
subsequent exposure to far-red lizht even with the conditions

used in this experiment. If anything,the subsequent far-red
treatment enhanced the inhibitory effect of the red light break

.on tuberisation.

These results are in agreement with those of the previous
experiment, red light breaks causing inhibition of tuberisation,
and no reversal of the effect of a red light break beinz found

with subsequent far-red treatment,

Although it is less likely than in the previous experiment (due to
the modifications made in the present experiment), it is still
possible that the far-red light source was inadequate for the
potato, or that the time between red aﬁd far-red treatments was
sufficient for the Pfr-mediated reaction to be completed; of

these two possibilities the latter is probably the more likely.

To summarise the results obtained from the first three light

break experiments:-

It has been established that lizht breaks given in the middle
of the long night of plants grown in short days reduce tuber-
isation. This effect was found with either white or red light.
Although the light break treatments reduced tuberisation, they

did not prevent the response, and the inhibition caused was less than
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that caused by low intensity long days as compared to short days

(which is also not always a complete inhibition in S. tuberosum,

but was usually almost complete with the experimental schedules

used).

It has also been shown that there is very little effect of the
light break on growth of the tops. Neither white nor red light
breaks had any effect on node number or top (or root) dry weight.
In experiments 2 and 3 top height was reduced by light break treat-
ment, but this was not the case in experiment 1, and tuber-

isation was nevertheless inhibited in the latter experimen%, where
no effect whatever of the light break.was detected in the tops.
Therefore, the light break treatment caused reduction in tuber-
isation even where there was no detectable effect on the growth of
the tops as measured by top height, node number and top dry weight.
The effect on tuberisation would therefore appear to be a genuine
direct photoperiodic effect, and not due to differences in total
growth of the tops. This result does not, of course, entirely

rule out differences in supply of assimilates from the tops to the

stolons in the plants treated and not treated with light breaks.

As mentioned above, Hillman (1957) has stated that phytochrome
remains the most important, if not the only, transducer of light
effects on the mechanism of photéperiodic timing in higher plants.
Since both white and red light breaks brought about a reduction in
the tuberisation response, this would suggest the participation of
phytochrome. Hanke, Hartmann and lohr (1969) have drawn this
conclusion from similar results in studies on the flowering of

Sinapis alba, although they, as was the case in the present

experiments, were unable to detect any far-red reversibility of
£y 3
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their effect. It is felt that it is most likely that the inability
to demonstrate far-red reversibility of the effect of white or red
light break treatments on tuberisation was due to some deficiency
in technique, most probably the unavoidable time spent between the

red and the far-red treatment in changing the covers and filters.

However, it was necessary to consider the possibility that phyto-
chrome mizht not be involved, and the next two experiments were
carried out with the intention of investigating whether some other

_photoreceptor system was involved,

Fourth and fifth light break experiments

At the time when these experiments were conceived, Mohr

(1959, 1964) had put forward evidence for a photoreaction
possibly unrelated to phytochrome which was thought to control
a number of plant responses, most of which are also controlled
'by phytochrome. The responses appeared to be irreversible,
and the action spectra showed fairly sharp peaks in the blue
(440 nm) and the far-red (725 nm); "The basic observations
which led to this conéept (of what he named a'nigh energy
reaction', separate from phytochrome) were obtained from
examination of the light-dependent enlargement of the

cotyledons of the mustard seedling (Sinapis alba), which is an

example of a graded photoresponse which can be easily and
accurately measured. This '"high energy reaction' differed
from the phytochrome response in that it showed a character-
istic intensity dependence, whereas the photoequilibrium of
the phytochrome system at a particular wavelength does not

depend on intensity.
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To investigate the possibility that such a system with a peak in
the blue region of the spectrum might be involved in fhe tuber-
isation response in potato, two experiments were carried out using
a blue light break of 15 minutes duration, applied 8 hours from
the beginning.of the night period. Details of the experiments

are given in Table 5 and the results are presented in Table 9.

The blue light break treatment was not found to have any effect
on the growth of the tops, except for a smell increase in node
number found in the second experiment; this was probably not

meaningful, Top height, top dry weight and stolon number were

all unaffected.

In both experiments, however, the light break treatment caused

an inhibition cf tuberisation. In the first experiment (No 4),
both tuber number and the number of tuberising stolons was

reduced. Tube; fresh weight was not recorded, as all the tubers
were very smalle In the second experiment (No 5), tuber number
was again reduced. The number of tuberising stolons and tuber
fresh weighf, while appearing fo be reduced (see Table 9) were

not found to bé significantly affected, probably because of a high
level of variance in the data. In both experiments the percentaée
of plants tuberised was much greater in the short day controls than

in the plants given the light break treatment,

‘lhen these experiments were performed, it was thought informative
to examine the starch deposition, if any, in non-visibly tuberised
stolons, as this had been found to increase prior to visible
tuberisation (see Section VI). This was accordingly included in

the harvesting procedure. It was not possible to perform an
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TABLE 9,

Results of fourth and fifth light break experiments. Differences in top, stolon

growth in SD with and without blue light break treatment, at harvest after 14 days.

and tuber

Experiment 4 Experiment 5
Treatment S.A. S.A.
SDC SD + BLB SDC SD + BLB
P LSD ' P LSD
Top ht.(cm) 31.2 34,2 ns 52a5 5555 ns
Node No. 14,8 14,8 ns 20,4 295 0051 0,81
Top dwt.(g) 1.00 0.87 ns 2.26 280D ns
Stolon No, 2> 6.3 ns 12,6 10.8 ns
Tuber No. 2.6 0.5 0,001 {' 107 5¢9 35 0.05 | 3.82
Tub. stolon No. 2.6 0.5 0.001 | 1.07 53] 1.4 ns
Tuber fwt.(g) - - - 0,21 0,06 ns
Non~tub. stolons
with starch 13 0.9 - 1.5 0.2 -
no starch 3.9 5ol ns 5.6 9.2 ns
% with starch 3343 173 - 26,8 2.2 -
No. plants tub. 8/8(100% 2/8(25%) - 7/8(87.5%) 3/8(37.5%) -
Replication 8 8 - 8 8 -

SDC = short day controls;

SD + BLB = short days

For other abbreviations, see Section VIII.

plus blue light break.




analysis on the data for the number of visibly untuberised stolons
containing starch, as there were too mzny zeroes in the data, and

no differences were found between the numbers of untuberised stolons
without starch., It appeared, however, that a higher proportion of
untuberised stolons contained stafch deposits (which appear
immediately prior to visible tuberisation - see Section VI) in the
short day controls than in the plants given the blue light break
treatment, This amplifies the above data showing inhibition of

tuberisation by the light break treatment.

From the results of these experiments, it therefore seems that a
blue light break is as effective in causing partial inhibition of
tuberisation as a white or red light break, This result can be

explained in more than one way.

Recently, Mohr (1969) has stated that while for some years
it seemed necessary to postulate, even in the wavelength
range abové 550 nm, the existence of a separate photo-
receptor besides phytochrome in order to account for the
phenomena of morphogenesis (Mohr, 1959, 1964), there are now,
nevertheless, good arguments suggesting that the active
photoreceptor is in all cases exclusively phytochrome, at
least above 550 nm (es Hartmann, 1966, 19567 a, b and ¢).
Mohr (1969) considers that fhere seems no alternative at the
moment to the conclusion that phytochrome is the photo-
receptor of the '"high energy response'" in the far-red range,
with either Pfr or one of the short—lived intermediates
between Pr and Pir as the specific effector molecule
(Linschitz, Kasché, Butler and Siegelman, 1956; Iinschitz

1 ]
and Kasche, 1967; Spruit, 1966), most likely Pfr (Hartmann,
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1967 b and ¢). He also thinks, however, that there are '
considerable number of blue light dependent photoresponses
where an explanation on the basis of phytochrome seems to be
excluded. " He discusses four clear-cut examples, in three
of which he considers that the photoreceptor may be a flavo-
protein, and in the fourth of which phytochrome is, in
addition, involved. He concludes that if a response shows
a strong effect of short wavelength light and only a slight
effect of long wavelength light (eg anthocyanin synthesis in
milo seedlings (Downs and Siegelman, 1963))it seems reasonable
to postulate a simultaneous action of phytochrome and a
flavoprotein, Also, there are still workers who consider
that an alternative photoreceptor system to phytochrome may
be activated by both blue and far-red light (eg Esashi, 1969,
thinks that such a system, as well as a phytochrome systen,
may be required to explain his observations cn photoperiod-
ically-controlled tuberisation and sprouting of tugerous

buds in Beconia)
—— e — s

It is conceivable that the inhibitory effect of the blue light break
on tuberisation in the potato may be due to such a photoreceptor,
instead of or as well as phytochrome. It does seem unlikely,
however, that such a photoreceptor only is involved, if Mohr's
conclusions are correct, since tuberisation is inhibited not only

by a blue, but also by a red light break, which MHohr now considers

to be exclusively due to phytochrome mediation,

The results of the blue lizht break experiments on tuberisation
in potato described zbove are also explicable on the basis of

phytochrome mediation alone:-
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Both species of phytochrome, Pr as well as Pfr, absorb in the

blue and the ultraviolet regions of the spectrum (eg

Siegelman and Butler, 1965; Hillman, 1967). Althouzh the

absorption coefficients and the relative quantum efficiencies

of the photoconversions are much lower than in the red or

far-red regions of the spectrum, photoequilibria are neverthe-

less established if the irradiation is continued for some
time (Butler, Hendricks and Siegelman, 19543 Prett and
Briggs, 1965). The ratio of Pfr/Pr as meaéured in vitro
(Pratt and Brizgs, 1966) appears to be between 1% and 35%
depending on the particular wavelength used; in any case,
Pfr will be formed under the influence of blue and near
ultraviolet light, and short wavelength lizht can therefore

bring about the same responses as does red light.

The results of all the light break experiments can therefore be
interpreted in terms of a phylechrome response, since similar
effects can be achieved by light breaks in the red and in the
blue regions of the spectrum, phytochrgme'being known to absorb
light in both these regions. The only factor which would lead
one to suppose that phytochrome was not involved is the lack of
reversal of the white and red 1light brezk effects by far-red
light, and it is considered that this was probably the result of

the intervening time between the two types of treatment.

(iii) Conclusions

It may therefore be concluded that tuberisation in S. tuberosum

variety Up~-to-Date shows a genuine photoperiodic response, being

inhibited by a light break in the middle of the inductive long
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night, and this effect not being due to overall growth of the tops.
It is a quantitative not a qualitative response, and lizht breaks
were not found to be such effective inhibitors of tuberisation as
long days. It is considered likely, in view of the fact that
white! red and blue light breaks éll caused partial inhibition of
tuberisation, that phytochrome may be involved, but it was
unfortunately impossible to determine this definitely because of
inability to demonstrate a reversal of the light break effect by
subsequent exposure to far-red light.. This inability was,; how-
ever, considered to be due to the shortcomings of the techniques

used.
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SECTION V. IVES - RN
ACTIVE SUBSTANCES IN TUBERISATI

b
A

(i) Introduction

As discussed above, the results of the light break experiments
described in Section IV suggest'the participation ;f a tuber-
ising "stimulus' in the control of tuberisation, although they

do not eliminate the possibility that the distribution of various
metabolites to different parts of the plant may be regulated by
the light break treatment. The latter type of situation also,
however it occurs, usually implies the involvement of one or moré

plant growth substances.

As mentioned in Section I, the involvement of a specific tuber-
forming stimulus has been proposed by a number of workers (eg
Gregory, 1956; Chapman, 1958; Madec, 1963). This may not be a
single substance; it is more likely to be made up of several
growth substances. Several groups of such substances have been

suggested as being involved in the tuberisation response.

Some workers have considered it likely that ethylene may be
involved because of its effect on the direction of cell expansion
(Burg and Burg, 1965) and evidence has been put forward support-
ing this idea (Burton, 1952; Catchpole and Hillman, 1969); it
was felt,; however, that the evidence is unconvincing, and the
possible-involvement of ethylene was not included in the topics
to be investigated in the present work.

Growth substances likely to be involved on the basis of their
relevant properties

In a choice of which substances are most likely to be involved,

it is necessary to consider their properties, especially with

i)



respect to site of formation, mobility in the plant, and effects on

the processes taking place in the stolon tip at tuber initiation.

1e Properties relevant to changes at the stolon tip

As already di;cussed in detail (Section I), the principle visible
cellular changes which take place at tuber initiation are, firstly,
a loss in the polarity of cell enlargement so that medullary and
cortical cells in the region of the sub-apical meristem of the
stolon tip.become shorter and wider with little accompanying cell
division, and, secondly (slightly later), a promotion of cell
division in the same region of the stolon tip, most of the

divisions taking place in '"random" directions (see Fig50c).

Another change which takes place in the stolon tip immediately
prior to those just described, is that starch deposition commences
in the cells of the medulla and cortex (Lovell and Booth, 1967;

Palmer and Smith, 1969a; for details of the process see Section VI).

The growth substances likely to be involved in the control of tuber
initiation might thereforc be expected to be substances which are
known to exert an effect on cell enlargement and/or cell division,
especially in the sub-apical meristem and/or substances known to

affect starch metabolism.

Vegetative extension growth of tﬁe stolon, of course, also requires
cell enlargement and cell division, but mainly in a different
direction. The cells in the sub-apical meristem of the non-
tuberised, growing stolon normally elongate in a direction

parallel to the long axis of the stolon, and most cell divisions
take place at right angles to this axis (Sadler, 1951; Booth,

1963). Jhat seems to be necessary for tuber initiation is for
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this type of cell elongation and cell division to cease and to be
subsequently replaced first by cell enlargement to produce shorter,
wider cells in the medulla and cortex, and then by cell divisions
in_the "random' directions characteristic of the tuber (Booth,

1963).

In view of the above events in the tuberising stolon tip, the growth
substances most likely to be involved are auxins, gibberellins,
naturally-occurring growth. inhibitors and cytokinins, for the

reasons given below.

a. Auxins: Thimann (1969) points out that the most character-
istic action of auxin is to promote cell enlargement. Auxin also
canses cell division in sowme tissues (eg Snow, 1935; S8ding,
1936)s In view of these two effects, auxins might be expected to
perform some role in . tuber initiation, although it is perhaps
relevant to point out that the site of auxin action on cell
elongation is génerally in the elongation zone of the stem, not

in the sub-apical meristem.

b. Gibberellins: Cn the basis of its effects at the terminal
portion of stems, and especially the sub-apical meristem,
gibberellin appears an even more likely candidate for involve-
ment in the control of tuberisation. One of the most dramatic
of its effects is its ability to induce "bolting" of the dwarf
stens Ef rosette plants in the absence of the approprizte
environmental conditions which normally bring it about (Lang,
1956) . This has been shown to be due to an activation of cell
division in the normally inactive sub-apical meristem (Sachs,

Bretz and Lang, 195%). lang (1950) has shown that normal
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bolting is correlated with a marked increase in the level of
endogenous gibberellins, suggesting that these are the normal
controlling agents. The same sort of control also seems to be

involved in caulescent plants (Sachs, Lang, Bretz and Roach,

1960).

Sachs et al (1959) have also found that in plants such as
Hyoscyarmus, the final cell length is unaffected by gibberellin.
In other cases, gibberellin has been found to stimulate both
~cell division and cell elongation (Lockhart, 1956, 19603

Cleland, 1964; Arney and Mancinelli, 1966), although the ﬁajor
effect is still the induction of cell division and other evidence
(eg Brian and Hemming, 1958) also suggests onlf a minor role in

the control of cell elongation.

Gibberellin has also been shown to affect starch metabolism. It
can induce the de novo synthesis of ol-amylase in the aleurone
layer of barley endosperm (eg Faleg, 1960; Varner and Ram Chandra,

1964; Varner, Ram Chandra and Chrispeels, 1965).

Gibberellin, therefore, appears to be capable of controlling all
three processes which characterise tuber initiation, especially

starch synthesis and cell division in the sub-apical meristem.

Ce Growth inhibitors: Naturally-occurring growth inhibitors
similar to and perhaps including abscisic acid might also be
expected to be involved on the basis of the activities of growth

inhibiting substances on these three processes.

I
The work of Sachs et al (1950), mentioned above, has shown that
the synthetic growth retardant Amo-1618 brings about its

inhibition by suppressing cell division in the sub-apical
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meristem, and that its action can be overcome by applied
gibberellin, It is possible that other growth inhibitors such
as abscisic acid also operate in this way, especially in view of
the many opposing interactions of gibberellins and abscisic acid
(eg Thomas, Wareing and Robinson,'1965; Sondheimer and CGalson,
1966; Aspinall, Paleg and Addicott, 1967; Chrispeels and

Varner, 1966, 1967; Madison and Rappaport, 1968).

Of particular relevance for tuber initiation is the inhibition by
abscisic acid of the enhanced synthesis-ofoé—amylase in barley
caused by gibberellic acid (Chrispeels and Varner, 1966, 1967
this can be overcome by more gibberellic acid. It is thﬁs
possiblé that gibberellic acid and abscisic acid could together

control starch metabolism at the stolon tip.

Abscisic acid has also been found to be a highly active growth
inhibitor in the Avena coleoptile test, which is mainly dependent

on cell elongation (see Jareing, 1969).

(Bl Cytokinins: These substances would also appear to be
capable of exerting the type of controcl required in tuber
initiation. The most characteristic property of the cytokinins
is the stimulation of cell division (see lMiller, 1951; Lethan,
1967)«  High levels of cytokinins are found to be associated
with times and regions of intense cell division in plant tissues

(Letham, 1963; Bottomley, Kefford, Zwar and Coldacre, 1953);

Cytokinins can also promote cell expansion (Mdller, 1955;
Kuraishi and Ckumura, 1956; Scott and Livermzn, 1955; Arora,

Skoog and Allen, 1959; Kuraishi, 1959; Haber and Luippold,

1950; Katsumi, 1962), inhibit cell elongation (Vanderhoef and
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Key, 1968; Brian and Hemming, 1957), and cause lateral expansion
of cells (Katsumi, 1962; Hashimoto, 1961). They may also be
involved in the control of starch metabolism; they have been
shown to inhibit - amylase activity (Mznn, Yung, Storey, Fu
and Conley, 1967; Sprent, 1958) and to promote starch synthesis
(Wang, 1961; Idthes, 1964) although they can also induce starch

degradation (Boothby and Uright, 1962).

All four groups of growth substances therefore seem capable of
exerting contrel on the processsstaking place in the stolon tip at
tuber initiation; information is rather less extensive on the

sites of formation and the transport of these substances.

2. Site of formation and mobility

The results of the topping experiment described in Section IIT
suggest that the factor involved in delaying tuberisation is
formed in the stem apex or very young leaves of the tops, since

topping led to a promotion of tuberisation.

Chapman (1958) has interpreted his results to mean that the
tuberising stimulus is formed 5y the active growing poiht, since
results of differential daylength treatment of different parts of -
the plant showed that the results of treatment given to the termiﬁal
leaf cluster (including the growing point) alone were the same as
those of treatment to the whdle plant; this was not the case with
treatment of the basal leaves alone. Okazawa and Chapman (1952)
have carried out experiments in which plants with forked stems
were treated differentially with respect to daylength or subjected
to girdling or pruningltreatments. They have concluded that the
growing points are involved in the production of both the stimulus

which promotes tuberisation znd the growth substances which inhibit
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it, although the results could also be interpreted as indicating
that the inhibitor of tuberisation is formed in the shoot apex,

and the stimlus promoting tuberisation in the mature leaves.

The substances involved in the control of tuberisation must be
capable of fairly rapid movement, suggesting that they move in

the vascular system, in either xylem or phloem or both. Their
movement would also be expected to be non-polar, since they appear
to move from the shoot apex or leaves to the base of the plant
(basipetally), and thence from the base.of the stolon to its

tip (acropetally).

Auxins are formed in the stem apex and are mobile in the plant

so that they‘would appear to be able to fulfil the above conditions;
endogenous auxin, however, is probably transported in a polar
fashion in intact plants and is generally found to move basi-
petally (eg Went, 1928; Skoog, 193%8; Jacobs, 1952; Scott and

Briggs, 1960).

It seems that the sites of synthesis of gibberellins are those
regions which normally have the highest levels of gibberellins,
eg the apices of stem and root and the young leaves (Jones and
Phillips, 1966). They appear to be capable of quite rapid
movement (Zweig, Yamaguchi and Mason, 1961; McComb, 1964) in
both the phloem (Kluge, Reinhard and Ziegler, 1954) and the
xylen keg Phillips and Jones, 1964); their movement has
generally been found to be non-polar (Kato, 1958; Clor, 1967;

Jones and Phillips, 1965).

Goldsmith (1969) considers that the situstion of the cytokinins

may be similar to that of the gibberellins; although some workers
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have found very little movement (eg MSthes, 1960; Thimann,
196%; Sachs and Thimann, 1964), others have found evidence for
movement (eg Osborne and Black, 1964; Osborne and McCready,

1965).

In the case of the naturally-occurring growth inhibitors, some
studies have suggested that they are formed in the mature leaves
(Wareing, 1954; Waxman, 1957) and are transmitted from there to

the shoot, demonstrating their mobility in the plant.

From the above account it therefore appears that gibberellins,
growth inhibitors, cytokinins and auxins are all capable of being

involved in the control of tuberisation.

Effects of these groups of growth substances on the tuberisation

in potato

An auxin, probably indole acetic acid, has been found in potato

tissues (Booth and VWareing, 1958). While it appears that auxin,
together with gibberellin, controls typical stolon growth (Booth,
1963), the evidence for a direct role of auxin in the formation

of the tuber itself is conflicfing.

Borah (1959), in experiments with stem cuttings in sterile cuituré,
found that indole acetic acid accelerated tuber formation in Media
with a suitable sucrose concéntration. Van Schreven (1956) has
studied the effect of auxins on premature tuber formation (ie the
formation of secondary tubers by mother tubers which have completed
their dormancy and are germinating) He applied indole acetic acid,
naphthalene acetic acid and 2,4-dichlorophenoxyacetic acid to the
sprouting tubers and found that earlier tuber initiation was

induced by all these substances, when applied at low concentrations.
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Tizio (1964a) found that both naphthalene acetic acid and indolyl
butyric acid promoted tuberisation in cuttings, and has suggested
that the effect is an indirect one brought about through an effect
of auxin on root development. Gausman, Corbett and Struchtemeyer
(1958) injected a number of growth-active substances (2,4-
-dichloroanisole, 2,3%,5-triiodobenzoic acid, indole acetic acid,
naphthalene acetic zcid and 2,2-dichloropropionic acid) into
stolons.  They found that all these substances, especially indole

and naphthalene acetic 2cids, caused delayed tuber initiation.

Other workers have produced evidence suggesting that auxins are

not involved in the control of tuberisation (eg Dostél, 19%5 with

Ficaria verna and Ito and Kato, 1951, with potato).

The involvement of auxin in tuberisotion is therefore somewhat
uncertain. It was decided to carry out an experiment using the
growth promoters indole acetic acid and gibberellic acid applied
to the whole plant alone and in combination and to examine the
effect of such treatments on tuberisation to try to resolve this

question.

Vore convincing evidence has been obtained for the involvement of"
endogenous gibberellins in tuberisation, as an influence tending

to inhibit or retard the process. Okazawa (1959), using ethanolic
extracis from various parts of potato rlants of verieties Irish
Cobbler and Norin No 1, has demonstrated the presence of several
kinds of gibberellin-like substances in potato tissues.

Okazawa also found that when gibberellin was applied to potato
plants, even under short day conditions, no tuber formation
occurred. He concluded that endogenous gibberellin may play some

physioclogically important role in controlling tuber formatioen.
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Retardation or prevention of tuberisation by gibberellins has
also been found by Dyson and Humphries (1966) with the variety
Majestic, and with the veriety Bintje using stem cuttings (Tizio,
1964b, 1966; Perennec, 1965) cultured in vitro. Tizio has
shown that the delay in tuberisation caused by treatment with
gibberellic acid was directly correlated with the concentrations
used. McCorquodale and Moorby (1968) have also found that
gibberellic acid treatment at concentration of 0.1 and 1.0 ppm
delayed tuberisation in excised stolon tips grown in vitro, the

delay being greater with the higher concentration.

Lovell and Booth (1967) have suggested a possible mechanism of
gibberellin acticn on tuberisation. In experiments using plants
treated or not treated with gibberellic acid, they have
demonstrated a correlation (in both groups of plants) between
tuber‘initiation and the appearance of starch in the stolons,
althougzh no such correlation was found with sugar level. When
untreated plants were fed with 14002, almost all the translocated

40 accurmlated in the tubers, whereas in plants pre-treated with

14

gibberellic acid a few days before the feeding of COE’
practically no 140 was detected in the stolons or tubers but
accurulated in the shoot, particularly at the apex. Iovell and
Booth proposed that applied gibberellic acid may act by altering
the activity of the various metabolic sinks (principally the shoot
apex and the tubers) and therefore the pattern of translocation.
This does not explain, however, what happens at the stolon tip of a
gibberellin~-treated plant to cause an inhibition of starch
deposition, or whether this is a cause or a result of the altered
sink activities and pattern of translocation. The studies of

Sachs et al (1959, 1960).on the effect of gibberellins on the
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sub-apical meristem, described above, suggest that changes in
the pattern of translocation of metabolites are probably not all

that is involved (see Section VII, General Discussion).

Okazawa (1960) in'studies on the endogenous gibberellin content
of the leaf blades of potato plants, found that with low tempera-~
tures (13°C) and short days (8 hr), both conditions favourable
for tuberisation, lower levels of natural gibberellins occurred
than in plants grown at higher temperatures or in long days.

Racca and Tizio (1968), using Bintje, have also followed changes
in the content of gibberellin-like and anti-gibberellin—like
substances in shoots and roots during different periods of the
vegetative cycle. They found that before tubérisation, shoots
showed activity of both types of substance. They showed that
when tuberisation began there was a decrease in gibberellin-
like activity in the shoots, accompanied by an increase in activity
of anti-gibberellin-like substances, especially in the acidic
fractions, #ith the progress of tuberisation, the levels of
both classes of compound fell morkedly. Similar extracts made
of the roots gave very different results. Before tuberisation,
large quantities of anti~gibberellin-like substances were produced
by the roots, but this activity disappeared almost completely
when the tubers began to grow. -After this time, root extracés

showed the presence of gibberellin-like substances.

These results all suggest that endogenous gibberellins may be
involved in some way as an anti-tuberising influence in the potato

planto

In contrast to these results, Razumov (1950), working with

S.demissum and S.zcaule, was unable to observe inhibition of

83.



tuberisation with gibberellic acid treatment in short days, and
concluded that the inhibition of tuberisation in long days was a
secondary effect, due to the promotion of shoot growth by the
applied gibberellin, and that gibberellin plays no direct part
in tuberisation. Claver (1930j has_conclﬁded tha£ gibberellin
does not inhibit the formation of tubers 'when the factors of
tuberisation are present'; in later papers (Claver, 1955 and
1970) , however, he seems to support the view that gibberellins

are one of the factors which control tuberisation.

While the position is by no means clear, therefore, it neverthe-
less appears that gibberellins are probably involved in the
control of tuberisation and that further study of their role is

required.

It would also seem valuable to investigate the effect of 2-
chloroethyltrimethylammonium chloride (CCC) on the process of
tuberisation, since this compound has been shown to be an

inhibitor of gibberellin synthesis eg in Fusarium moniliforme

(Kende, Ninnemann and lang, 1963; Ninnemann, Zeevaart, Kende
and Lang, 196%; Barnes, Light and Lang, 1969) and in embryos

of Avena fatua (Simpson, 1966).

The effects of CCC on the growth of whole potato plants has been
investigated by Dyson and Humphries (1963, 19656), Dyson (1965)
and Humphries and Dyson (1967), while McCorquodale and loorby
(1968), Palmer and Smith (unpublished, quoted in Palmer and Smith,
1969b) and Tizio (1959) have examined its effects on cultured

pieces of plants grown in vitro.

CCC was consistently found to hasten tuberisation when applied
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to whole plants. Tizio, using sectioﬂs of sprouts of tubers of
the variety Bintje also found that CCC promoted tuberisation, and
that gibberellic acid reversed its effects. McCorquodale and
Moorby (1958), using stolon tips, found no such promotive effect
of CCC (see Section V (iii) ). Palmer and Smith, also using
stolon tips, found that stolon growth was inhibited by CCC treat-
ment, but that tubers were not initiated in the absence of kinetin

(see Section V (diii) ).

It was felt that further investigations of the effect of CCC on
whole plants and on stolons might prove useful to amplify further

work on the role of gibberellins.

Okazawa (1959), in addition to demonstrating the presence of
endogenous gibberellins, has shown the presence of a natural growth
inhibitor in the tissues of potato plants and has found an
apparently antagonistic acticn of this substance to that of
gibberellin in bioassay. Booth (1963) demonstrated, in extracts
of stolon tips which had just begun to tuberise, a chrometo-
graphically separable substance which inhibited the Avena straight
growth test, This growth inhibitor was found in tubers through-
out their growth and storage, and its level only began to fall

some time after the commencement of sprouting; the level was
variable during the growing seasoﬁ, but rose markedly at the onset
of leaf senescence. Although Booth did not compare the levels of
inhibitor in potato shoots, grown under long and short days, he

has pointed out that the results of Okazawa (1950) which show

high levels of gibberellin-like substances under long day
conditions, can equally well be used to demonstrate a significantly

higher level of growth inhibitor in short days. A smaller

85.



increase in growth inhibitor level was found when plants grown at
1300 were compared with plants at 18%¢. In both cases the higher
level was correlated with the condition favourable to tuberisation.
Booth has also confirmed Okazawa's finding (1959) that gibberellic
acid could overcome the inhibition in bioassay due to the growth

inhibitor.

Racca and Tizio (1968), as mentioned above, have also found a rise
in the level of anti-gibberellin-like substances in the shoots at
the onset of tuberisation. Smith and Rappaport (1969) have also
found evidence for the appearance of a growth inhibitor in extracts
of young tubers, based on the fact that gibberéllin activity in
tuber extracts as determined by the dwarf pea bioassay showed a
considerable increase when the extracts were diluted; a much
smaller increase in activity on dilution was found in non-tuberised

stolons,.

The above evidence all suggests that a growth inhibitor appears
in potato plants prior to tuberisation, and it seems likely that
this growth inhibitor has some role in the control of tuberisation;

its identity, however, remains unknown,

A suggestion that one of the inhibitors involved may be abscisic
acid has come from work on the amergence from dormancy of potato
tubers. These studies are relevant to the control of tuberisa-
tion if tuber initiation and tuber sprouting (emergence from
dormancy) are considered as opposite processes; it is possible,
however, that this is not strictly correct and that tuber
initiation ‘and the onset of dormancy in the young tuber are

quite separate processes.
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Hemberg (1949, 1952) found that potato peelinss contain both
neutral and acid growth inhibiting substances and that the acid,
but not the neutral, growth inhibitors disappear when the potato
leaves the rest period; he concluded that these substances are
of importance as regulators of the rest period in potato. This
theory has been supported by other workers (Blommaert, 1954;
Varga and Ferenczy, 1957). Blommaert demonstrated by chromato-
graphy on extracts from resting potatoes an acid growth
inhibitor which was evidently identical with the j@—inhibitor“
complex of Bennet-Clark and Kefford (1953); this growth~
inhibitor was not found in extracts from non-resting potatoes.
Brian, Hemming and Radley (1955) have shown that treatment of
resting potatoes with gibberellic acid breaks their rest and
this treatment also results in a decrease in the amount of 96—
inhibitor" in the tubers (Boo, 1961).  Many workers hold the
view that abscisic acid, ABA (Addicott et al,1968) is probably
the important inhibiting component of the ge-inhibitor"l

cﬁmplex (Wareing, Eagles and Robinson, 1954; Blumenthal-
Goldschmidt and Reppaport, 1965; Smith and Iyon, 1966;

Milborrow, 1967).

A role of abscisic acid in promoting tuberisation is also
tempting to consider in view of the interactions mentioned above,
in meny different physiological processes with gibberellin,

which substance appears to be involved as an influence acting to
innpibit or delay tuberisation. These interactions and their
possible significance for the tuberisation process are

discussed in detail in Section VII.

The work of El-Antably, Wareing and Hillman (1967) provides more direct
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evidence for the involvement of abscisic acid. They carried out
experiments in wh;ch plants of two varieties of S.tuberosum and

of a clone of S.andigenum (which normally required short days for
tuberisation) wereé grown under long days. The plants were given
a 20 mg/l daily foliar spray of‘an aqueous‘solutioﬁ of abscisic
acid, Tuberisation under long day conditions in all three

groups of plants was promoted by abscisic acid treatment, although
Smith and Rappaport (1969), working with whole plants, and Claver
(1970), using tuber-sprouts, have not been able to demonstrate

"such a promotive effect (see Section VIT).

Other experiments have also been performed (McCorquodale and
Moorby, 1968; Smith and Rappaport, 1959; Palrr-:er and Smith,
1969b) in which abscisic acid was applied to stolon tips, with-
out finding any promotive effect of abscisic acid on tuberisation;
in some cases, indeed, the compound appeared to have an inhibiting
effect on tuberisation. These results are also discussed in

Section VII.

It therefore appears that, while it seems likely that a growth
inhibitor or inhibitors is involved in the control of tuberisation,
the identity of this inhibitor is uncertain; the evidence concern-
ing the possibility that the growth inhibitor involved is abscisic
acid is conflicting and, as in the case of the probably involvenent
of the gibberellins, it was considered that more work was needed

in this area.

The remaining group of substances which have been suggested as
being involved in the initiation of tuberisation is that of the

-~ ~ . b
cytokinins (Cowduroux, 1966; Palmer and Smith, 19692 and b, 1970;

Smith and Paelmer, 1970).
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In addition to the effects of cytokinins on cell division and cell
enlargement mentioned above, the effect of cytokinins‘on mobili-
sation of various substances may also be important for tuberisation,
since tuberisation presumably required the establishment of an
active metabolic sink in the sub—&pical region of the stolon which
mobilises to this locus the substrates required for the synthesis
and accumulation of starch and other materials. There are several
reports to substantiate the mobilising effect of the cytokinins on
various substances, bringing about their movement to treated areas
in leaves.(eg MOthes and Engelbrecht, 1959; MOthes, 1960; Gunning
and Barkley, 1963) in seedling stems (Seth and Wareing, 1964), and

between leaves, and leaves and buds (Penot, 1963, 1964).

Some direct evidence has also been put forward for a possible role

of cytokinins in tuberisation.

Ckazawa (1969, 1970) has demonstrated the presence of endogenous
cyiokinin in potéto tuber tissue and has shown that the levels of
two such cytokinins rose at the beginning of tuber formation in

~ developing tubers; this rise ﬁas followed by an increase in tuber
fresh weight. The activities then fell, and remained at an
almost constant low level for some time before finally falling to
undetectable levels, It is not clear however, whether the
cytokinin levels rose before or immediately after the onset of

tuberisation.

Palmer and Smith (Palmer and Smith, 196%a and b, 1970; Smith and
Palmer, 1970) consider that they have demonstrated a requirement
for cytokinins in the tuberisation of excised stolons grown in

vitro and obtained from etiolated sprouts of tubers of S. tuberosun,
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variety Norgold Russet. Three cytokinins have been used in the
system:- 6-furfurylaminopurine (kinetin), Ns-benzyladenine and
6~benzylamino-9-(tetrahydropyran-2-yl) purine at concentrations
of 0.25, 2.5 and 25 mg/1 (Palmer and Smith, 1959a).  Tuber

formation occurred earlier with cytokinins.

Using kinetin—S-ch, it was found that more labelled material

appeared at the locus of tuber formastion than in other parts of
the stolon; this occurred before visible signs of tuberisation
(énﬁth and Palmer, 1970). The basal portion of the stolon also

accumulated substantial amounts of labelied material.

Studies on the effect of inhibitors of protein and nucleic acigd
synthesis on tuberisation (Palmer and Smith, 1$70) and incorpora-
tion studies with labelled uridine and leucine (Smith and Palmer,
1970) have led to the conclusion that kinetin-induced tuber
formation may be due to the stimulation of metabolic processes
not associated with the synthesis of specific vroteins. It was
also shown that stolons pre-incubated in kinetin prior to
incubation on a basal medium without kinetin did not form tubers,
but did so on a basal medium with kinetin. Kinetin is only |
required in the basal medium for 3 to 4 days in order to induce

tuber formation, which can then progress on a basal medium only.

It has also been demonstrated (Palmer and Smith, 1959b) that
abscisic acid can, at suitable concentrations, markedly inhibit
stolon elongation and kinetin-induced tuber initiation (see
discussion in account of abscisic acid stolen feeding experiment

in Section V (iii) ). This inhibition was not found when the
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stolons were previously grown for 7 days on a medium containing
kinetin.but no abscisic acid, and Palmer and Smith have deduced
from this that abscisic acid is ineffective once the initiation
process has been completed. They have suggested -several
alternatives for the mode of actgon of abscisic acid:~ on the
formation of specific proteins, in preventing the uptake and
transport of kinetin to the locus of action, or in inhibiting
the cell division which would normally occur in the sub-apical
regions in the presence of kinetin, They have proposed that in
-potato, the importance of abscisic acid and other endogenous growth
inhibitors mzy be to inhibit the activity of gibberellins and to
arrest stolon elongation, allowing the tuber-inducing hormones,

cytokinins, to exert their effect.

It was felt that, in view of the above findings, further work on

the effect of cytokinins on tuberisation mizht be valuable. This
was restricted to stolon feeding experiments; an experiment with
whole plants was not carried out using exogenous cytokinin because

of the doubts as to its mobility in the plant from its site of

application.

The present work

From the preceding account, if is clear that more work is required
to elucidate the possible role in tuberisation auxins, gibberellins,
naturally-occurring growth inhibitors and cytokinins, and it was
for this purpose that the experiments described in this éection

were carried out,

The experiments fall into three groups:-
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Group A:

Group B:

Group C:

Experiments in which growth-active substances were

applied to the growing point or roots of intact plants
and their effects on growth and tuberisation observed.
An account of these experiments is given in Section V

(ii) - Growth Substance-Application Experiments.

Experiments in which growth-active substances were fed
to individual stolons on intact plants and their effects
on the tuberisation of these stolons, and on the rest of
the plant, observed. These éxperiments are described

in Section V (iii) - Stolon Feeding Experiments.

Extractions of endogenous gibberellin-like substances
from stolon tips in various developmental states.

These studies are described in Section V (iv).
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(ii) Group A: Growth-active substance application experiments

8. Introduction and general methods

The purpose of these experiments was to determine the tuberisation
response of potato plants of variety Up-to-Date to applications to
the intact plant (via the shoot aﬁex or roots) of various growth-
active substances, before going on to examine the involvement of
such substances at the site of tuberisation, the sub-apical

region of the stolon.

The compounds used, chosen for the reasons given in part (i) above,
were the following:~ gibberellic acid, GA3 (Hopkin and Williams):
7 experiments, and the inhibitor of its synthesis 2-chloroethyltri-
methylammonium chloride, CCC (BDH): 3 experiments;indole acetic acid,
IAA, alone and in combination with gibberellic acid: 1 experiment ;
synthetic racemic abscisic acid, ABA (kindly supplied by Dr B V
Milborrow of Shell Research Ltd, Milstead Labofatory of Chemical
Enzymology, Sittingbourne, Kent): 1 experiment. It has been
pointed out by El-Antably et al (1967) that it may be provisionally
_ assumed that the results of tests with the racemic mixture of
abscisic acid are equally applicable for the naturally occurring

d-form,

The compounds were dissolved in water (CCC), methanol (gibber-
ellic acid experiment 1), or a 56:50 solution of ethanol and
water (all other experiments). Control plants were given
corresponding applications of the appropriate solvent. The
details of the experiments are given in Tables 10 and 20. Basic
growing conditions were as described in Section IT (ii), with
slight modifications of the schedule to overcome difficulties of

growing space in the growth rooms. Low temperatures (see
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TABLE 10, Time schedules and treatments used in growth substance application experiments with gibberellic
acid, GAs,and gibberellic acid/indole acetic acid, GA;,/ IAA (Section V (ii)).
Experi- | Age at Age at Harvest | Repli- Gi, ox IAL applioation Daylength
ment B A date cation Amount Solvent Size of gimes
(aays) (days) (days applied dro after E
from E) (f\g/plant) 9u.1
1 date:=- '
G-A5 1 L9 L9 14 L 10 C}%OH 50 SD and LILD
50:50/
1 date:- 1.0, 10, !
GAz 2 35 35 14 7 100, 1000 0211;528& 50 SD (+1LDC)
50:50/
1 date:- 0101, 1.0, &
GA; 3 35 35 14, 20 3 10 czgggﬂ. 20 SD (+LDC)
(37 ang
e : - 50:50/ .
GAs & 2k, 35 sl s 1.0, 10 O His08: 20 SD (+LIC)
(35 d3-¥ 20 3
_Blan‘ts
= 1000 0.5 ml .
1 date:- Bathing
GA. 5 35 14 7 Tuber C,H-OH SD and LILD
3 0 Phace -%Hﬂgo . solution
6 B0 3503, | 6 S
GA Ty 20+ 2 .0 -
3 35 3847 35+9: 5 12,15 5 1.0, 10 (o 53}{ 20 SD (+1LIC)
35414 2
L, dates:- 20:50/
GA; 7 35 3541, 35+, | 8,15,20 5 1.0, 10 | C,Hs0H: 20 SD
3548, 3541L %130
L. dates:~ 100 GA3; 50:50/
G-AB/IAA 35 35, 35+2 9, 12 5 100 GAZ + 02;15011: 20 SD
3545, 35+7 100 I42; 20
100 IAA.

Key on next page




TABLE 10,

Age at E = Age of plants at beginning of experimental period (days)

Age at A = Age of plants at application of growth substance (days)

Harvest date is quoted, as in all experiments in the main body of the
work,as days from start of experimental period.

With more than one treatment date, all treated plants received treatment
on each of these dates,

SD = short days
LILD = low intensity long days

IDC = long day controls



Section II (ii) ) were generally used, except in the third CCC
‘experiment (which used high temperatures during the éxperimental
period) and the abscisic acid experiment, which used a constant
temperature of 20°C in the short day growth room, Treatment
solutions were applied directly té the growing point with a
micropipette (20 or 59/L1), except in the fourth gibberellic
acid experiment, in which the compound was applied as a bathing
solution to the unsprouted tuber pieces immediately after
excision and before planting, and the CCC experiments, in which
a soil drench was used (because CCC has been found to be less
effective and to cause scorching of the foliage when applied to

the tops (Krug, 1963) ).

b. The experiments, results and discussion

First experiment with gibberellic acid

As may be seen from Table 11, top height was cbnsiderably
increased by gibberellic acid in all treated plants. Top dry
weight was only affected (increased) in plants kept in short
dayse. Number of nodes, stolons and tubers, and tuber fresh
weight and percentage of plants tuberised were all unaffected by

treatment.

The stem elongation without increase in node number found in
treated plants was what was éxpeéted from the results of other
workers (eg Rappaport, Lippert and Timm, 1957, Humphries and
French, 1960; Dyson and Humphries, 1963, 1966); this indicated
that the substance was penetrating the plant tissues and, once
within the plant, capable of exerting a characteristic vhysio-
logical effect. The iack of effect on tuberisation was,

however, surprising in view of the findings of other workers
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TABLE 11 Results of first GA, spplication experiment, Differences in top, stolon and tuber growth
in LIID and in SD wzth and without gibberellic acid at harvest after 14 days.

: LILD SD
Treatment S.h. S.A,

No GA; | 10ug GA,/plant 3 Tsp | Mo G5 | 10 GAJ/pla.n‘t 5 =20
Top ht.(cm) 42,5 63.0 0.05 | 14.19 | 140.8 6045 0.05 | 12.2
Node no. 4245 152 ns 141.¢5 14..5 ns
Top dwt.(g) 0.75 0.94 ns 0.65 0.99 0.005) 0.15
Stolon no. 8.5 6.0 ns 4.5 5.0 ns
Tuber no, 0.5 1D ns 2.5 3.0 ns
Tuber fwt.(g) 0.1 0.1 ns 0.23 0.35 ns
No, plants tub. (E/Oi'%) (%iég) = (%1&,5) (%15%) R
Replication L 4 - L 4 -

For abbreviations, see Section VIII



(eg Okazawa, 1959; Dyson and Humphries, 1966), Further
experiments were therefore carried out to try to discover the
reason for the discrepancy. It was possible that the concentra-
tion of gibberellic acid applied may have been unsuitable, or
that the compound was applied too-late in the plants' development,

or that repeated applications might be necessary.

Second experiment with gibberellic acid

This experiment and the next were carried out to discover whether
uhsuitable concentration was the reasoﬂ for the lack of effect in
the first experiment of gibberellic acid on tuberisatioﬁ. The

present experiment used one application of gibberellic acid at 4

concentfations (the range extending above that used in experiment
1, see Table 10) applied in ethanol and water instead of methanol ,
because of the slight deformation of apical leaves found with the

latter in the first experiment.

As can be seen from Table 12, the two higher gibberellic acid
concentrations (100 and 100?/&g/plant) markedly increased top
height, but the other concentrations (1 and 19/Lg/blant) had no
effect. The lack of effect at 19fkg/blant was sﬁrprising in view
of the increase obtained with this concentration in experiment 1.
It was thought that this might have been due to the loss due to
run~off of some of the EQﬁkl'droﬁ from the apex before absorption,
which was not immediate, as was the case with methanol; for this
reason later experiments used smaller drops (29%1). Node rumber
was again unaffected (as expected from the probable mode of
action of gibberellic acid - see Section V (i) ). Top dry

weipht was increased b& treatment at concentrations of 10, 100

and 100?/{g/plant. Stolon and tuber numbers were unaffected,
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TABIE 12,

in LIID and in SD wi

Results of second G&z applicata.on experiment,

Differences in top, stolon and tuber growth
hout and with GA, at 4 concentrations (2 of them higher than that used

in the previous expenment) at harvest after 14 days,

Treatment IDC SIDC it GA3 gﬂg/pl&nt) s

1 10 100 1000 P 1SD
Top ht.(cm) 45,3 i 40.3 L 7 60.6 71.9 0,001 10,47
Node no. 177 16,5 18.7 17.8 171 18.1 ns
Top dwt.(g) 2.21 2.2 2,35 2. 74 12467 3e27 0,005 049
Stolon no, 5.0 8,6 - 8.3 6.6 7.6 6.3 - ns
Tuber no. 0 Lot 6.0 8.5 8.2 7.3 ns
Tub., stolon no. 0 3.0 bo3 5.0 43 43 ns
Tuber fwt.(g) 0 0ot 2.5 3 4.8 4ie3 0.005 2,25
No. plants tub, (g% (12@) (1%;) (13{3% (1 S‘égteﬁ) (3 riﬁed) 3

(100%) (100%)

Replication 1 iz 7 7 7 7 =

For abbreviations, see Section VIII




but gibberellic acid caused an increase in tuber fresh weight at
1, 10 and 109}Lg/plant, although not at 1009/¢g/blant: the low
value with 1009/&g/p1ant treatment may have been caused by the
very large requirements of the tops (mean height 71.9 cm compared
to 41,7 cm for the short day contfals) for photosynthate, over-

coming the demands of the tubers.

Once again, even with higher concentrations, there was no retarding
effect of gibberellic acid treatment on tuberisation; the increase
in tuber fresh weight was thought to be'an indirect effect due to

increased photosynthesis because of enhanced top growth.

Third experiment with gibberellic acid

This experimént used a lower range of concentration (see Table 10);
for the reasons explained above, é agfcl drop of solution was used.
One application was again given,&and there were two harvests,
because tuberisation was not very far advanced in the short day

controls after 14 days; the blocks consisting of the tallest

plants were harvested first.

The results are given in Table 13, and Fig 17 shows the appearance
of underground parts of plants harvested after 20 days. Top height
was increased at both harvests by 1?ﬁ;g/plant gibberellic acid (in
agreement with the result of experiment 1) but was unaffected by
lower concentrations; the reduction found with 0.0jﬁtg/blant

after ﬁ# days was not thought to be a real effect, but may have

been due to the fact that one of the plants in the treatment was
stunted, perhaps due to some damage to the apex, although its dry
weight appeared normal, Node number was unaffected, as in exper-

iments 1 and 2, Top dry weight was also unaffected. This is
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TABLE 13+ Results of third GA, application experiment, Differences in top, stolon and tuber growth in LILD
and in SD without aad with GA, at 3 concentrations at harvest after 14 or 20 days (see also Fig. 17).

3
: 14 day harvest 20 day harvest
Treatment] 1IDC| sSDC S].J 2 ispe isD . e LIC | SIC 31.30: fI.)0+g :“)gﬁ ; SRk,

gﬁ?f‘g :}A?g g;g’;g Byl GAj/“‘g GA; o, | P tal
Top ht.(cm) 3945 | 4002 | 3442 | 3541 | 52.0 {0.001[5.41 | 297 | 29.3 | 24.5 | 27.3 | 46.5|0.009 5.39
Node no. 155534183 1 1.7 173 1501 na 15.0 | 15.0 | 12.3 | 12.3 | 15.7 ns
Top dwt.(g) T30 AaTTl o Vo371  Ha2hl 497 ns ' 1436 1.58] 1.51) 1.48] 1.99 ns
Stolon no. 6.0 8.3 Te3 | 1347 6.7 |0.001]2.96 5o 9e7 9.0 | 8.0 6.3] ns
Tuber no. 0 07| 2.0 | 7.0} 1.0 | =mns 0 40 V.77t 6.7 § 6.7) ns
Tub. stolon no. | O 0.7 1.0 4e3 1.0 ns 0 3.0 5.0 Jal 3.3] ns
vo. piants - | (3| (234 &y (| & - @B |02 |0 | | -
Replication 3 3 3 3 5 = 3 3 3 3 3 -

Underlined values of p and LSD are for analyses of variance which included the data for the long day
controls; other values did not include these. For abbreviations, see Section VIII.



FIGURE 17.

Results of gibberellic acid application experiment 3.
Appearance of underground parts of plants grown in
either short days(/\g.)r low intensity long days (LI LD),
treated or untreated with gibberellic acid, and
harvested after 20 days.



SD CONTROL
35 HHLD+20SD
NO GA

2. GA. TREATED
35 HI LD+ 20SD
GA 10ﬁg!piant




3. GA TREATED
35 HIL LD +20SD
G A, 10/4g£plant

4. GA TREATED
35 HIL LD +20SD
GA O 01lﬂgfplant




LD CONTROL
35HILD+20 LI LD
NO GA




consistent with the results of the second experiment at 1}Lg/
plant, but incornsistent with results of experiments 1 (for plants
in short days) and 2 for 19p¢g/plant_, where an increase was
observed. It is possible that some plants may have lower
assimilation rates than others and that in the former, the
increase in top height with gibberellic acid treatment may be
achieved at the expense of stem thickness, so that no increase in
dry weight is found; alternatively, the lower level of response
may have been due to incomplete penetration of all the applied

compound, as discussed above.

Stolon number after 20 days was unaffected by treatment (as found
in the previous experiments), but after 14 days an increase in
stolon numbef was found with 1.?}£g/plant gibberellic acid. This
was surprising since stolon formation usually takes place before
the end of the growing period, although it is possible that third
order lateral buds which would not normally elongate to produce
stolons were stimulated by the treatment to do so; the effect

may have been due to chance and the small number of replicates.
Tuber number and number of tuberising stolons were unaffected by
gibberellic acid treatment. There were apparent increases_in
both these parameters with treatment at 0.01 or 1.9@Lg/plant after
14 days, and in tuber number with all three concentrations after
20 days, but these were not fourd to be significant, perhaps
because of the high variability of the data. There was certainly
no evidence of a retarding effect of the treatment on tuber-

isation.

The results of the first three experiments therefore show no

such effect of gitberellic acid on the tuberisation at
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concentrations from 0.01 to 1003/Lg/plant. It was conceivable
that gibberellic acid (GAB)' while capable of causing stem
elongation in potato plants of variety Up-to-Date, was not the
appropriate gibberellin to affect tuber formation. Such
differences in the specificity of gibberellins to affect various
physiological processes in the same plant have been found by
Michniewicz and Lang (1962). In potato, however, the workers
who have demonstrated retardation of tuberisation with gibber-
ellin treatment have done so (although with other varieties)
using GA3' so that this was thought unlikely. Another possible
explanation might have been that the treatment was given too
late in the plants' development, by which time short days exerted

too strong an influence to be overcome by gibberellin.

Fourth experiment with gibberellic acid

For the reasons given above, gibberellic acid treatment was given
in the present experiment to younger plants, 22 days old (for
schedule, see Table 10). Alternative times of transfer to
differential daylength treatment were used to see if leaving

the plants in long day conditions for some time after treatment
had any effect. Two harvest dates were used for each group of

plants to ensure detection of the first stages of tuberisation.

The results are presented in Tabie 14, In plants 24 days old
on transfer to short days (Table 14 a) top height after 14 days
was increased by treatment at 1Q/Lg/plant, but not at 1/Lg/plant
(as in experiments 1 and 3). There was, however, no effect of
treatment on top height after 18 days (secand harvest); this may
have been ﬁecause of the small number of replicates, or perhaps,

when gibberellic acid is applied to fairly young plants, the
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Results of fourth GA, application experiment.. Differences in top, stolon and tuber growth
in LIID and in SD Wiéhout and with GA3 at 2 concentrations in plants harvested at 2 different
dates.

TABLE 142,

a) plants 24 days old at start of experimental period.

14 day harvest 18 day harvest
Treatment LDC SDC SD + 1.0§ SD + 10 S.A. LDC SDC SD + 1,0 SD + 10} S.A,
/ngAS /¢gGA3 P ISD /u.gGA3 /MgGA3 P ISD
Top ht.(cm) 36,0 | 32.8 29.0 43.2 | 0.005 | 7.42 | 38.5 | 39.8 5343 38.3 |ns
Node no, 143 | 147 13.7 14..3 ns 16.0 | 16.7 | 14.3 15.3 | ns
‘Top awt.(g) 0.99 | 1.10 147 1480 | 0.05 [0.47 | 137 1.11 | 1.61 1.56 |ns
Stolon no. 7.0 8.7 9.0 6.3 ns 6.0 7.0 8.0 7.7 ns
Tuber no. 0 4.7 5.3 4.0 }0.05 f0.93 | o 8.3 | 11.0 7.7 |ns
Tub. stolon no, 0 4.0 4.3 3e3 ns (o) L.7 6.0 4.7. |ns
vo. plante e | B3 | (3 | (3 | i | @B | G| dan |6 | -
Replication 3 3 3 3 - 3 3 3 3 =

Underlined values of p and ISD are for analys
other values did not include these,

controls;

For abbreviations, see Section VIII.

es of variance which included the data for the long day




TABLE 14b. Results of fourth GA, application experiment (continued)
b) plants 35 days old at start of experimental period.
7 day harvest 14 day harvest
Treatment IDC | SDG | SD+1.0}SD+10) __S,A, | LDC | SDC |SD+1.0|SD +10]_S.A. |
accim M s s R i T | B T
Top ht.(cm) 33.8 | 28.5 27.3 353 ns 39.2 | 38.3 | 20.8 34.7 |0.05] 9.84
Node no, 16,0 | 16.0 16.0 1547 ns 16.3 19.7 18.0 18,0 | ns
Top dwt.(g) 1039{ 1.06 1.26 1.68 10.05 § 0,39 | 1.54]| 1.6 2,00 2.20 { ns
Stolon no. 5.0 76,0 5.0 47 ns 6.0 6.0 6.0 6.7 | ns
Tuber no. 0 0 0 0.67 - 0 0s671 18,5 5.0 10.05} 3.97
Tub. stolon no. 0 0 0 0.67 - 0 0.67 2.7 243 ns
Tuber fwt.(g) - - - - - 0 0.1 2.3 1.3 [0.05} 1.29
Fo. plants . | (@ | O3 | (O3 33| - @A || A o | -
Replication 5 3 3 3 - 3 3 3 3 =

Underlined values for p and ISD are for analyses of variance which included the data for the long day

controls;

For abbreviations, see Section VIII.

other values did not include these.




controls make enough growth after 18 days to even out any
difference caused by treatment. There was no effect of treatment
on node number. Top dry weight, while unaffected after 18 days
(perhaps for the reasons given above for top height), was
increased after 14 days by 19¢Lg/plant although not by E/Lg/plant
gibberellic acid treatment. Stolon number was unaffected at
either harvest date. After 14 days, tuber number was greater
with 1 than with 19}Lg/plant gibberellic acid, but the results of
neither treatment differed from those of the controls. Number
of tuberising stolons was unaffecteds A similar lack of effect
of treatment on tuberisation was found after 18 days. At both

harvests, all the plants grown in short days had tuberised.

In the case of the plants 35 days old on transfer to short days
(Table 14 b), there was no effect of treatment after 7 days

(first harvest) on top height or node number. Top dry weight was
increased by 10, but not by 1}Lg/plant gibberellic acid-treatment,
as was found in the 24 day old plants after 14 days (their first
harvest)s At the second (14 day) harvest of the 35 day old
plants, top height was less with 1/Lg than with O or 19ﬁkg
gibberellic acid treatment, but this result was probably due to
chance and the small number of replicates. There was no evidence
for an increase in top heighf with treatment; gibberellic acid
had no effect on node number or top dry weight, as was also found
at the second (18 day) harvest in the 24 day old plants. This
lack of effect found at the later harvestﬁén both groups of plants,
may have been due to the small number of replicates, or, more
likely, to the loss with time and continued growth of the eﬁidence

of growth promotion which had taken place a considerable time

99l



before harvest, Once again, as in the 24 day old plants, the

35 day old plants showed no retardation of gibberellic acid treat-
ment on tuberisation; if anything, treatment promoted tuber-
isation in terms of number of tubers, of plants tuberised, and
(where recorded) of tuber fresh'weight. The promﬁtion of
tuberisation in these plants, as opposed to the lack of effect

in the plants transferred after 24 days to differential daylength
conditions, is not explicable by differences in top growth (which
were very small), and may have been due to differences in timing
~of gibberellin-induced changes in carbohydrate metabolism; if
gibberellin promotes starch breakdown (see Section V (i))it is
possible that the older plants,having had a longer time from
treatment, may have had available a larger supply of soluble

carbohydrates on transfer to short days.

In summary, although there was very little effect on top growth,
top dry weight at the first harvest in both ages of plant was
increased by 1Q/Lg/plant gibberellic acid, as in experiments 1
and 2. Once again, as in the previoué experiments, there was no

retarding effect of treatment on tuberisation.

Fifth experiment with gibberellic acid

To investigate the possibility that treatment had still not been
given early enough in the life of the plant in experiment 4,
gibbereliic acid was applied to the plants in this experiment at
the earliest possible moment, as a bathing solution into which the
unsprouted tuber pieces were placed immediately after excision

and prior to planting. The pieces remained in the solution for
either 2 or 4 hours, controls being treated similarly but without

gibberellic acid in the solutions, which were aerated from a
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compressed air supply throughout treatment. A high concentration
of gibberellic acid was used (see Table 10) to ensure adequate up-

take of gibberellic acid.

Gibberellic acid treatment increased the rate of sprouting (Fig 18),
in agreement with the results of other workers (eg Dyson and
Humphries, 1963). This showed that the compound was absorbed into
the tissues of the buds and that it then exerted a physioclogical

effect,

The results are given in Table 15. No effect of gibberellic acid
treatment was found on the growth of tops or stolons. Tuber
number in short days in both soaking treatments appeared to be
increased bf gibberellic acid, but the differences were not
significant, probably because of fhe high variability in the data.
The only significant effect of treatment was on tuber fresh weight,
which was increased with both soaking times; this was probably a
result of the accelerated sprouting and resulting faster develop-
ment of plants from treated pieces. It is possible that all the
applied gibberellic acid was used up in accelerating sprouting,
none being left to affect top height or tuberisation; it is
strange, however, that Dyson and Humphries (1963, 1965) brought
about a delay in tuber initiation with similar treatments applied

prior to planting, 3

The rehaining possibility to explain the lack of retarding effect
was that one application of gibberellic acid was insufficient to

bring this about.
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FIGURE 18. Gibberellic acid application experiment 5. Graphs

showing sprouting of tuber pieces with time; pieces
soaked for 2 or 4 hours in solutions with (+) and
without (no) gibberellic acid.
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TABLE 15,

Results of fifth
in plants grown in

application experiment.

in solutions with or without GA..

Differences in top, stolon and tuber growth
ILD or SD from tuber pieces soaked before planting for one of 2 times

3
2h, soaking 4h. sosking S.A.
No GA + GA No GA + GA (8D plants)
Treatment 3 3 3 3

1D SD 1D SD 1D SD LD SD P 1SD
Top ht.(cm) 39.0 3573 | 410 37.6 | 25.7 380 "I 4340 3341 ns
Jode no. 18,0 17.6 21.0 19521 12,0 18,0 20,0 17 ok ns
Tep awt.(g) 1,89 2.4 1 2,40 2.15 1.55 1397 b 1.6 2414 | ns
Stolon no. 740 9.0 12.0 % 11,0 Tod 4.0 6.7 ns
Tuber no. 0 L.0 0 5.9 0 2.9 0 ko1 ns
Tub. stolon no. 0 3.0 0 3.0 0 22 0 2.7 ns
Tuber fwt.(g) 0 0,2 0 es 0 0.3 0 141 0.005 | 0.65

o/1 U1 0/1 /4 0/ U7 o/4 /4 x
Ho. plants Whe | (o) | (1008) | (07) | (100R) | (0) | (100@) | (o) | (100%)
Replication 1 7 1 74 1 7 1 7 -

For abbreviations,

see Section VIII,

Statistical analysis is for short day plants only.




Sixth experiment with gibberellic acid

This and the seventh experiment were carried out to investigate
the above possibility, gibberellic acid at concentrations of 1 and
1Qng/plant being applied to treated plants on several dates (see
Table 10). Three harvest dates were used to ensure detection

of the first visible signs of tuberisation. Root dry weight was
recorded in addition to the usual measurements because of the
suggestion (Tizio, 1964 a) that tuberisation may be related to

the degree of development of the root system,

At all three harvests (see Table 16), 'IO/I\,g/plant gibberellic acid
treatment caused a marked increase in top height., Although 2
applications of 1/¢g/blant gibberellic acid (6 day harvest) were
insufficient.to increase top height, this was achieved after 4 or
5 applications at this concentration (12 and 15 day harvests).
Node number was unaffected until the 15 day harvest, when it was
increased by both concentratiom of gibberellic acid. Top dry
weight was unaffected at the 6 day harvest, but was increased by
both concentrations of gibberellic acid at the 12 day, and by the
higher (19/¢g/plant) concenfration at the 15 day harvest. Root

dry weight was entirely unaffected.

Stolon number was slightly greater at the 15 day harvest in the
plants given 1Q}Lg gibberellic acid than in those given };g,
although neither value differed from that in the short day controls.
therwise, it was unaffecteds No tuberisation was observed until
the 15 day harvest; when gibberellic acid ﬁreatment caused a marked
reduction in terms of number of tubers and tuberising stolons, and
tuber fresh weight (although the data contained too many zeroes

for valid statistical analysis). At the 15 day harvest 5/5 short
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TABLE 16,

Results of sixth GA

mLIwandlnSBwi

harvest after 6, 12 or 15 days.

application experiment.
thout or with repeated applications of GAB at 2 concentrations, at

Differences in top, stolon and tuber growth

6 day harvest 12 day harvest 15 day harvest
A IIC | SDC {SD + 1|SD + 10} S.A. LDC | SDC D ,1|SD + 10| S.A. IDC | SDC |SD + 1{SD + 10| S.A.
MERs| pEGAs T 5 T1sD FES)| peshs T Tiso V! Vst B I 50
Top ht.(cm)’ 18,0 [15.9 | 18.4 22,3 0405} 3.63124.3 }29.5 |39.9 52,6 |0.001|6.70}28.0 |26.3 |49.2 63¢9 [0.001} 6484
Node no. 1.3 (13,0 [15.2 | 142 | ns 17.0 }17.5 h7.8 | 18.5 | ne 17.5 |16.6 |18.6 | 19.8 [0.001]1.03
Top awt.(g) 0.69] 0.704 0.97 | 0.77 | ns 0.99] 1.14 1.42 | 1.42 [0.005{0.14] 1.06] 1.15 | 1.33 | 1.55 }0.05 | 0.25
Root dwt.(g) 0.32 0.29] 0.35 | 0.35 | ns 0.38f 0.3 0.37 | 0.23 | ns 0.35] 0.30 | 0.36 | 0.28 | ns
Stolon no. 1303 [11.8 [12.,0 | 11.0 | ns 13,0 {14.5 H2.3 8.5 | ns 16,3 111.0 | 8.4 | 13.3 |0.05 |3.79
Tuber no. 0 0 0 0 - 0 o |o 0 - 0 3uk Ll a2 0 -
Tub, stolon no4 O 0 0 0 - 0 o |o 0 - 0 2.6 ) x.2 0 -
Tuber fwt.(g) 0 0 0 0 - 0 0 0 0 - 0 0.5 0.1 0 -
o plants wod o3| I3 G5 | (& | 3 3 |3 @ | @ |Gom|@n | & |
Replication 3 5 5 5 - 3 5 |5 5 - 3 5 5 5 -

For abbreviations, see Section VIII,




day control plants had tuberised, 4/5 of those given 1}&g and

0/5 of those given 1%}&3 gibberellic acid.

Repeated applications of gibberellic acid were therefore found to
retard tuberisation. The lack of effect on root growth suggests
that it is not through this that gibberellic acid exerts its
effect on tuberisation. It also seems unlikely, although it
remains a possibility, that the influence of  gibberellic acid
is exerted only in an indirect way by an effect on overall top
érowth. Top growth was markedly increased by treatment in the
present experiment, but this effect was also found in experiments

1-3, where there was no accompanying retardation of tuberisation.

Seventh experiment with gibberellic acid

This experiment was very similar to the previous one, and was
carried out to try to confirm the results obtained in the latter.
The harvest dates used were slightly later, because no tuberisation
ﬁas found at the two earlier harvest dates in experimen£ 6.

Details are given in Table 10, and the results in Table 17

Both gibberellic acid concentrations (1 and 1€}Lg/blant) caused a
marked increase in top height at all three harvests. Node number,
as in experiment 6, was unaffected until the third (18 day)

harvest, when it was increaséd by both concentrations of gibberellic
acidy; this suggests that after a long. period of treatment, or the
build-up of a high level of gibberellin in the shoot apex,
gibberellic acid affects cell division not only in the sub-apical
but also in the apical meristemn, Top dry weight was increased by
both concentrations of gibberellic acid at the 18 day harvest,

Root dry weight, as in experiment 6, was completely unaffected by
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TABIE 17.

7, 13 or 18 days.

Results of seventh GA, application experiment,.
in SD without and witg

3

Differences in top, stolon and tuber growth
repeated applications of GA, at 2 concentrations, at harvest after

7 day harvest 13 day harvest 18 day harvest
Treatment SDC |SD + 1{SD + 10] S.A. SDC |SD + 1{SD + 10] S.A. LDC | SDC |SD + 1[SD + 10] S.A.
Vo Wac e B I B /8%45) peGhs 1T TTSD [A&CA3| MeGAS 1T s
Top ht,{cm) 15.5] 26,2 | 32.2 |0.001] 4.49}22.3 43,9 | 58.5 [0.001]6.18} 26.3 {214 | 51.0 | 70.4 }0.001]7.43
Node no. 14,8] 16,0} 14.6 | ns 15.0 | 16.3 | 16.4 | ns 15.5 {15.0 | 17.0 | 17.0 {0.001{0.8%
Top dwt.(g) - - - - 127 | 1.66] 1.40 | ns 1.34) 1.29 | 1.89] 2.02 {0.05 |0.54
Root dwt.(g) - - - - 0.37 0.31] 0.26 | ns 0.37f 0.27 0.26] 0.30 | ns
Stolon no. 1:5] 2.0 1 2.0 | ns 5.0 5.6 ] 4.8 | ns 53 [11.6 4e8 | 4.0 ]0.05 | 3411
Tuber no. 0 0 0 - 3ok 2.8 | 0.2 ]0.005}2.69] © 9.0 3.6 | 2,0 |0.05 }3.18
Tub, stolon nod O 0 0 - 32 2.8 | 0.2 [0.005/2.55| O 7.8 2.8 | 2.0 |0.005|2.83
Tuber fwt.(g) 0 0 0 - - - - - (o} 2D 2.75] 0.90 | ns
vo. prants wnd (3 (BN OB | - | |eladbh| | - @3 | Gova| woon| @& | -
Replication 5 5 5 - 5 5 5 = L 5 5 5 =

For abbreviations, see Section VIII,




treatment.

Stolon number was unaffected at the first two harvests, but was
decreased by both concentratioﬁs of gibberellic acid at the 18

day harvest. This was quite unexpected, both since gibberellin

is found, if anything, to promote stolon development (eg Tizio,
1964 b) and since stolon formation is usually completed long before
plants are 35 days old. It seemed likely that this result was
caused by the abnormally high stolon numbers in the short day

controls, and was due to chance,

No plants had tuberised at the 7 day harvest, but at the 1% and 18
day harvests, gibberellic acid treatment caused a marked inhibition
of tuberisation, in terms of number of tubers and tuberising
sfolons; tuber fresh weight (where recorded, at the 18 day harvest)
was unaffected, although it appeared to be reduced by the higher
concentration. The inhibition of tuberisation was only found with
the higher concentration (19}bg) of gibberellic acid at‘the 1% day
harvest, but at the 18 day harvest it was found with both concen~
trations. This suggests that lower concentrations require to be

: applied over a longer period, or for a total of more times, in order
to affect tuberisation; it therefore seems that the necessary
conditions for retardation of tuberisation are not simply the
continuous presence of a certain‘minimum level of gibberellic acid.
It is possible that the greater stolon numbers in the short day
controls at the 18 day harvest may have been partly responsible

for the effect of gibberellic acid on tuberisation at that harvest,
but this was not the case at the 13 day harvest,(where there were
no signifiéant differences in stolon number) nor at the 15 day

harvest in experiment 6 (where the only stolon number differences
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were between the two gibberellin treatments. The results of this
experiments therefore confirm those of experiment 6, and suggest
that repeated gibberellic acid application causes retardation of

tuberisation.

From the results of experiments 6 and 7, it at first appears
unlikely that the retardation of tuberisation by gibberellic acid
treatment is brought about in the same way as that caused by low
intensity long day conditions. While that due to gibberellic
acid is accompanied by a very marked increase in top height and
generally also in top dry weight, top height and dry weighf of
plants grown in long days did not generally show the same degree
of increase over the short day controls. F&aﬁts grown in long
days nevertheless showed a more marked inhibition of tuberisation
“than those treated with gibberellic acid in short dayse The
situation may, however, perhaps be explained as follows. In
long day conditions and with no additional applicaticn of
gibberellic acidy endogenous gibberellins are produced in the
plant and supplied to the tops, where ﬁhey promote extension
growth, and to the stolons, where they inhibit tuberisation. Ihen
extra gibberellic acid is supplied to plants grown in short days,
enough gibberellin will again be available to inhibit tuberisation
of the stolons and to produce normal top growth; there will also,
however, probably be some "extra! gibberellin available if
repeated épplications of fairly high concentration are given.
Since the shoot apex is likely to be the most active sink, this
extra gibberellin, superfluous to the needs of normal growth, will
cause extra elongation. In addition, the contribution of

endogenous inhibitors must be taken into account (see Section VII)e
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Summary of results of experiments with gibberellic acid (sce
also Table 10)

In almost all experiments, except where treatment was applied to
tuber pieces before planting (experiment 5), gibberellic acid at one
or. more concentrations caused an elongation of the tops. This
was accompanied in some cases (experiments, 1, 2, 4, 6 and 7;

some harvests) by an increase in top dry weight, but by an
increase in node number only after repeated gibberellic acid
treatment (final harvests, experiments 6 and 7). The increased
top height appeared, therefore, to be b;ought about mainly by an
effect on the sub-apical meristem (as expected from the work of
Sachs et al, 1959) although a smaller effect may have beeg exerted
on the épical meristem; the latter effect may, however, have been
indirect and due to the availability of more assimilate in the

more vigorously growing plants.

~ The effects on stolon number were occasional, small and variable,
and probably mosfly unreal., In experiments 1-5, in which
gibberellic acid was applied once only, tuber number was either

" unaffected or increased by treatment, as was tuber fresh weight
(Fig 17 and Tables 11-15). In experiments 6 and 74 in which
gibberellic acid was applied repeatedly, however, tuberisation
appeared to be suppressed by gibberellic acid treatment (as
expected from the results of othér workers: see Section V (i) ).
Application of 1%Lg gibberellic acid/plant caused a noticeable
reduction in the number of tubers and tuberising stolons, and
the suppression was even greater and sometimes complete at 1?/Lg
gibberellic acid/plant (Tables 16 and 17). It therefore appears

that, while a single application of gibberellic acid is enough to
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TABIE 18, Sumary of results of gibberellic acid application experiments (Section V (ii)).
Harvest date is quoted in days from beginning of experimental period, Effect of gibberellic acid
treatment:- 7 = increase in relevant parameter with all levels of GAB treatment used j N110(etc) =
increase with 10ug(etc) GA,/plants~ = relevant parameter unaffected by treatments;\ = decrease in
relevant paremefer with all levels of GA; treatment used; N 10(etc) = decrease with 10ug(ete) GA3/plant.
Bracketed values denote apparent effects”(where no valid statistical analysis could be made) .
1>10,= Value with ug GA} greater than that with 1 gtg-GA3etc.. Daylengths are given for experimentel period.
For other abbreviations,”see Section VIII. R
Experiment 1 2 3 L 5 6 7
Concentration of 1516
LT SD
Daylength S SD SD SD SD SD
e ID 2k oay | 35 day
Harvest date (days) [ 14j14 14 14 20 14018) 7 | anl 1 12851 R 145 1 18
~1, 105 |NO.C15 {~0,01,1:] ~ 1; R o AV XN VER B
T " ’ 2 2 » ] 9 - 71/ e £l ] »
op ht.(cm) /' f /1100, 41000 "‘%7‘% 7110 ! A10 ~ 1a10 (Sﬁnrguﬁt.) 10110110 | 10 | 10
Node no. o Lo n~ "~ ~ no v v A AT 2y 7;;:; A A /:2)3
: A5 A10, oS ~ A AMefvtsl | L 171
Top dwt.(g) ~ (7 100, 1000 | ~ i’ 2101~ | 7110 | Y o 10 1710 10
Root awt.(g) —_— —_— — — —] —1 =] - — =~ PO, R I KU
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cause a response in top growth, repeated applications are necessary

to bring about an inhibition of tuberisation.

These findings do not enable one to decide whether gibberellic
acid exerts i#s effect on tuberisation directly at the stolon tip,
or indirectly through the effects on top growth. This question
is further considered in Section V (iii). The results are
discussed along with those obtained with other growth-active
substances applied to the whole plant‘or to the stolon tips
(Section V (ii) and (iii) ) and those cbncerning the extraction
of gibberellin-like substances (Section V (iv) ) in Section VII
(General Discussion). . |

Experiment  with gibberellic acid and indole acetic acid alone
and in combination ]

The investigation was cafried out in the form of a factorial
experiment to discover any possible interaction between these two
growth promoters in their effects on growth and tuberisation. As
in the previous two experiments, repeated applications of the
compounds were given; Table 10 gives details of the experiment.
Two harvest dates were again used to try to ensure detection of
the first signs of tuberisation; the results are presented in

Table 19,

At the 12 day harvest, there'was‘nc interaction between gibber-
ellic acid and indole acetic acid for top height or node number.
The indole acetic acid main effect for top height was found to be
not significant, but the gibberellic acid main effect was highly
significant, top height being increased, as expected from the
results of the previoﬁs experiments, Node number was also

unaffected after 12 days by indole acetic acid, but was increased
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interaction

For abbreviations, see Section VIII.

TABLE 19a. Results of GA,/IAA factorial experiment., Differences in top, stolon and tuber growth in plants

growvn in SD without and with IAA and GAB alone and in combination at harvest after 9 or 12 days,.

9 day harvest 12 day harvest
Treatment - SD Sols SD Sele
SD | + GA SD GA3 IAA SD | + G'u!t3 SD GA3 TAA
SDC |+ GA |+ 144 |+ 1aa fuE2 JuE.| I | smo |« oA, | +1aA |+ T |MED | ME.| I

Top ht.(cm) 16,8 | 47.4 | 38.3 |23.2 - - 10,001 § 19.7 | 49.7 |43.7 | 22,0 } 0,001} ns | ns
Node no, 15,0 | 18.0 | 16,4 |16.6 - - 0,005 |16.4 | 18,0 | 18,2 | 16.6 | 0,005 ns | ns
Top awt.(g) 110 1641 1h7d 431 - - 1 0.05 1,201 1.68) 1.72) 1.61 - - | 0.005
'Stolon no. S5kt Lo6 4,0 5.2 ns ns ns L.8 4,0 6.6 5.2 ns ns ns
Tuber no. 1.8 0.6 0.2 2.4 }10,005| ns ns 4o2 2.0 1.4 2,8 | 0,001} ns ns
Tub. stolon no. 1ol 0.6 0.2 1.8 10,05 ns ns 24 1e4 462 2,0 | 0,05 ns ns
Tuber fwt.(g) - - - - - - - 0.63| 0.17) 0.11| 0,69} 0.005{ ns | ns
Replication 5 5 5 5 -~ - - 5 5 5 5 - - =
GA, M.E, = gibberellic acid main effect Values quoted under statistical analysis
IAR M.E, = indole acetic acid main effect are values of p.




TABLE 19b,

Results of GA_/IAA factorial experiment (continued).

Breakdown a.naiyses for interactions,

9 day harvest

12 day harvest

Effect of IAA Effect of GA5 Effect of IAA Effect of GA3
4G ~GA, +IAA -IAA 4GA -G, +IAA -TAA
p| 1sD p | IsD p { ISD p |1sp | pj{1sD p |sp| pfl1sp p | IsD

Top ht.(cm) | ns § 10.2 {0.05 | 4.51 | 0.001 | 4.84| 0,001} 3.76| -] - - - - - - -
Nede no. ns| 2.5710.05 | 1.11] ns 2.39 1 0.05 | 1,96 -] - - - -] - - -
Top awt.(g) | ns | 0.2310.005} 0,44} ns | 0.36 0,005| 0.25 | ns | 0.17] 0.005} 0.20| ns | 0.25 | 0.001| 0.14

For ebbreviations, see Section VIII..




by gibberellic acide Top dry weight showed a significant

negative interactéon between the two treatments; breakdown
analysis (Table 19 b) showed that both compounds alone had a
promotive effect on top dry weight, but that neither exerted

an effect in the presence of the other.

At the 9 day harvest, significant negative interactions were found
with the treatments for all three top growth parameters: top
height, node number and top dry weight. The results of breakdown
analysis were as follows (Table 19 b). For top height gibberellic
acid had a promotive effect both with an without indole acétic
acid. The latter exerted a smaller promotive effect when applied
alone, but none in the presence of gibberellic écid. For both
node number and top dry weight, both gibberellic acid and indole
acetic acid exerted a small promotive effect when applied alone,
but neither had any effect in the presence of the other, It: is
possible that in some cases the lack of effect of either growth
substance when both were applied together may have been the result

of higher variance in the plants given both compounds.,

Although the results on top growth are rather difficult to inter—
pret fully, it appears that gibberellic acid acted in its usual
way (see above), causing an increase in top height, usually
accompanied by an increase in toﬁ dry weight, and also in node
number after repeated applications. After 12 days, gibberellic
acid treatment produced increases in top height and node number
which were unaffected by indole acetic acid treatment, and even
after 9 days, its effect on top height was unaffected by indole
acetic acid. Indole acetic acid also seemed to act in its usual

role of a growth promoter, but the effects of its action were very
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small, and were not found in the presence of applied gibberellic

acid.

Neither growth substance had any effect on stolon number (as would
be expected, since stolon formation should have been completed
before treatment) or on the diageotropic growth of the stolons,
such as was found by Booth (1963) with decapitated plants, An
effect on the growth habit, however, may require treatment earlier
in the life of the plant, when stolons are still forming, or it
@ay require the elimination of the natural supply of growth sub-
stances from the shoot apex. Negativel& geotropic leafy shoots
as found by Booth, were in fact obtained in the topping experiment

in Section III, in which the apex was removed.

In the present experiment, tuber number, number of tuberising
stolons and tuber fresh weight (where recorded) were decreased by
gibberellic acid, as expected from previous results. Indole
acetic acid treatment, however, had no effect on tuberisation.
Therefore, while it may cause small differences in the growth of
tops when applied to the intact plant, indole acetic acid does

not appear to be directly involved, either alone or in combination

with gibberellic acid, in the control of tuberisation,

First experiment with 2-chloroethyltrimethylammonium chloride (CCC)

This and the following two experiments were carried out o amplify
the information obtained from the above experiments with gibber-
ellic acid, by possibly implicating the plant's endegenous
gibberellins in the control of tuberisation. The details of the
experiments are given in Table 20 and in Section V (ii) a, and. the

results are presented in Tables 21 and 22.
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TABLE 20.

Time schedules and treatments for CCC and ABA application

experiments (Section V (ii) )

G.S. Application

Temp. Age Age HE:IESt
Experiment (ocaite;nf ) ?zags) ?Eais) (Adye Replication A
A/ e from E) | Concentration | Solvent of solution
applied
cce 20/17 35 15 14 10 0,19, H. 100mL /pot
10 ™M
Ccccz2 20/17 L3 L2 14 10 0,18_3M' HO 100ml /pot
10" M 2
cce3 30/27 35 35 1 10 o,gg'ﬁu, H.0 100mL /pot
10 ™M '
ABA 20/20 35 25+ 55 +1 14 10 '10/45/1}lant 50:50/ 20/«.1 drop
C_H_OH:
Habs
2

Temp. after E = Temperature during the experimental period
Age at E = Age of plantsat beginning of experimental period
Age at A = Age of plants at application of growth substance

G.S. application =

growth substance application.

Harvest date is quoted, as in all experiments in the main body of the work, as days from the start of the
experimental period.

All experiments used plants treated in both SD and LI LD daylength régimes during the experimental period.




Results of first CCC application experiment:..

TABLE 21, Differences in to s Stolon and tuber growth
for plants grown in LIID or SD with or without CCC at 1072 or 10~2M at harvest after 14 days
(plants 15 days old at CCC treatment),
SD LILD
Treatment
-3, - S.h, -3 - S.A.
0 CcC 10 “MCCC 10 2:.@000 = Isp | © CCC | 10 “MCCC 10 2MCGC > ISD
Top ht.(cm) 32,8 19.8 15.8 0.001| 2.56] 32.4 20,9 16.2 0.001 | 3.23
Node no., 19.6 1942 18,7 ns 21.0 19.2 16.9 0.005| 2.45
Top dwt.(g) 2,09 1.63 1.75 | 0.,005§ 0.25] 2.10 1.42 1.47 |0.001} 0.29
Stolon No, 9.0 70? 609 0005 1015 7.5 8.3 7-2 ns
Tuber no. 1!-05 5.7 5.2 ns 0'.2 0.1 1.1 ™
Tub. stolon no, 361 el 3¢3 ns 0.2 0.1 0.7 -
Tuber fwt.(g) 0.90 1450 2.40 ns 0.03 0.07 0.50 -
9/10 99 6/7 2/10) /9 /9
No. plants tub, (14 rotted) | (3 rotted)] - (1 rotted) | (1 rotted)] -
(90%) | (100%) | (85.7%) (20%) | (114%) | (4ot
Replication 10 10 10 - 10 10 10

For aebbreviations, see Section VIII.




In the first experiment, in which plants were 15 days old when
treated, CCC at both concentrations (10“3M and 10—2M) caused a
marked decrease in top height, in both the daylength regimes

used during the experimental period (Table 21). This result was
as expected from the results of'other workérs both in the potato
(eg Dyson and Humphries, 1966; Humphries and Dyson, 1967) and

in a great many other plant species eg wheat (Tolbert, 1960), Bryophyllum
(Zeevaart and Lang, 1963), sugar beet (Humphries and French,
1965). CCC treatment also decreased top dry weight in agreement
with the results of Dyson and Humphries (1966) and Humphries and
Dyson (1967) for potato and those of other workers with other
plant species (eg Cathey and Stuart, 1961), although exceptions
have been found (eg Humphries, 1963), Node number was decreased
by 10—2M CCC in long days (although not in short days); no such
effect was found by Humphries and Dyson (1967) for the main stem,
although they found a decrease in the rate of leaf production on
lateral stems. CCC was also found to produce thicker stems in
the present experiment, in agreement with findings for other
plant species eg wheat (Tolbert, 1960) and tomatoes (Wittwer and
Tolbert, 1960). These results for top growth, which are in
agreement with the vast literature on the effects of CCC, suggest
that CCC was acting in its normal way, inhibiting gibberellin
synthesis (see Section V (i) ) and bringing about opposite
effects on growth from those obtained with gibberellic acid (see
above). It would therefore be expected that CCC treatment would
also bring about an opposite effect to that of gibberellic acid

on tuberisation.

There was an effect of CCC on stolon number (decreased) in short
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days, but none in long days. There was an apparent increase in
tuberisation, in terms of tuber number, number of tuBerising
stolons and tuber fresh weight, with 10”2M CCC treatment in long
days, but there were too many zeroes in the data to allow a valid
statistical analysis to be perforﬁed (Table 21 and Fig 19). No
significant effects on tuberisation were found in the plants
grown in short days, although there appeared to be an increase

in tuber fresh weight with CCC; this may have been found to be

not significant due to high variability in the data.

The lack of a marked promotive effect (although a slight one was
recorded) of CCC on tuberisation was unexpected and not in agree-
ment wi£h the results of other workers eg Dyson (1965) and Dyson
and Humphries (1966), who found with the variety Majestic that CCC
hastened tuber formation, although it later slowed tuber growth,
It was thought possible that CCC might have been applied too early
in the growth of the plant (day 15) so that by the time tuber
initiation began, the effect of CCC on metabolism was no longer
being felt (ie biosynthesis of endogenous gibberellins was
proceeding in a normal way, not influenced by applied CCC), and
tuberisation was therefore not greatly affected by CCC treatment.
This is perhaps unlikely, however, in view of the fact that Dyson
and Humphries (1966) found tﬁberisation to be retarded with CCC
treatment given at emergence from the soil, which was considerably
earliér in the life of the plant than the application in the
present experiment. It seems more likely that CCC applied at

15 days from planting, at which time stolon production.would have
been taking place, had some effect on this process. This would

be expected if stolon production and growth is dependent on a

gibberellic acid/indole acetic acid interaction, as proposed by
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FIGURE 19. CCC application experiment 1. Histograms showing raw
data for tuber number, number of tuberising stolons
(Tub. stolon No.) and tuber fresh weight in plants
grown in low intensity long days (LI 1D) and treated
or untreated with CCC.
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Booth (1963). Also, Humphries and Dyson (1967) found stolon
growth to be inhibited by CCC although less so in Up-to-Date than
in some other varieties. In the present experiment, a signifi-
cant decrease in stolon number was found with CCC treatment in
short days, and this effect may have masked a hastening of tuber
formation. There was no decrease in stolon number in the plants
from long days, and these plants did in fact appear to show a
promotion of tuberisation with CCC. These plants might be
expected to have had a higher level of endogenous gibberellins
than those grown in short days (see Section V (i) and (iv) ) so

that the effect of CCC would be expected to be rather small.

Second experiment with CCC

Because of the possibility of the early application of CCC
affecting stolon production and this effect masking effects on
tuberisation in the first experiment, a second experiment was
carried out in which the plants used were older at the time of
treatment with CCC, which was given immediately before transfer
to differential daylength conditions. The plants were 43 days
old at the time of the latter operation, because they had been
rather slow to sprout; Table 20 gives details of the experiment,
which was in other respects similar to the first one, and tﬂe

results are given in Table 22.

As in the first experiment, CCC caused a marked reduction in top
height in both daylength regimes. Node number and top dry
weight were, however, unaffected, in contrast to the results of
the previous experiment. This may have beén becausé of the.
shorter tiﬁe between CCC treatment and harvest in the present

experiment, causing these trends to be less marked by the harvest
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TABLE 22, Results of second CCC appliéation experiment, Differencez in tqp stolon and tuber growth
for plants grown in LILD and SD with_or without CCC at 107¢ or 10 M, at harvest after 14 days
(plants 42 days old at CCC treatment).

SD : LIILD

oo occc | 10™moce | 10”%cce ps .A-LSD o0 cec | 102ucoc | 10™%cce ps b 5
Top ht.(cm) 2945 2049 18.9 0,001 | 3,50} 32.2 2149 17.6 | 0.001} 1.62
Node no. 18.7 19.C 18.9 ns 2064 20.8 19.3 ns
Top dwt.(g) 2,29 2.0l 1,89 ns 2,09 2,00 1,93 | ns
Stolon no. 8.4 8.6 7.0 ns 1 8.7 8.4 8.3 ns’
Tuber no, B 5k 7.8 0.005] 2.44) 0.2 31:0 P 4,7 | 0.000] 2,42
Tub. stoclon no, 2o F 3.0 Sl ns 0.2 1.0 3e2 0.0011 145
Tuber fwt.(g) 147 3.3 6.4 0.005| 2.17} 0.6 1.6 3.5 0.005] 1.90
vo. prants wn. | (S| (105 | Ao | Gn| @ | dep| -
Replication 10 10 10 - 10 i () 10 -

For abbreviations, see SectionVIJI.



date. Top dry weight appeared to be decreased by CCC, but this
effect cannot have been great enough to overcome the high varia-

bility present in the data,

Stolon number was unaffected by treatment; this was to be
expected, as most stolon formation should have already occurred
by the time of application of CCC. Tuberisation was significantly

2

increased by 10 M CCC treatment in both daylength regimes.

10-3M CCC also appeared to cause a smaller promotive effect, but
this was not found to be significant, probably because of high
variability. All plants from short days had tuberised by

harvest, but of those from long days; a greater percentage of

CCC-treated plants had tuberised than of the controls.

From these results it appears that, while CCC aﬁplied to young
plants (experiment 1) has only a slight effect on tuberisation
(probably because an inhibitory effect on stolon production and
growth), when applied to older plants, it causes a substantial
promotion of tuberisation. These results are in agreement with
those of Dyson and Humphries mentioned above, excgpt that tuber
weight was fouﬁd to be increased; suéh an effect was not found
by these workers, probably because their harvests were mostly

carried out some considerable time after the first CCC treatment.

The effects of CCC on tuberisation found in the present
experiment are what would be expected if endogenous gibberellins
acted to inhibit or delay tuberisation, since application of CCC
to plants just before the expected onset of tuberisation should

prevent or reduce gibberellin synthesis at this time.



Third experiment with CCC

This experiment was conducted to determine whether the promotive
effect of CCC on tuberisation found in the second experiment
would still result at high temperatures (30°C day/27°C night)
which are less favourable to tubefisation than the low tempera-
tures used in the experiments above. Details of the experiment
are given in Table 20 and the results in Table 23.

There was a large decrease in top height with CCC in both day-
length regimes, as in the previous exp;riments; CCC treatment
had no effect on node number in short days, and a small, probably
unreal, effect in long days (the value with 10‘3M CCC was
greater-than_that with 10"2M, but neither of these values
differed significantly from that for the controls). Top dry
weight was unaffected by CCC. These results are similar to
those of experiment 2, in which CCC treatment was given, as in

the present experiment, at the beginning of the differential day-

length pericd.

Stolon number was unaffected by CCC in short days, but 10-2M cCcC
caused a slight decrease in long days; No tuberisation occurred
in long days; this was not surprising, since tuberisation,
although it did occur, was very little advanced in the plants

from long days in the first two experiments, in which temperatures
were favourable to tuberisation. All plants from short days
(with the exception of one which had rotted) had tuberised.

There was an apparent increase in tuberisation with 10"2M CCC, in
terms of tuber number, number of tuberising stolons and tuber

fresh weight (Table 23 and Fig 20), but the first two of these

paranmeters were found to show no significant differences. In
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TABLE 23, Results of third (high temperature) CCC application experiment. Dix"ferencgs in top, stolon
and tuber growth for plants grown in LILD and SD with or without CCC at 107 or 10~M at
harvest after 14 days (plants 35 days old at CCC treatment),

SD ‘ LILD
Treatment
—3 ~, S-A» "'3 i S A’—

occec |10™mcce | 10”%mcce St 0 CoC | 107%m00e | 10 Awcce i
Top ht.(cm) 37.8 29.3 16,3 0.001} 4,25} 53.3 39.8 22,0 0,001] 1.07
Node no. 177 1762 1645 ns 17.8 18.9 16,9 905 ) 4,33
Top dwt.(g) 125 1413 1457 ns 131 1.20 0.99 ns
Stolen no. 6.7 6.2 6.6 ns | W7y koA 3.6 0.05 | 0.96
Tuber no, 542 5.0 11 o1 ns 0 0 ; 0 -
Tllb. StOlonl O e Ll-ozl- 14-.0 601 ns 0 0 0 e
Tuber fwt.(g) 0.87 o2 2.7 0.05 | 1.36f © 0 0 -
Non-tub., stolons
With starch 1.0 1.6 0.2 0.05 | 0.31} 0.3 1.0 0.55 ns
No starch 142 0.3 0.2 ns 3:3 301 3e2 ns
% with starch 45,5 81 50 - 8.3 . 2 16 -

10/10 10/10 9/9 0/10 0/10 0/10
No. plants tub. (1 rotted)] - -

(100%) | (100%) . | (100%) (0%) (05%) (0%)
Repiication 10 10 10 - 10 10 10 -

For abbreviations, see Section VIII,




FIGURE 2. CCC application experiment 3. Histograms showing raw
data for tuber number in plants grown in short days
(SD) and treated or untreated with CCC.
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the case of tuber number at least, this was probably because of
the high variability in the data; tuber number in plants given

10™%M cec ranged from 2 to 26, s d 7.12 .

In the present experiment, in addition to tuberisétion data, starch
deposition in stolons which had not tuberised visibly was also
examined, since it was found possible to detect stages of tuber-
isation earlier than visible swelling in this way (see Section VI).
Only white stolons were examined, since green stolons rarely
_tuberise. In plants from short dayé, the number of ﬁntuberised
stolons with starch deposits increased significantly with 10-3M
CCC treatment, suggesting that a larger number of stolons were
about to tuberise in these plants (Table 23). The number of

such stolons fell again with 10™ %y CCC, but this was almost
certainly because the number of visibly tuberised stolons was
higher in this treatment than in the controls or the plants

given 10™x coc (Fig 20). When stolons pass from the stage of
starch deposition to the stage of visible swelling, the number

of non-visibly tuberised stolons with étarch deposition obviously
falls and that of visibly tuberised stolons rises. These results
are perhaps better expressed as the percentage of non-visibly
tuberised stolons containing starch (Table 23). In the plants
from long days, there was aléo ah apparent increase with CCC
treatment in the percentage of non-visibly tuberised stolons
containing starch. Although these changes were not significant,
probably because of the high variability of the data, they never-
theless tend in the same direction as those from plants kept in
short days, and suggest that in the plants kept in long days

also, CCC may be exerting some promotive effect on tuberisation.
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It appears from these results that tuberisation is accelerated at
high as well as at low temperatures by CCC treatment, although the
effect was not massive enough to overcome the inhibiting effect on
tuberisation of long days and high temperatures together. Because
the level of tuberisation in short days was quite appreciable,
even in the controls it was not possible to establish definitely
whether CCC could relieve the effect of high temperatures on
tuberisation. It is possible that the effect of high temperatures
on tuberisation would only be noticeably felt in short days if the
plants were grown in these conditions throughout the growing
period as well as the experimental period, as was the case with

the plants in the first preliminary experiment (Section II).

Summary of results of experiments with CCC

While the results with exogenous gibberellic acid (above) suggest
the involvement of g ibberellins as a delaying influence in the
control of tuberisation, to demonstrate that endogenous gibber-
ellins are actually involved it is necessary to demonstrate
changes in their level correlated with the progress of tuberisation
(see Section V (iv) ) and also that manipulation of endogenous
gibberellin synthesis has some effect on tuberisation. These
experiments have shown that the latter is the case: when
synthesis of endogenous gibbérellins was reduced by CCC treatment
applied at the beginning of the differential daylength period
(experiments 2 and 3), when plants were approaching tuberisation,

tuberisation was promoted at both low and high temperatures.

A more marked prormotion of tuberisation would probably have been
found if repeated applications (as in gibberellic acid experiments

6 and 7) had been given.. CCC treatment was unable to cause
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tuberisation in long days at high temﬁeratures (experiment 3),
presumably because both these conditions are inhibitory to
tuberisation and even when gibberellin synthesis was reduced for
some time, this was not enough to cause tuberisation. This suggests
that other factors may also be involved. Rather than conducting an
experiment with repeated applications of CCC, however, it was
considered more valuable to proceed to stolon feeding experiments
with gibberellic acid and CCC (Section V (iii) ), since the present
experiments with whole plants had demonstrated a promotion of
‘tuberisation, albeit not under the most extreme non-inductive

conditions. The results are further discussed in Section VII.

Experiment with abscisic acid

Since only a very small amount of abscisic acid was available, it
was applied as a drop to the apex instead of as a foliar spray
(as used by El-Antably et al, 1967 and Smith and Rappaport,
1969)« Details of the experiment are given in Table 20 and the

results in Table 24,

Abscisic acid had no effect on top height, and none on node number
or top dry weight in short days, although a reduction in both

these parameters was found in long days.

Stolon number was unaffected By treatment. Tuberisation
(measured by tuber number, number of tuberising stolons and tuber
fresh weight) was unaffected in short days, as were the numbers
of non-visibly tuberised stolons with and without starch
deposition. ' In long days, however, tuber number and number of
tuberising stolons were significantly increased by abscisic acid

(Table 24 and Fig 21 (a) )e Tuber fresh weight appeared to be
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TABIE 24e Results of ABA application experiment., Differences in top, stolon and tuber -
growth for plants grown in LILD or SD with or without ABA.

SD LILD
Treatment
No ABA 1943 ABA/ S.A. No ABA 191,1.3 ABA/ S.A.
plant p | LSD plant o) LSD
Top. ht,(cm) 49.2 L4l 5 ns 60 o4 59.6 ns
Node NOoe 15-0 13.9 ns 18.1 16-3 0005 1.57
Top dwt.(g) 346 333 ns 3497 3,50 0,05 | 0.42
Stolon no. 13.5 151 ns 14..8 151 ns
Tuber no. 10.0 10.7 ns 0-6 2.1 0.05 1.05
Tub, stolon no. 8.8 8.2 ns 0.6 17 0,05 | 0.95
Tuber fwt.(g) 0.99 1422 ns 0.02 0.12 ns
Non~-tub. stolons
With starch 0,2 0.7 ns o) 0.1 -~
No starch 0.6 2.8 ns 14..7 s ns
% with starch 25 20 - 0 0.7 -
10/10 10/10 2/10 7/10
No. plants tub. ~ -
s e (100%) | (100%) (20%) (70%)
Replication 10 10 - 10 10 -

For abbreviations, see Section VIII.



FIGURE 21.

Abscisic acid application experiment. Histograms showing
raw data for tuber number and tuber fresh weight in
plants grown in low intensity long days (LI LD) and
treated or untreated with abscisic acid.
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increased, but the difference was not significant, and was

- probably due to the single very high value in one of the treated
plants (Fig 21 (b ) ). There was again no effect on starch
dgposition in non-visibly tuberised stolons. A much higher
percentage of treated plants than-of long day controls had

tuberised.

It appears from these results that abscisic acid exerts a
promotive effect on tuberisation in plants grown in long days,

in agreement with the results of El-Ant;bly et al (1967), and in
conflict with those of Smith and Rappaport (1969). Although nb
effect of treatment was found in plants kept in short days, this
may havé been because tuberisation was well advanced by the

. harvest date and an effect may have thus been missed. It is
also possible that in short day conditions, the plants were
already producing sufficient growth inhibitor or anti-gibberellin,
if such compounds are involved, for a maximal rate of tuberisation
to be taking place by harvest, the additional abscisic acid being

superfluous.

The decrease in node number and top dfy welight in-plants from
long days may indicate an indirect effect on tuberisation,
mediated by effects on top growth. Whether this is the case or
not, however, the results sugges£ a promotive effect of abscisic
acid on tuberisation when applied at low concentration under long
day conditions. The results also tend to overcome some of the
objections of Smith and Rappaport (1969) to the experiments of
El-Antably et al (1967) on the grounds of the very large doses

of abscisic acid requifed to induce tuber formation, and of the

abnormal stunted appearance and early leaf senescence in treated
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plants (see Section VII); in the present experiment, a fairly
low concentration was applied on only two occasions, and the
treated plants had a perfectly normal appearance. The

implications of these results are discussed in Section VII.
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(iii) Group B: Stolon feeding experiments

a. Introduction and general methods

The experiments in Group A, described in Section V (ii), showed
that gibberellic acid, CCC and abscisic acid all exerted some
effect on tuberisation when appliéd to the intact plant. It
was not clear from these results, however, whether the various
growth-active substances exerted their effect indirectly (by
changing the growth pattern of the whole plant) or specifically
at the site of tuber formation, the s;h~apical region of the

stolon.

In the present experiments, growth-active substances weré applied
directly to the stolon tip. It was thought that the results
thus obtained would be more specific with respect to tuberisation
than those from the experiments in Group A. In the latter, the
the growth substances were required to be translocated to the
stolon tips in order to exert their effect directly at the site
of tuber-formation, or to exert their effect indirectly through

the growth of the plant as a whole,

A number of workers have observed tuberisation in excised pieces
of potato stem grown by tissue culture methods (eg Mes and Menge,
195%; Chapman, 1955, 1958) and others (McCorquodale and Moorby,
1968; Palmer and Smith, 1969 a énd b, 1970) have applied these
techniques to the investigation of various growth-active substances
on stolon tips. It was felt that it might be more valuable to
treat individual stolon tips in vivo (ie while still attached to
the parent plant) rather than in vitro (ie stolon tips excised

from the parent plant énd grown on a culture medium which was

required to provide everything needed by the stolon tips for
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growth and tuberisation). Accordingly, a stolon feeding
technique was established in which the terminal 2-3 cm of stolons
were placed in small bottles containing the appropriate treatment
solution (see Section II (ii) d). Treated stolons on the same

plant always received the same treatment as each other.

Using this method, two experiments were carried out with
gibberellic acid, GA3' one using CCC, one using abscisic acid,
ABA, (all as specified in Section V (ii) ) and two using a
cytokinin, 6-furfurylaminopurine, Kinefin, KIN (Hopkin and
Williams). Kinetin was chosen because it was readily available
and had been found by Palmer and Smith (1969 a) to be more
effective in promoting tuberisation in their system than the
other synthetic cytokinins which they used. Although the
naturally-occurring compounds are often quantitatively more active
than kinetin, there appear to be no qualitative differences in
activity between the natural and synthetic cytokinins (Helgeson,
1968) so that results from kinetin studies should give a good
idea of the effects of endogenous cytokinins, Environmental
conditions were as usual (Section II), except that in the
experiments with CCC, abscisic acid and kinetin, the temperature
during the experimental period was maintained at 20°C due to the
requirements of othér-users.: Details of the experiments are

given in Table 25.

be Preparation of solutions of growth-active substances

Gibberellic and abscisic acid solutions were prepared by dissolv-~
ing the solid in a very small amount of ethanol and then adding
the appropriate amount of water to give the required stock

solution, CCC and kinetin were made up in completely aqueous
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TABIE 25. Time schedules and treatments for stolon feeding experiments (Section V (iii))

Experiment | Growth{Concentration{Volumej Age at Final Temperature Daylength Replication
Sub=- in B Harvest after g after E
stance Bottle| (days) (days (aays) ("¢ No. of plants/ | No. of stolons
(ml) from E) {day/night) treatment treated/plant
1,10 pp SD (controls + 8 5
15% GA; GA, (2.9 x 1024, { 1.5 | 42 23 20/17 GA, treatments)
2.9 x 1077i) LILD (controls) 8 2
1,10 p SD (controls + 6, 35 day 2
ond GA GA (2.9 x 107M, | 2.0 |35, 56 27 20/17 GA (treatments) (5, controls)
3 3 b5 3 7, 56 day 2
2.9 x 1072H)
LILD (controls) 3 2
18t CCC ccc  |107M1, 107% | 2.0 | 35 o3 20/20 SD 10 2
SD (all o B
2nd CCO ccc |10, 107% | 2.0 | 35 28 20/20 |treatments)
LID (a1l - :
treatments)
0.5, 1.0 ppm SD (al1 10 2
ABA A (1.9 x 107, | 2.0 | 35 23 20/20 |ireatmonts)
Py LIID (all ¥ 2
3.8 x 107°H) treatments)
. % SD (controls +
1st KIN kv |1 6”3_10 u, 2,0 | 35 2l 20/20  {KIN ‘reatments te binlgzﬁle
10 TilD (controls) 10 2
( 16 y SD (all 10 2 or1(4 pl%nt/
- SD plants ); treatments treatment
g
2nd KIN KIN MO 5M, 107 | 2.0 | 35 23 (LIID 20/20 I (a1l = E
plents) treatments)

bge at E = Age of plants at beginning of experimental period (transfer to differential daylength régimes and stolon

treatment begun). Final harvest date is given in days from the beginning of the experimental period, as usual. Daylength
régimes for the experimental period are given (Daylength after E)., SD = short days; LILD = low intensity long days.



solutions. CCC dissolved readily, but kinetin required special
treatment. A stock solution (10—4M) of kinetin was prepared and
autoclaved to dissolve the powder; dilutions were then made to

give 10_5

M and 10“61-4 solutions. It was found that kinetin
remained in solution even at a concentration of 10-4M after

standing at room temperature for several weeks.

Ce The experimentss results and discussion

First feeding experiment with gibberellic acid

Details of the experiment are given in Table 25. The results

are presented in Figs 22 and 23%. Gibberellic acid treatpent had
no effect on top height (Fig 23 (b') ). The progress of tuber
formatign is shown in Fig 22, in which the lower curve shows the
number of stolons tuberised at the tip (apex of stolon) only, and
the upper curve the total number tuberised (either at the tip or

at a side bud : some branched stolons which had not yet tuberised

at the tip did bear tubers at the side buds). By the final
harvest after 2% days, none of the gibberellic acid treated stolons
had tuberised; the only treated stolons to tuberise were short day
water controls (Figs 22 and 23 (a) ). . Rotting of stolons was
accelerated by the higher concentration (10 ppm) of gibberellic
acid, but this did not appear to be due to the pH of the solution,
as both this and the water coﬁtrcl solutions gave readings in the
region of pH 6. The difference in tuberisation between the water
controls and the stolons given 1 ppm gibberellic acid could not,
however, be accounted for by rotting, since the level of rot was

slightly greater in the former than in the latter.

The water control stolons appeared normal, although there was

some enlargement of the lenticels, Stolons treated with
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FIGURE 22. Results of gibberellic acid stolon feeding experiment 1.
Graphs of tuberisation in treated stolons (%) with
time,

There was no tuberisation in stolons given gibberellic
acid treatment.
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FIGURE 23. Results of gibberellic acid stolon feeding experiment 1.
ae Histogram showing tuberisation in treated stolons
at harvest after 23 days.

b. Top height of parent plants with and without
gibberellic acid stolon feeding treatment, at harvest

after 23 days.



Tuberisation of

b.

treated stolons | it —(_c_m:_)'
18
16¢ Y % =
§12- % 8
:"210' % 201
Sl
4 :
GAZOtreatr:woc;gt (ppm()) GOA 3 trea::;r?ent (p;:r%())
SlD l LllLD | SID I
§§8§§ tuberised at tip ] standard error of mean

i tuberised at side bud (s)

healthy and untuberised

7 sli
ght signs of rot at tip
//

tlp rotted



gibberellic acid, and especially their tips, had a very long thin
appearance compared to the controls, because of considerable
internode extension; side branches, where present, also elongated
in this way. This was as expected (see Section V (i) and (ii) )
since stolons are simply stems wifh reduced leaf expansion and

diageotropic growth.

The results therefore show an effect of gibberellic acid on growth
of the stolons, causing them to elongate considerably and inhibit-

ing tuber formation.

Second feeding experiment with gibberellic acid

This experiment was similar to the first and was carried out to
check the re;ults obtained. Plants of two ages (35 and 56 days
old) were used, as it was thought that the older plants would
tuberise earlier and that it might therefore be possible to detect
any tuberisation at the higher gibberellic acid concentration
before rotting ﬁegan. A slightly greater volume of treatment
solution was used than in the first experiment to ensure that the
stolon tips were completely covered, no matter in which direction
they grew. Details of the experimenﬁ are given in Table 25 and

the results in Figs 24 and 25 and Table 26.

The gibberellic acid treatmenf had almost no effect on top growth,
stolon number, or tuberisation of untreated stolons (Table 26 );
the oniy effect detected was a slight decrease in top dry weight
in the 35 day old plants given 1 ppm gibberellic acid, but this
was not thought to be a real effect. /n as large or larger
supply of gibberellic acid was theoretically available to the

plants in this and the previous experiment as was supplied to
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FIGURE 24. Results of gibberellic acid stolon feeding experiment 2.
Graphs of tuberisation in treated stolons (%) with time.

There was no tuberisation in stolons on plants grown in
low intensity long days, or on stolons treated with
gibberellic acid.
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FIGURE 25. Results of gibberellic acid stolon feeding experiment 2.
Histograms showing tuberisation in treated stolons after
14, 21 and 27 days.
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Differences in top, stolon and tuber growth

TABLE 26, Results of second GA} stolon feeding experiment,
on untreated stolons”at final harvest after 27 days.
35 day plants 56 day plants
Treatment S.A. S.A.
LDC SDC | SD + 4ppm | SD + 10 ppm ILDC SDC SD + 1ppm {SD + 10 ppm
GA GA p | ISD GA GA p | ISD

3 3 3 3
TOP ht.(CEO 11-501 28.9 25-8 2303 ns 5&--? 4002 J-D-Oog 38-5 ns
Node no. 2405 | 1943 17.9 19.0 ns 2.0 | 20.0 19.8 20,3 ns
‘Top dwt.(g) 2,131 1.96 1.57 2412 0.05] 0.37 ] 2.06 | 2.51 2.28 2,2 |ns
Stolon no. 6.0 | 7.2 4.8 5.7 ns 5.0 | 6.4 7.9 6.6 ns
Tuber no. 0 73 3.7 5.8 ns 0 Loy L.6 6.1 ns
Tub. stolon no. 0 L.7 3,0 3.5 ns 0 L 3.8 | 3.8 ns
Replication 3 6 6 6 - 3 | T 7 7 -

For abbreviations, see Section VIII,




to those given gibberellic acid in the experiments in Group A, and
the effect on stolon growth showed that the compound‘was absorbed.
The fact that no effect on top growth was found, therefore,
suggests that gibberellic acid was not translocated to the main
body of the plant from the treatea stolons, and therefore that

any effect on tuberisation was being exerted at the stolon tip
itself, and not mediated by a response of the tops; the latter
mode of action remained a possibility from the results of the

gibberellic acid experiments in Group A (Section V (ii) ).

As in the previous experiments, gibberellic acid treatment
appeared to inhibit tuberisation of treated stolons (Figs 24
and 25); Fig 24 shows the progress of tuberisation with time
in the treated stolons of the short day controls, beginning at
day 8 in the 56 day old plants with a swollen side bud, and
followed at day 10 by the first swollen tip, again on a 56 day
old plant. No side buds tuberised in the 35 day old short day
controls. The level of tuberisation in these plants was finally
higher than that in the 56 day old plants (although it began
earlier,as expected, in the latter) probably due to the higher
level of rot in the 56 day old short day controls (Fig 25). |
When tuberisation began in the short day controls of the 35 day
old plants (at day 14), there.were no signs of tuberisation on
any of the gibberellic acid treated stolons, and a little rot
had beéun with the highest level (10 ppm) of gibberellic acid.
By 21 days (see Fig 25) there was still no tuberisation in
gibberellic acid treated stolons although there was no rotting
in those given the lower concentration (1 ppm). By 27 days

(final harvest), signs of rot had begun in the latter and also
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in the short day controls; there was still no tuberisation in

any gibberellic acid treated stolons.

Starch deposition was examined at the final harvest, after 27
days (see Section VI). Starch deposition was well advanced,

as expected, in the visibly tuberised stolons of the short day
controls, and also in one non-visibly tuberised stolon in

these, and in the long day controls (Fig 25), but no starch had
yet been laid down in any of the 1 ppm gibberellic acid treated
stolons; it was not possible to test the badly rotted stolons
given 10 ppm gibberellic acid. It therefore seems that even the
first stages of tuberisation had not occurred in the gibberellic
acid treated stolons, even after almost & weeks; these stolons

again showed the elongated apvearance noted in experiment 1.

These results again show a delaying effect of gibberellic acid
treatment on tuberisation when applied directly to stolon tips,
and again the effect does not appear to be mediated by an effect
cn top growth. The results are in agreement with those of
McCorquodale and Moorby (1968).with stolon tip cultured in vitro
(see Section V (i) ); these workers élso concluded that gibber- .
ellic acid exerts its effect on tuberisation at the stolon tip

itself.

It remains unclear, however, whether the gibberellins causing
delay in tuberisation come entirely from other parts of the plants,
or whether some gibberellin synthesis, enough to affect

tuberisation, occurs in the stolon itself.
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First feeding experiment with CCC

The purpose of this investigation was to discover whether
inhibition of gibberellin synthesis in the stolon had any effect
on tuberisation. = The CCC experiments in Section -V (ii) were
incapable of resolving this queétion_becauée, sincé CCC was
applied as a soil drench, it could have been absorbed by both
roots and stolons. If CCC applied to certain stolons only has
no effect on top growth or the tuberisation of untreated stolons,
but at the same time causes a promotion of tuberisation in the
.treated stolons, this would suggest that gibberellin synthesis
in the individual stolons plays some part in the control of
tuberisation. If, on the other hand, no effect of CCC is
observed either on top growth or on tuberisation of treated
stolons, this result, taken together with the promotive effect
of CCC in the experiments of Group A (Section V (i) ), would
suggest that no appreciable gibberellin synthesis takes place

in the stolon tip, and that the gibberellins concerned in the
delay of tuberisation are all formed elsewhere in the plant and

transported to the stolons, where they exert their effect.

Details of the present experiment are given in Table 25 and the
results are presented in Figs 26 and 27 and Table 27. cCC
treatment had no effect on tép growth (Table 27) as measured by
top height, node number and top dry weight (in contrast to the
experiments of Group A, where these parameters were reduced by
CCC)s This may have been because the total supply of CCC to
the plants in the present experiment was small compared to that
used in the experiments in Group A. Tuberisation of untreated

stolons was also unaffected (Table 27).
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FIGURE 26. Results of CCC stolon feeding experiment 1. Graphs of
tuberisation in treated stolons (%) with time.
ae stolons tuberised at tip only
b total tuberisation: stolons tuberised at tip or

at side bud(s).



H H
(a) 80.
f7o.
T
8 ol
&
Qo
S50r
g.
640 g
el {
230t
9 NN ===y
"‘“20- —O0—0—0—0
101
O 1 L 7 Ul 1 L 1 L
0.4 B 1276820 24, 28
Time from start of treatment(days)
o—o0 0 CCC

=2
o—a 10 “M CCC L t{uberised at tip only , SD

eog 10l M. CeE
H=Histograms for these dates are shown in Fig 27

(b)

d

H H

°/ of stolons tuberised
N () B (9)] 8
Q0 Qg e

3

O 4 8 12 16 20 24 28
Time from start of treatment (days)

e—e O CCC

a—a 107°M CCC:I— total tuberisation , SD
A-_-a 10'-4M CCC

o




FIGURE 27. Results of CCC stolon feeding experiment 1. Histograms
showing tuberisation in treated stolons after 14 and
23 days.
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TABLE 27. Results of first CCC stolon feeding experiment.
Differences in top, stolon and tuber growth on untreated
stolons at final harvest after 23 days.

S.A.
Treatment - spc | spet0™tece SD+10™2McCe
P LSD
Top ht.(cm) | 51.8 47.9 49,5 ns
Node No. 19.8 19.4 ! 20.9 ns
Top dwt.(g) 5T 2.86 3¢12 ns
Tuber No. 6.9 7.0 7.8 ns
Tuber fwt. | 20.1 17.9 22.9 ns
Replication 10 10 - 10 -

For abbreviations, see Section VIII.



CCC treatment did, however, appear to cause a promotion of
tuberisation in treated stolons. The progress of tuberisation
at the tip alone and of total tuberisation (at either a side

bud or the tip) for the various treatments is shown in Fig 26 (a)
and (b.) respectively. There is little difference between the
two types of curve, although higher tuberisation is shown in the
latter group (b ). This probably only means that in some
stolons (those which during the experiment had developed side
branches) tuberisation took place at a side bud before doing so
"at the tip (as expected from the results of the study on tuber-

isation in different types of stolons described in Section III).

Both sets of curves showed that CCC brought about a hastening of
tuberisation, the effect being small although fairly consistent
at 10-4M and more pronounced at 10"2M. The only inconsistency
in the effect of CCC was found between 20 and 23 days in the
curves shown in Fig 26 (b.), where there was a higher level of
tuberisation in the water controls than in the stolons given
10-hM CeU, It appears that this resuit was due to a higher
number of water controls beginning to tuberise at a side bud
after day 16. This may have occurred because of the higher
number of stolons remaining both untuberised and without signs
of rot up to this time in this group of stolons compared to the
other treatments. Generally, however, the increases in tuber-

isation with CCC were found despite the higher level of rotting

in CCC treated stolons than in water controls (see Fig 27).

Since CCC was found to cause no effect on top growth (which would
have been expected if CCC were being transported there from the

treated stolons and inhibiting gibberellin synthesis in the shoot
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apex and young leaves), and since there was no effect of CCC on_
untreated stolons, it appears that the effect of CCC on tuber-
isation in treated stolons was a local one exerted on the treated
stolon tips themselves. While these results show that
gibberellin synthesis in the stolon tip contributes to the control
of tuberisation, it is likely that synthesis in many parts of the
plant is normally involved. When the level of gibberellin in the
stolon tip falls, it appears that tuberisation is favoured (see
also Section V (ii) and (iv) ). In the present experiment, there
will have been a period after the start of CCC treatment when the
gibberellin present in the tip before treatment had been used up
by extension growth of the stolon,butnarcplacement supplies will
have reached the tip from the rest of the plant. During this
time, it is envisaged that conditions may have been suitable
(perhaps due to the lowering of a gibberellin/growth inhibitor

ratio - see Section VII) for tuber initiation.

Second feeding experiment with CCC

This experiment was similar to the previous one, except that
stolons on plants grown in long days during the experimental

period were also given CCC treatment to determinewhdhera promotion
of tuberisation would result in such stolons also. Details of

the experiment are given in fable 25 and the results are shown in

Figs 28 and 29 and in Table 208.

As in the previous experiment, CCC treatment had no effect on
top growth or tuberisation of untreated stolons (Table 28). Also
as before, CCC caused a promotion of tuberisaticn in treated
stolons on plants grown in short days. Graphs for tuberisation

at the tip alone and total tuberisation were again similar (Fig 28);
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FIGURE 28, Results of CCC stolon feeding experiment 2. Graphs of
tuberisation in treated stolons (%) with time.
2. Stolons tuberised at tip oniy.
b. total tuberisation: stolons tuberised at tip or at
side bud(s).



8
d

o)
Q

‘\i
%

/o of stolons tuberised
W N
EEE)

N
Q

lrI'
Bt .

O 4 B2 1B, 2024 . 28
Time from start of treatment (days)

o—an 10°2M CCC
S 10'4M cGu
a—a 10"2M CCC
a-a 10°4M Cccl LILD
H = Histograms for thesedates shown in Fig 29

o—o 0 CCC '
:]'SD

} tuberised at tip only

H H

~
g
J

sed

60r

e TR M
o )

°/e Of stolons tu

10r

O 4 B712 16 20 24 28
Time from start of treatment (days)

o—e O CCC :
— 10"2M CCC]-SD
v--v 107 M ccl -]
2~ 1O “M cCe
A-—-A 10 cCe

total tuberisation

]—LI LDI



FIGURE 29. Results of CCC stolon feeding experiment 2. Histograms
showing tuberisation in treated stolons after 16, 22 and
26 days.
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TABLE 28. Results of second CCC stolon feeding experiment. Differences in top, stolon and tuber
growth on untreated stolons at final harvest after 28 days.
LI LD Plants SD plants
Py — - A, o
reatuent ocee | 10™*mece | 102ece S-A | occe . | 107 Mmeee | 107%cce | S-A-

p | LSD p | LSD
Top ht.(cm) 48,9 45,1 48,1 ns 2h.2 23641 36,9 ns
Node No. 17.8 18.0 18.5 ns 16,8 16.2 16.6 ns
Top dwt.(g) 251 2.43 2.49 ns 2.15 2.24 2+ 50 - ns
Stolon No. 5.6 - L L L,7 ns t 4.8 3.9 L.7 ns
Tuber No. 0 a2 0 ns 3¢3 2.8 2.8 ns
Tuber fwt,(g) 0 0.02 0 ns 9.3 8.6 9.0 ns
Replication 10 10 10 - 10 10 10 -

For abbreviations, see Section VIII.




few side buds tuberised compared to the number of tuberised tips.,
perhaps because stolons had few branches., Again as before,
there was a small but consistent promotion with 10-4M and a
larger one with 10“2M ccc. Although rotting was not great,

the level was somewhat higher with CCC as in the first
experiment, especially at the higher concentration (Fig 29). In
the case of the plants grown in long days, tuberisation of
treated stolons was also promoted by CCC, although the numbers

of tuberised tips were very small, even after 28 days (Figs 28

.and 29)0

These results show good agreement with and extend those of the
first experiment, pointing to a direct effect of CCC on
gibberellin synthesis in the stolon bringing about a promotion
of tuberisation, even in non-inductive long dayse.
McCorquodale and Moorby (1968) did not find this result
with their stolon tip cultures. With low concentrations
of CCC, very little effect was observed, and at higher
concentration (10-2H) they found én inhibition of tuber-
isation, which they attributed to a toxicity effect. They
concluded that the effect of CCC on whole plants was
exerted not in the stolons but on the rest of the plant,
reducing the supply of éibberellin to the stolons from
elsewhere in the plant. Palmer and Smith (1969 b) also
found that CCC inhibited stolon growth but did not cause
initiation of tubers in the absence of kinetin; kinetin,
however, is probably necessary for tuberisation to occur
(see below and Section VII), so that these results are not

really comparable with those of the present experiments,

129,



or with those of McCorquodale and Moorby, who included
kinetin (1 x_10"3ppm). among other compounds, in their basal

growing medium,

It is more difficult to explain-the differences bétween the results
of the present experiments and those of McCorquodale and Moorby.
It is possible, however, that the gibberellin level in their
material may have been very low due to environmental or culture
conditions, so that inhibition of gibberellin synthesis by CCC
_had little effect on tuberisation. The stolons used in the
present experiments may have been growing more rapidly, since

they were in a more natural condition than excised stolons. This
more rapid growth would probably be associated with greater
gibberellin synthesis, and the contribution of this gibberellin

in delaying tuberisation in relation to that of gibberellin

which had been sent from other parts of the plant might be
expected to be greater; inhibition of gibberellin synthesis would

therefore have more effect in this system.

Whatever the explanation for fhe above differences, it appears
from the results of the present experiments that some gibberellin
synthesis does take place in the stolon tip and that this gibber-
ellin, probably acting together with gibberellin from elsewhere

in the plant, exerts a delaying effect on tuberisation.

Feeding exveriment with abscisic acid

Having demonstrated an involvement of gibberellic acid and CCC
directly at the stolon tip similar to that found when these
compounds were applied to the whole plant (Section V (dii) ), it

was desirable to discover whether such a parallel effect would
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also be found with abscisic acid. Details of the experiment
are given in Table 25, and the results in Figs %0 and 31 and

Table 29.

There was no effect of abscisic acid on top height or node
number, except for a small increase in top height (at 1 ppm)
which was not thought to be a real effect, and which may have
been due to two of the plants in the treatment being especially
tall. There was a reduction in top dry weight with 0.5 ppm
%bscisic acid, but not with 1 ppm. Any effects on top growth
were therefore small and inconsistent and probably unreal.,
Tuberisation of untreated stolons was also unaffected by abscisic

acid.

In the treated stolons in short days abscisic acid appeared to
have very little effect on tuberisation at the lower concentration,
and an inhibitory effect at the higher concentration. After

16 days, stolons given 1 ppm abscisic acid showed more rotting
than the controls, but the inhibitory effect of abscisic acid on
tuberisation was visible after 12 days, at which time rotting was
slightly less among the abscisic acid treated stolons than among
the controls (Fig 31). The inhibition could not, therefore, have
been merely due to a greater number of rotted stolons among those

treated with abscisic acid.

Tuberisation at the tip alone (Fig 30 (a) ) and total tuberisation
(tip and side buds, Fig 30 (b ) ) showed much the same sort of
progress in stolons from short days. In both cases, there was
little difference between the curves for the water controls and
for 0.5 ppm abscisic acid. It appears however that, although

the lower concentration (0.5 ppm) had no effect on tuberisation
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FIGURE %0. Results of abscisic acid stolon feeding experiment.
Graphs of tuberisation in treated stolons (%) with
timen
a. stolons tuberised at tip only
b. total tuberisation: stolons tuberised at tip or at

side bud(s).
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FIGURE 31. Results of abscisic acid stolon feeding experiment.
Histograms showing tuberisation in treated stolons
after 12, 16 and 23 days.
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TABLE 29, Results of ABA stolon feeding experiment ..
Differences in top, stolon and tuber growth on
untreated stolons at final harvest after 2% days.

SA,

Treatment SDC ig;OLgA SD+lﬁi ppm i 5
Top ht,.(cm) Sh.6 S5he3 58.9 0.05 | 3.29
Node No. 20,7 20.3 20.1 ns
Top dwt.(g) Ze15 2.53 3,01 0.01 | 0.32
Tuber No. 6.6 B 5.4 ns
Tuber fwt.(g) 18.8 15.8 18.3 ns
Replication 10 10 10 -

For abbreviations, see Section VIII




at the tip, it did reduce tuberisation at side buds after 9 days
(Fig 20 (b.) ). It is possible that a difference in the rate

of cell divisiony or in some other factor, between tips and side
buds, results in abscisic acid being more effective in inhibiting
tuberisation at side buds than at tips. Both sets of curves
however (Fig 30 (&) and (b.) ) show an inhibition of tuberisation
with 1 ppm abscisic acid; this is more marked in the total
tuberisation curves (Fig 30 (b) ), showing that the effect is
felt on tuberisation both at the tip and at side buds; once
again, the effect appears to be slightly more marked on side

buds than on the tip.

At the final harvest after 23 days, when starch deposition in
treated stoléns was recorded, there appeared toc be less
inhibitory effect of 1 ppm abscisic acid on starch deposition
than on the appearance of visible tubers in stolons from short
days, especially when the higher level of rotting in the stolons
given 1 ppm abscisic acid is considered (Fig 31). This
suggests that the inhibitory effect of the higher concentration
of abscisic acid on tuberisation was due principally to an
effect on some part of the process other than starch deposition,

perhaps cell division (see Section VII).

Very little tuberisation had taken place in the stolons on
plants from long days, but there was again no evidence for a
promotion of tuberisation by abscisic acid. Two tubers were
found in the controls, one with 0.5 ppm and none with 1 ppm

abscisic acid (Figs 30 and 31).

These results are in general agreement with those of McCorquodale
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and Moorby (1968) with stolon tip cultures in vitro; they found,
using concentrations of abscisic acid up to 1 ppm in the growth
medium, that low concentrations had little effect and that 1 ppm
inhibited tuberisation. Abscisic acid stopped stolon growth,
although the stolons appeared ngrmal_and résumed g?owth when
returned to the basal medium. The results are also in agree-
ment with those of Smith and Rappaport (1969) from an experiment
in which stolon tips of plants grown in solution culture under
long days were wrapped in cotton saturated with a solution of
abscisic acid (1 ppm) on alternate days for 3 weeks. They found
" no promotive effect on treated stolons or on untreated stolons on
~ the same plant. The only difference between the results of the
present experiment (and also those of McCorquodale and Moorby)
and those of Smith and Rappaport is that the latter found no

inhibition of tuberisation with abscisic acid treatment,

Palmer and Smith (1969 b) have also found, with stolon tips in
vitro, that abscisic acid at concentrations from 7.5 x 10-hm}4
| to 75 % 10"2m1~»1, and in the abse.nce' of kinetin, inhibited
stolon elongation but no tubers were formed. In the presence
of 1,6 % 10-2mH kinetin, the effect of abscisic acid on stolon
elongation and tuberisation was less marked; concentrations of

3mM failed to inhibit '"the kinetin-

e D oK 'IO"If and 7.5 x 10~
induced tuber formation"', whereas a concentration of 3.0 x 1OHZmM

markedly inhibited tuber initiation.

The medium used by McCorquodale and Moorby (1968), as mentioned
above, contained kinetin as well as abscisic acid, so that their
results are comparable with those of Palmer and Smith (1969 b)

with kinetin and abscisic acid together, as are those of the
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present experiment if it is presumed, as seems likely, that the
attached stolons received from the parent plant whatever cyto-

kinins they required throughout the experimental period.

Thus in all the systems used,abscisic acid had either no effect
or an inhibitory effect on stolon growth and tuber initiation
when applied directly to stolons. It appears, therefore, that
the promotion of tuberisation by abscisic acid, if thié does
in fact normally occur, does not take place directly at the
stolon tip, and must be brought about by some effect exerted
on the tops. The possible mode of action of abscisic acid
and its possible interations with gibberellins and cytokinins

are discussed in Section VII.

First feeding experiment with kinetin

Details of the experiment are given in Table 25 and the resultis
are presented in Figs 32 and 3% and Table 30. Kinetin had no
effect on either top growth of tuberisation of untreated stolons
(Table 30). In the treated stolons, there was very little
effect on the total number of stolons tuberised at either the
tip or a side bud (Figs 33 and 32 (b ) ). 10'6M kinetin had
very little effect on tuberisation at the tip (Fig 32 (a) ),

but the higher concentrations (1Q"qand 10_5M)Ihad an inhibitory
effect, almost from the beginning of tuber initiation. This
appears to be the opposite situation from that found with
abscisic acid treatment, with which the inhibition of tuberisa-
tion was more marked at the side buds than at the tip. There
was very little effect of any concentration of kinetin treaiment

on rotting of the stolons (Fig 33).
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FIGURE 32,

Results of kinetin stolon feeding experiment 1.

Graphs of tuberisation in treated stolons (%) with time.
ae stolons tuberised at tip only.

b. total tuberisation: stolons tuberised at tip or at

side bud(s).
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FIGURE 33. Results of kinetin stolon feeding experiment 1.
Histograms showing tuberisation in treated stolons
after 24 days. '
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TABLE 30. Results of first KIN stolon feeding experiment. Differences in top, stolon and tuber growth
on untreated stolons at final harvest after 24 days.

SD : S.A,
Treatment LDC ; T 5 L
OKIN | 10 MKIN | 10 "M KIN | 10T 'MKIN | p | LSD
Top ht.(cm) 674 38.9 38,1 7541 34,2 ns
Node No. 22.8 16.2 16.6 15.8 16.0 ns
Top dwt.(g) - 2.60 1.90 1.86 1.67 Te?7 ns
Stolon No. 2.1 3.0 3.7 4.7 3.6 ns
Tuber No. 0 2.6 2.8 o 2.8 ns
Tub. stolon No. 0 2D 2e5 3.0 2.6 ns
Tuber fwt.(g) e -} 90 8.6 0.2 9.3 ns
Replication 10 10 10 197 10 -

For abbreviations see. Section VIII.



Second feeding experiment with kinetin

In this experiment, plants grown in long days as well as plants
grown in short days during the experimental period were treated,
to determine whether promotion of tuberisation could be detected
in long days if it could not be.detegted iﬂ short days (see
above). The details of the experiment are given in Table 25

and the results in Figs 34 and 35 and Table 31.

For the planté grown in short days, there was no effect of kinetin
_treatment on growth of tops or tuberisation of untreafed stolons,
as in the first experiment. At the time of the final harvest of
the plants from short days, there was very little effect of
kinetin treatment on total tuberisation of treated stolons (see

Fig 35).

Fig 34 shows an inhibition of both total tuberisation (Fig 34 (b))
and tuberisation at the tip alone (Fig 34 (a) ), especially, in

the case of total tuberisation, with 10-5M kinetin. This effect
may have been due tc a higher level of .rotting in these stolons
(see Fig 35); that this was the case is sﬁpported by the fact

that few new tubers were formed after 10 days with 10™7M kinetin
treatment, although tubers continued to be formed for a longer
period in the other treatments. Except for this anomalous

5

result for total tuberisation with 10 °M kinetin, the results
tend in fhe same direction as those of the previous experiment,
total tuberisation being little affected, and tuberisation at
the tip alone being inhibited by 1072 and 10_4M kinetin., Tuber-
isation appeared to have been "diverted'" from the tip to the

to the side buds. This may possibly have been caused by the

accumilation of much higher levelsof kinetin at the tip than at



FIGURE 34, Results of kinetin stolon feeding experiment 2.
Graphs of tuberisation in treated stolons (%) with time.
a. stolons tuberised at tip only
b. total tuberisation: stolons tuberised at tip or at
side bud(s),
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FIGURE 35. Results of kinetin stolon feeding experiment 2.
Histograms showing tuberisation in treated stolons
after 16 days (short day, SD, plants) and after
23 days (low intensity long day, LI LD, plants).
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TABLE 31, Results of second KIN stolon feeding experiment. Differences in top, stolon and tuber
growth on untreated stolons at final harvest after 16 days (SD plants) and 23 days
(LI LD plants).

SD plants S.A. - LI LD plants S.A.
Treatment
. -5 T : =5 -
O KIN 10 “MKIN 10 MKIN P LSD O KIN 10 “MKIN 10 MKIN P LSD

Top ht.(cm) 372 39.0 39.6 ns - = = L

Node No. 17.8 18.5 18.7 ns - - - -

Top dwte(g) 2.33 2.48 2.46 ns 3.40 L, 47 374 ns
 Stolon No. b 4,6 k.6 ns 4,0 3.6 3.0 ns

Tubel" NO- 5.6 3.7 3.1"' ns 002 O O -~

T‘lb- Stolon N‘Oc ZJ.Li‘ 3.1 205 ns 0.2 ' O 0 _—

Non-tub, stolons :

with starch 0.5 0.5 13 ns 041 0.5 0.1 -

no starch 0.6 0.8 0.8 ns Ok 3.0 2.9 ns

Tuber fwt.(g) 3.82 2.91 3.99 ns 0.22 0 0 -

Replication 10 10 10 - 10 10 10 -

For abbreviations, see Section VIII.



side buds, the former being the more active sink, since it usually
grows faster; these high levels, together with the normal supply
of endogencus cytokinins, may have resulted in a toxicity effect

at the tips.

Both experiments showed that, in short days, kinetin definitely

had no promotive effect whatever on tuberisation.

In the case of plants grown in long days in the present
experiment, no tuberisation was found in kinetin treated stolons,
although 2 tubers were found in the controls, and another non-
visibly tuberised tip had laid down starch (Figs 34 and 35).
Three non-visibly tuberised tips showed starch deposits in the

5

stolons given 10"“M kinetin at the final harvest of plants from
long days @fter 23 days), but no.starch deposition was found in
any of those given 10—#M kinetin. The long day results were
therefore rather inconclusive, but once again provided no

evidence of a detectable promotion of tuberisation by kinetin

treatment such as was found by Palmer and Smith (1969 a, 1970).

It is possible that the difference between the results of the
present experiments and those of Palmer and Smith is due to the
fact that the results of the latter were obtained in isolated
stolon tips grown on an artificial medium, whereas those of the
present experiments were obtained with stolons still attached

to thé parent plant; there are two possible ways in which this
could cause differences in results. Firstly, the cytokinin

used in the present experiments may have been unable to penetrate
the stolons, or to move to the site of action; penetration would
be easier in excised stolons because of the broken surface

following excision. However, cytokinins have been shown to
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penetrate into leaves (eg Mothes, 1960), and requirements for
movement would presumably be the same in both systems after
penetration. Secondly, and perhaps more likely, the supply of
endcgenous cytokinins from the parent plant in the present
experiment may have made extra cytokinin unnecessary in either
daylength regime. It seems likely that cytokinins, among other
substances such as carbohydrates, may be required for tuberisa-
tion, whether or not they are part of the tuberising stimulus
(see Section V (i) ) It would therefore be expected that
tuberisation of isolated stolon tips in vitro would require the
inclusion of one or more cytokinins in the growth medium, just
as it requires a suitable sugar concentration in the medium

(Mes and Menge 1954; Gregory, 1956).

The lack of promotive effect of kinetin in the present experiments
suggests that, while cytokinins may be necessary for tuberisation,
they are probably not one of the principal factors which control

the process. This question is further discussed in Section VII.
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(iv) Group C: Extraction and assay of endorenous fibberellin-
like substances from stolon tips in verious developnicntal states

a. Introduction

To show that endogenous gibberellins exert a delaying influence
on tuberisation, it is necessary to demonstrate th&t their level
in the plant veries in a way which is inversely correlated with
the developmental state of the plant with respect to tuberisation,
more gibberellin being present in plants without signs of tuber-
isation. Ckazawa (1960) found higher gibberellin levels in
leaves under non-inductive conditions (see above) but at the
commencement of this work the only investigation carried out on
growth substance levels in the stolon tip itself was that of
Booth (1963), described above (V (i) )« An investigation of the
gibberellin content of stclon tips at vafious stages of develop—~
ment was therefore carried out to see if a relationship could be
found between gibberellin level and tuberisation. The
developmental state of non-green stolons (tuberised or non-
tuberised) was at first estimated by whether visible swelling had
or had not taken place in the GHbf@iCai region of the tip; green
stolons, which do not normally tuberise, were also included.
Later, following the investigations described in Section VI,
stolons which had not visibly tuberised were further divided

according to the presence or absence of starch deposition.

b, Extraction and assay procedure

Stolon samples for extraction and assay were taken from harvests
of other experiments, the samples being separated on the basis
of their developmental state, estinzted by one of the above

methods,ie on visible swellinz or starch deposition. Immediately

after harvest, the stolon tip (terminal 1 cm) material was divided
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into samples each consisting of one developmental category
(except in the first comparison, see below). The saﬁples, after
being weighed, were freeze-dried overnight to constant weight
with a vacuum freeze-drying apparatus, using a mixture of solid
carbon dioxide and acetone as the-coolant. They were then kept

in sealed bottles at -20°C until assay.

Various methods for extraction and assay of gibberellins were
investigated. IExtractions were carried out using organic
solvents, and also aqueous buffers as p;imary solvents; the
latter have several advantages (see Jones, 1968). Extracts

were further extracted with ethyl acetate, evaporated down and

taken up in methanol.

Extraction and separation by thin layer silica gel chromato-
graphy (Zeevaart, 1956, with modifications by Dale and Felippe,
1968) was followed by assay by a lettuce hypocotyl bioassay
(Frankland and fareing, 1960, with minor variafions by Dale and
Felippe, 1968). No gibberellin activity was detected by the

o

bicassay, which is sensitive to most gibberellins. Investi~
gation showed some of the stages at which loss occurred, and
improvenents were made at appropriate voints, but it was
subsequently decided that another more sensitive bioassay
procedure, for which such spécific extracts of the material were
not reguired, would be more suitable, especially for dealing
with small samples of stolen tips. Difficulty caused by the
small amounts of gibberellin present in stolons was found by
MeCorquodale and Moorby (1948), who bioassayed some of their

cultured material but were unable to detect any gibberellin

activity,
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Further trials were therefore carried out using the more sensitive
bioassay procedure, the barley half-seedliuamylase biocassay (Jones
and Varner, 1967), which depends upon the fact that gibberellin~
inducedoé-amylase release from barley half-seeds is proportional
to the log of the concentration of gibberellin applied. Trials
were made using this bioassay with some slight modifications,

with a series of knowngibberellic acidéoncentrations (0.0?ag/ml
down to 0.000Q;uQ/ml). Good results were obtained, with
sensitivity usually down to 0.0oogﬁag/ml, and so it was decided

to adopt this procedure. The methods used are detailed below.

1. IExtraction procedure

On the day before assay, each stolon-tip sanmple was ground in a
chilled mortar with ice-cold sterile tris (hydroxymethyl)
aminomethane bufier, pH 7.2, and the brei'strained through very
fine nylon cloth. The extracts were shaken gently and kept in
ice at 1°C overnight (for maximm extraction). After 15-16
hours, the prepvarations were centrifuged at 0°¢ (3000 rpm for 20

min). The supernmatant, made up to an exact volume (6, 7 or

10 ml) in each case, was used as the final extract for bicassay.

2 Barley seed

=

Jones and Varner (1967) used Hordeum vulgare var. Himalaya, which

is a naked variety; nakedness was desirable to avoid the extra
procedure of de-husking. Vost assays in the present work used
H.nudum, line Ac 120 (1967 harvest) kindly provided by the Scottish

Flant Breeding Station at Pentlandfield, lMidlothian.

5 Preparation of assay materials and assay procedure

Day 1: The barley seeds were surface-sterilised (20 pdn in 20%

sodium hypochlorite), rinsed with sterile water, then incubated
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in sterile water 2t 1°C for 16 hours, after which time they were
soft enough for cutting, but most seeds had not begun to germinate.
Day 2: The grains were cut in half transversely, retaining the
endosperm halves and discarding the embryo halves. No grains
were used which were small, discoloured, flattened or which had
germinated; any half-grain containing any of the embryo was also
discarded. Grains were cut using the apparatus shown in Fig 36.
After cutting, the endosperm halves were imbibed for 24 hours at
22.5°C in the dark on moist filter paper in a Petri dish. The
entire cutting procedure was carried out under sterile conditions.
Day 3: The incubation of the half—seéds with the extract
solutions to be tested was begun, using 25 ml sterile Erlenmeyer
flasks, each .containing 10 half-grains, 1 nl sterile phosphate

buffer (containing 12.00 g KHFO, and 0.8676 g CaCl._.6H.0 in a
4 2

2
final volume of 2 1 of buffer, final pH 4.3) and 1 ml of test
solution. After preparation, again in sterile conditions, the
stoppered flasks were placed in a water bath at 2500 (i 100) and
shaken at a rate of 40-60 agitations/min for 24 hours. A range
of gibberellic acid controls was also included, 1 nl of
gibberellic acid solution (made up with sterile water) at
concentrations of 0,0,00005, 0.0005, 0,005 and 0.0BJMg/ml béing
added instead of the test solution. Controls were also set up

without helf-seeds for each test solution, to check on the amount

of amylase in the extract. In most cases, diluted extract

samples were also assayed. Each treatment was replicated
twice.
Day 4: The liquid in each flask was decanted and washings

(3 ml sterile water) added to it; dit was then spun for 10 min
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FIGURE 36.

Apparatus used for cutting barley seed for barley
half-seed pl~amylase bioassay (Section V (iv) ).

The apparatus consisted of a brass cutting bed with
depressions to hold the seeds and grooves to control
the line of the cutting scalpel, and a brass bar (top
left) with a handle for holding the seeds in place
during cutting. Also shown are some cut and some
uncut seeds,






at top speed in a bench centrifuge to bring down large debris,
and the supermtant (which was fairly clear and the pigmentation.

usually slight) quickly decanted.

A large number of.test tubes was set up, each contéining 1 ml

of a solution of soluble starch, freshly made up by adding

575 ng of BDH Analar soluble potato starch to 250 ml boiling
phosphate buffer (14/15 PO, , pH 7.0) and allowing it to cool.
Soluble starch was used instead of native starch as specified by
Jones and Varner (1967) as it was found that native starch
caused variation in the colour with iodine from one occasién

to another, whereas soluble starch gave a consistent blue colour. _
The test tubes were equilibrated (5 min at 5005) before using
for the assay. The assay systems were set up at regular timed
intervals by adding 1 ml extract solution to the starch solution,
and the reaction stopped after a timed incubation period at

20°C with 1 ml lodine/potassium iodide solution (diluted 1 in

10 with water from a stock solution nade by dissolving 6g KI

and 600 mg solid iodine in 100 ml watef. Water was used to

make up the icdine reagent instead of the 0.05N HCL of Jones

and Varner's method because the latter again caused varying
colours with starch; this problem was avoided when water was
used)e The first few incubations gave a time schedule for the
whole experiment; the incubation times were varied, depending
on the level of gibberellin-like activity in the extracts, from

15 seec to 5 min,

The optical density (OD) of the blue solution from the assay,
added to 25 ml water, was determined usinz an SP 600 spectro-

photometer, reading at 620 nm. Graphs were plotted of the
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change in optical density with time for each sample tested, and
for the controls, using the mean values for each peir of
duplicate flasks. The gross gradient thus obtained for each
sample was corrected for the amount of amylase present in the
extract itself by subtracting from it the gradient of the appro-
priate amylase control; this gave the corrected gradient for

the sample.

A calibration curve was constructed by plotting the gradients of
the graphs obtained in this way for the gibberellic acid
controls against gibberellic acid concentration on a log

scale, From this curve, the amount of gibberellin—like
substances in any given sample could be found from the gibberellic &
acid equivalént of the corrected gradient for the sample. The
value thus obtained was adjusted for the volume in which the
original stolon tip sample was suspended before assay, and for
the fresh weight of the original sample, to give the gibberellin-
like activity in Mg gibberellic acid (GAB) equivalents per

gramme fresh weight of the original sample. An example of the
calculation for a sample of stolon tip material from plants
grown during the experimental period in long days in the

first comparison (C1) is given below.

Gross gradient of OD change for sample = 0,065

0.025

i

Amylase control gradient

Corrected gradient for sanple 0.065-0,025 = 0,040

GA., eguivalent of corrected rradient
3 x &

(obtained from G4, control Calibration
2

curve ) = 0,00040
= Q:552%2

Fresh weight of original .sample



Total volume in which sample was

suspended = 10 ml
Volume of sample used in assay = Foml
.Coefficient of gibberellin activity
: 10
in sample B 0.00040 e —
& * 5.5525

0.00?%/ug GA3 quivalents/
g fwt of original sample

Examples of graphs of change in optical density with time for

the samples and controls and calibration curves for the

.comparisons carried out are shown in Figs 37-43.

Cs Comparisons of stolon tip material in different develop-
mental states

Using the method described above, six comparisons of stolon tip
material were cearried out. Full details of the samples used
are given in Table 32, and the results are given in Table 33 and

31+o

The first comparison (C1) used total stolon tip samples (ie all
the tips on the plants) from plants 49 deys old, grown during
the experimentsl period in short days or low intensity long days.
The tips from the plants grown in short days included sowe which
were tuberised visibly, but none of the tips from the plants
grown in long days had tuberised visibly. More gibberellin-
like activity was found in stolon tips from the plants grown in
long days than in those from the plants grown in short days, in

which no gibberellin-like activity was detected.

This is a similar result to that found by Ckazawa (1960)
for extracts of leaf blades of potato plants grown in long

or short days. Booth (1963) has pointed out that Ckazawa's
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FIGURE 37. Comparison (using barley half-seed bioassay) of levels
of gibberellin-like substances (No. 1). Calibration
curve in which is plotted gradient of graph of change
in optical density (0.D.) of final assay solution after
incubation with time of incubation for control solutions
of GA3 (Fig 2%8) against GA3 concentration.

The 0.D. of the final assay solution depended upon the
amount of starch remaining in it after incubation;
the more starch remained, the deeper was the blue
colour with iodine, and the higher the 0.D. at 620 nm.
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FIGURE 38,

Comparison (using barley half-seed bioassay) of levels
of gibberellin-like substances (No 1). Graphs showing
change in optical density (0.D.) of final assay
solution after incubation with time of incubation for
control solutions of GA3.

Points are means of two values unless otherwise
indicated. Standard errors of means are shown.
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FIGURE 39,

Comparison (using barley half-seed biocassay) of levels
of gibberellin-like substances (No 1). Graphs showing
change in optical density (0.D.) of final assay solution
after incubation with time of incubation for test
samples and amylase control solutions.

Iblnts are means of two values unless otherwlse indicated,
Standard errors of means are shown.
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FIGURE 40,

Comparison (using barley half-seed bioassay) of levels
of gibberellin-like substances (No. 2). Calibration
curve in which is plotted gradient of graph of change

in optical density (0.D.) of final assay solution after
incubation with time of incubation for control solutions

of GA3 (Fig 41) against GﬁB concentration,
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FIGURE 41,

Comparison (using barley half-seed biocassay) of levels

of gibberellin-like substances (No. 2). Graphs showing
change ‘in optical density (0.D.) of final assay solution
after incubation with time of incubation for control
solutions of GA3'

Points are means of two values unless otherwise indicated.
Standard errors of means are shown.
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FIGURE 42,

Comparison (using barley half-seed bioassay) of levels
of gibberellin-like substances (No. 2). Graphs

showing change in optical density (0.D.) of final assay
solution after incubation with time of incubation for
test samples.,

Points are means of two values unless otherwise
indicated. Standard errors of means are shown.
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FIGURE 43.

Comparison (using barley half-seed biocassay) of levels
of gibberellin-like substances (No. 2). Graphs showing
change in optical density (0.D.) of final assay solution
after incubation with time of incubation for amylase
control solutions and diluted test samples.

Points are means of two values unless otherwise
indicated, Standard errors of means are shown.
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TABLE 32.

using barley half-seed cl-amylase bioassay (Section V (iv) ).

Samples of stolon-tip material used in comparisons of levels of gibberellin-like substances

. ey 7 S Developmental Fresh wt.(g) of
COmras e Growing conditions Special L e berial
PRsS of plants conditions i 2 S Tl N S v
tips w.r.t. tuberisation stolon tip ‘sample
C1 35 HI ILD+14 LI 1D - total stolon samples, 0.55
35 HI LD+14 SD not divided into develop- 0.58
mental categories
cz 49 LI LD - NT 0.71
n - T 0.79
Lo sp - NT 0.69
1 - T 0.86
C3 35 HI LD+ 15 SD - NT 0.78
H - T 0.69
¢ - G(NT) 0.38
ch 35 HI LD+15 LI 1D % 10xg GA /plant NT 0.60
35 HI LD+15 SD + 10xg GA /plant NT 0.55
" + 1004g Géé/plant NT 0.21
all applle on 5 dates |
C5 35 HI LD+58 LI LD Last 51 LI LDJ NT/NS 0.64
4 in nutrient NT/S 0.73
" culture T 2.63
" G(NT) 0.48
c6 58 HI LD+22 SD The 22 SD in| NI/NS 0.14
nutrient NT/S (2 samples) 0.56 and 0,39
culture 'l T (2 samples) 1,99 and 1.88
NT = no visible tubers LI LD = low intensity long days
visible tubers HI LD= high intensity long days

green

no starch deposition SD
starch deposition

short days




TABIE 33. Coefficients of gibberellin-like activity (ug GA equivalents/g fwt. of original sample), together with
the figures leading to their calculation, obtained from comparisons of stolon tip material using the
barley half-seed o -amylase biocassay (Section V (iv)). Values for undiluted samples,

Comparison Stolon Gross (G) [ Amylase | Corrected GA, equivalent Correction factors | Final coefficient
samples gradient | control | gradient (for corrected of gibberellin=-
of OD (aC) (G gradient | gradient value) | For fwt. | For like activity
change gradient | minus AC from calibra- (x) volume | (ug/g fwt. of
graph gradient) tion curve (x) original sample)
C1 1D 0,065 0.025 0.040 0.00040 1/0.5523 10 0.0072
SD 0.0k 0,038 0.006 0 (4/0.5781)| (10) | O
c2 LD NT 0,067 0.019 0.045 0.00069 1/0.7139 6 0.0058
ID T 0.009 - 0.009 0 1/0.7907) (6 0
SD NT 0.009 - 0.009 0 1/0.6948; %6 0
SD T 0,027 0,013 0.014 0 1/0.8640 6 0
C3 _ SD NT 0.014 0.006 0.008 0.,00057 1/0.,7823 7 0.0051
S T 0.006 0,002 0.004 0 (1/0.6922) (7) 0
SD G 0.019 0.005 0,014 0.,00075 . 1/0.3791 7 0.0131
Ch LD + 10ugGA.l 0.148 0 0.148 0.061 1/0.6027 6 0.607
SD + 10ugGA; 0.116 0 0.116 0,053 1/0.5469 6 0.581
SD+100ugGAz} 0,112 0 0.112 0.052 1/0.2070 € 1.507
C5 LD NT/NS 0.072 0 0,072 0.00550 1/0.64% 7 0.,0598
1D NT/S 0,024 0 0.024 0 21/0.725; 27; 0
ID T 0.030 0.007 0.023 . 0 1/2.625 7 0
ID G 0.074 0 0.071 0.00545 1/0.479 7 0.0797
cé SD NT/NS 0.038 0.005 0.033 0,0050 1/0.14 7 0.2500
SD NT/S€1; 0.037 0 0.037 0.0053 1/0.56 7 0.0663) mean = -
SD NT/S(2 0.030 0 0.030 0.0035 1/0.39 7 0.0628 0.0646
SD TE1§ 0.080 0.016 0.064 0.0073 1/1.99 7 0.0257) mean =
SD T(2 0.056 0 0.056 0.0065 1/1 .88 7 0.0242) 0.0249




TABIE 33. (Key)

LD = long day NT = no visible tubers
SD = short day T = visible tubers

NS = no starch deposition

S = starch deposition

G = green
TABIE 3h. (key)
ID = long day NT = no visible tubers ® = evidence for presence of

growth inhibitor(s)
SD = short day T = visible tubers
- = no evidence for presence
NS = no starch deposition of growth inhibitor(s)
S = starch deposition

G = green



TABLE 34. Coefficients of gibberellin-like activity (ug GA, equivalents/g fwt, of original sample), together with
the figures leading to their calculation, obtain®€d from comparisons of stolon tip meterial using the
barley half-seed ol-amylase biocassay (Section V (iv)). Values for diluted samples.,

Compa-| Dilu- Stolon Gross (G)| Amylase { Corrected GA, egquivalent Correction factors| Final coefficient
rison tion samples gradient ; control § gradient (for corrected of gibberellin-
of OD (ac) (G gradient| gredient value)| For fwt. | For like activity
change gradient | minus AC from calibra- (x) volume | (ug/g fwt. of
graph gradient) tion curve (x) original sample)
C1 No dilutions made
c2 1 in 10| LD NT 0,030 0.010 0.020 0.000067 1/0.7139 60 0.0056 -
ID T No dilution made
SD NT No dilution made
SD T 0.030 0,007 0,023 0.000080 1/0.8640 60 0.0056 *
C3 1 in 2 | SD NT 0.013 0.003 0.010 0.00063 1/1.0920 14 0.,0081 *
SD T 0,012 0,001 0.0114 0,00066 1/0.6922 1Y 0.0085 *
SD G 0.003 0.003 0 0 (1/0.3791) | (14) 0 7
Ch 1in 2 |ID + 10ugGA,| 0.098 0 0,098 0.028 1/0,6027 12 0.5576 =
SD + 104gGAYl 0,083 0 0,083 0.008%4 1/0.5469 12 0.738 *
SD+1004gGAZ} 0105 0 0.105 0.045 1/0.2070 12 2,608 *
c5 1 in 10} LD NT/NS 0.034 0 0,03k 0.00054. 1/0.644 70 0.0587 =
ID NT/S 0,022 0 0.022 0 (1/0.725) | (70) 0 -
ID T 0,044 0.001 0.043 0.00074 1/2.625 70 0.0189 =
1D G 0.030 0 0.030 0.00050 1/0.479 70 0.0731 =
cé 1 in 10 | SD NT/NS 0,015 0.001 0,014 0.00050 1/0.14 70 0.2500 -~
SD NT/SE*l; 0.015 0 0.015 0.00054 1/0.56 70 0.0675 =
SD N1T/S(2 0.010 0 0.010 0 (1/0.39) (70) 0 -
SD Tm 0,024 0.002 0,022 0.00082 1/% 499 70 0.0305 *
SD T(2) 0.020 0 0.020 0.00075 1/1 .88 70 0.0279 *

Key on previous page




results, which demonstrate higher gibberellin levels under
long days than under short days, cen equally well be used

to show a significantly higher growth inhibitor content of
plants in short days, and he has himself (see above)
demonstrated the appearance 6f a growth inhibitor in tuber-
ising stolons, Okazawa also found that gibberellic acid
would overcome the inhibitory effects in bioassay of a

growth inhibitor present in the leaf blades. The release
oftﬁ-aﬂwlase from barley half-seeds is thought to be specific
to gibberellins; neither auxins nor cytokinins have any
effect (Jones and Varmer, 1967). Chrispeels and Varner
(1966), however, have shown that abscisic acid can inhibit

the efféct of gibberellic acid in inducingtﬂ-amylase synthesis,
although on a molecular basié, approximately ten times as much
abscisic acid is required to inhibit the gibberellin-

induced response.

In view of these facts, it is probably more correct to say that
the first comparison of stolon tip material showed that the
balance of endogenous gibberellins to endogenous growth inhibitors
was higher in stolon tips in long days than in short days. Later
comparisons included dilutions of the samples, to detect the
presence of naturally occurring growth inhibitors in the extracts.
This is possible because, when an extract containing both
gibberéllin and growth inhibitor is diluted, sensitivity to
growth inhibitor activity will decrease much more rapidly and
will be lost long before it is lost to an equivalent amount of
gibberellin activity. - If the growth inhibitor activity present

in the undiluted extract is no longer detected by the assay system
& J y sy
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after the extract has been diluted, there will be a resulting
apparent increase in gibberellin activity (on the basis of
equivalents of GA? activity/g fwt of original tissue) in a

diluted extract when compzared to that in an undiluted extract,
Jones and Varner (1967) therefore recommend the use of diluted
samples to detect the presence of inhibitors, and Smith and
Rappaport (1969, see below), also use the criterion of apparently-

increased gibberellin activity observed after dilution to

demonstrate the presence of inhibitors.

It was also decided that in future comparisons, the material would
be divided more specifically into various stages of tuberisation,
rather than simply on the basis of the growing-conditions of the

parent plants.

In the second comparison (C2), the material was obtained from
plants which had been grown for 49 days in low intensity long days
or in short days. By this time, some tubers had formed on both
categories of plant, and the stolons f;om both categories were
divided into those showing visiﬁle signs 6f tuberisation eand

those showing no such signs. No gibberellin-like activity was
detected in either of the samples from plants grown in short days,
nor in the sample of tuberised tips from plants grown in long
days. It is probable that no aétivity was found in the
untuberised tips froﬁ plants grown in short days because these
tips were on the point of tuberising (having received 49 short

day cycles). Some gibberellin-like activity was, however, Ffound
in the stolons showing no visible signs of tuberisation obtained
from plants grown in lons days. The 1310 dilutions showed

evidence for the presence of a growth inhibitor or inhibitors
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in the tuberised stolon tips from plaﬁts grown in short days
(0.56 x 10i§qg GAE equivs/g fwt cf no detectable activity in the
undiluted extract), but not in the non-tuberised tips from the
plants grown in long days (in which activity was very close to
that found in the undiluted extréct)._ Dilﬁtions Qere not made
of the other two extracts in this comparison, because of the time
required for setting up and carrying out the assay, and the
necessity to guickly estimate the final starch-~iodine colour
before fading occurred. In later comparisons, assay of more
‘samples was made possible by the use of a "Zipette! automatic

pipette.

The next comparison (C3) used stolon tip sampleé from plants
given 15 short day cycles, again separated on the basis of
visible signs of tuberisation; a sample was also included of
tips of green stolons, which do not normally tuberise. The
highest levels of gibberellin-like activity were found in the
green stolon tips, less than half the amount being found in the
non-tuberised stolons, and no activity'at'all in the tips showing
visible swelling., Dilutions (1:2) showed some growth inhibitor
activity in both non-green samples, the amount being greater

in tips which had visibly tuberised than in those which had

not (0.85 x 1013ug GAB equivs/g fut cf zero, and 0.8 x 107% o
OB % 10t§ug GA3 equivs/g fwt respectively). llo evidence for
growth inhibitor activity was found in green tips. It might
have been expected that the finzl coefficient of Qctivity for the
diluted sample of green stolon tip material would have had roughly
the same value (or greater) as that for the undiluted sample, but

in fact the detection of the gibberellic acid calibration curve
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only reached about 0.000&JLg GA3 equivalents in this comparison,
and the GA5 equivalent for the corrected gradient for the diluted
sample would have been only about 0.00036, and so this would have

been undetectable.

The results of this and the previous comparison suggest that when
stolon tips tuberise, there is an accompanying reduction in the
balance of naturally occurring gibberellins to naturally occurring
growth inhibitors. Evidence for the presence of a growth
inhibitor was found in both the second and third compafisons

in visibly tuberised stolon tips from plants grown in short days.
The other sample in which growth inhibitor activity was detected
was the sample of tips which had not visibly tuberised in the
third comparison. it is possible that these tips had progressed
some way along the path towards tuberisation, since the parent
plants réceived 15 short day cycles. The level of gibberellin-
like activity in these tips was still appreciable, however, not-
withstanding the appearance of a growth inhibitor, This lends
support to the idea that it is the paléncé between endogenous

gibberellins and growth inhibitors which controls tuberisation.

The levels of gibberellin~like activity found in the long day
(Comparison 1) and non~tuberised (Comparisons 2 and 3) samples
were all of the same order of magnitude (the one exception to
this beiﬁg in C2 as discussed above), and short day (Compariéon 1)

and tuberised (Comparisons 2 and %) samples all showed no activity.

During the progress of this work, Smith end Rappaport (1969)
reported findings in agreement with these for the variety

Red Pontiac, with samples consisting of tubers and of stolons
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without visible signs of tuberisation. It appears that the
whole stolon, not only the tip, was included in the
untuberised samples, but this is not clear. Smith and
Rappaport showed, using the dwarf pea and maize mutant bio-
assays, that non-tuberised stolons contained high levels of
endogenous gibberellin activity and developing tubers low
activity. Assay of diluted extracts showed that low
gibberellin~like activity may have been due to the presence of
@ prowth inhibitor. : .
The levels of gibberellin activity found by these workers were
somewhat higher than those found in the first three compafisons
describéd here, but were of the same order as those found in the
fifth and sixth comparisous. This is probably because they used
material grown under field conditions, whereas the present
experiments used msterial grown in controlled environment
conditions from small tuber pieces which shovsless vigorous
growth. The material used in the fifth and sixth comparisons
was grown during part of its development in nutrient culture,
which produced nore vigorous plants than those grown completely
in sand in pots, and this may be an explanation for the higher

overall gibberellin levels found in these comparisons.

If gibberellic acid applied to the apex of the shoot exerts its
effect by travelling to the stolon tip, the gibberellin levels in
the stolon tips of plants so treated should be higher than those
in untreated plants., The next comparison (Ch) investigated this
point using stolon tip material from plants which had received
repeated apical applicﬁtions.of solutions containing 10 or WO?ng

gibberellic acid per plant (see Table 32), The highest
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gibberellin-like activity was found in the sample from plants

grown in short days and given 100ug gibberellic acid per plant,

and lower values in fhe samples from plants grown in short or

long days and given 19ﬂg gibberellic acid per plant. All values
obtained were a great deal highéf (xl10 - x‘100) tﬁan those found
in any of the other comparisons, and this suggests that gibberellin
applied to the shoot apex does in fact exert its effect by directly
or indirectly increasing the gibberellin content at the stolon tips
of the treated plant, especially as the highest gibberellin~like
‘level was found with the largest apical application of gibberellic
acid. Dilution indicated the presence of a growth inhibitor in
the stolon tips from plants grown in short days (2.61 c¢f 1.53/Lg
GA3 equivs/g fwt in those given 1OQ/&g CAB/blant and 0.74 cf
0.58/ug Ghsy equivs/p fwt in those given 19«{13 GAE/plant), but not

in tips from plants grown in long days; in the latter, the estimate
of the coefficient of gibberellin-like activity for the diluted
sample was close to that for the undiluted sample. It thus
appears that applied gibberellin does notlact by preventing the
production of a growth inhibitor, again supporting the idea of
control by a balance between endogenous gibberellins and growth

inhibitors.

At this point the possibilitf was considered of dividing stolon
tips into categories giving a more accurate assessment of their
stage of developrient towards tuberisation; the histological
study described in Section VI was accordingly carried out.

Yhile it was found, as expected, that visibly swollen stolon tips
had laid down large amounts of starch throughout their tissues,

a consistent progression of starch deposition in verious tissues
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was also found prior to visible swelling. Following this study,
stolon tips were divided into three categories: visibly tuber-
ised, not visibly tuberised but with starch deposition, and not
visibly tuberised and with no starch deposition (see Section VI

for criteria for these categories).

In the fifth comparison (C5), the material came from plants grown
in sand for 35 days in high intensity long days and then transferred
to low intensity long days for 58 days, the last 51 of these being
in nmutrient culture (see Section II (iii d). By harvest, tuber-~
isation had begun in these plants, and the stolon tips were

divided into the categories described in the previous parégraph,
plus a fourth, green stolons. Green stolons again had the highest
levels of gibberellin-like activity, and there was no evidence of
growth inhibitor activity in the extract. A somewhat lower level
of gibberellin-like activity was found in the stolons with no
visible signs of tuberisation or staréh deposition, and none at

all in either the visibly tuberised stolons or those showing no

_ visible signs of tuberisation but which had laid down starch,
Dilution showed growth inhibitor activity only in the visibly
tuberised stolons (1.89 x 10iﬁ¢g GAB equivs/g fwt c¢f zero in the

undiluted extract).

The sixth compzrison (C6) wassimilar to the fifth in the
categories used, but without green stolons. The parent plants
were grown for 58 days in high intensity long days in sand, and
then transferred for 22 short days to nutrient culture. The
highest levels of gibberellin~-like activity were found in stolon
tips showing no visiblé signs of tuberisation and no starch
dcpbsits, intermediate levels in those which had not visibly

tuberised but which had lzid down starch and the lowest values in visibly
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tuberised tips. The only extracts with evidence of growth
inhibitor activity were those of visibly tuberised tips. The zero
value for the coefficient of gibberellin activity in one of the
diluted samples of stolons not visibly tuberised but with starch
deposits was prcbably found for ihe sane reﬁson as‘that suggested

in the case of the diluted sample of green stolon tips in Comparison
%3 the expected value of the GA3 equivalent would be zbout

0.000%5, and the limit of detection from the gibberellic acid

control calibration curve in this comparison was around the sane

value.

As mentioned above, the coefficients of gibberellin activily in the
last two comparisons (C5 and C6) were much higher than those in the
first three comparisons (C1~C3), although c¢f the same order of
m&gnitude as each other, probably because the plants were grown

in nutrient culture and were more vigorous then those grown in
pots. The results of comparisons 5 and 6, however, confirm those
from comparisons 1-3, in that tuberisation appears to be

correlated with a lowering of the rati& of endogenous gibberellins
to endogenous growth inhibitors; the results further show that

the value of this ratio falls before visible tuberisation begins,
the fzll being correlated with the deposition of starch in the

tissues of the tip prior to visible swelling.

The results of Booth (1963) and of Smith and Rappaport (19G9) are

consistent with these findings, but no other worker has yet tried

0]

to demonstrate a correlation between the very first stages of
tuberisation (starch deposition) and the levels of endogenous

growth substances.



de Sunnary

Assay of aqueous extracts of stolon tip material using the barley

hal f-seed o/ ~anylase bioassay of Jones and Varner (1957) for

gibberellins gave the following results:-

Te Green stolons, which do not éenerally tuberise, show the
highest levels of gibberellin-like activity.

2 The stolons of plants grown in long days have higher overall
levels of gibberellin-like activity than those of plants

grown in short days. .

5y Stolon tips which show no visible signs of tuberisation have
higher gibberellin-like levels than visibly tuberised tips.

Lk, Of stolon tips showing no visible signs of tuberisation,
those which have bezun to deposit starch have lower levels
of gibberellin-like activity-than those in which no starch
has been lezid down.

Be Application of gibberellic acid to the apex of the parent
plant, whiéh treatment delays tuberisation, leads to an
increase in the level of gibberellin-like activity in the

stolon tips.

It therefore appears that tuberisation is associated with low levels
of gibberellin-like activity in the stolon tip. The first stages
of tuberisation,ie the ﬁeposi{ion of starch in the sub~apical
region,are correlated with a fall in the gibberellin level, and

this féll continues as tuberisation progresses, the lowest levels

of activity being found in tips with visible signs of tuberisation.

Extracts from visibly tuberised stolon tips, or from tips which
might be expected to be sbout to tuberise, nmostly showed evidence

for the presence of a growth inhibitor or inhibitors (see Table 34);



an increase in the growth innibitor level therefore seems to

acconmpany the fall in gibberellin level,

These studies provide support for the theory of control of
tuberisation by cﬂanges in the balance of endogenoﬁs gibberellins
to endogenous growth inhibitors. The results of Comparison 4
suggest that applied gibberellic acid does not exert its effect
by preventing the production of endogenous growth inhibitors, but
by increasing the gibberellin level at the stolon tip; the
changes in the levels of these two types of substance may there-
fore be to some extent independent. It appears that daylell'lgth
may control the levels of both endogenous gibberellins and growth
inhibitors, short days lowering the level of thé former and
probably raising the level of the latter and thus causing hastened

tuber initiation.

154,



SECTION VI INVESTIGATION OF STARCH DEPOSITION IN STOLON TIPS
IMMEDTATELY PRIOR TO AND INCLUBING THE BEGINNING OF VISIBLE SUELLING

Lovell and Booth (1967) carried out experiments in which plants
treated with gibberellic acid and untreated controls were
harvested at intervals and the growth of shoots, stolons and
tubers measured and sugar and starch contents of the variocus
parts determined. They found that the appearance of starch in
stolons correlated closely with tuber initiation in both groups
of plants; this was not the case . with sugar level. It there-
fore-appeared that a more accurate estimation of the develcpmental
state of stolon tips might be obtained by observation of their
starch status. A series of stolon tips was therefore examined
histologically for starch deposition. The series included

green stolon tips (which do not tuberise), tips which would not
be expected to be on the point of tuberisation (from youngplants
grown in long days), tips which would be expected to be about to
tuberise, but which showed no visible swelling (from plénts

grown in short days and on which several stolons had already

tuberised) and visibly tuberised stolon tips.

Transverse sections were cut from the region approximately

0.5 cm behind the tip of a large number of such types of stolons.
Hand sections were found to Ee gquite adequate for determining
the level of starch deposition after staining with iodine (the
stock solution used in Section V (iv) ). For photographing

the various stages of starch deposition (see figures in this
section), sections were cut using a Cryostat (SLEE Freezing
Microtome). Staining was with iodine and light green and

photographs were taken soon after staining to avoid fading.
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It was found that, by histological exémination, developmental stages
of tuberisation egrlier than visible swelling could be detected. A
very few stolons contained no sterch.grains vhatever (see Figs 44 a
and b), but this condition was a very unusual one among the stolon

tips examined.

Almost a2ll tips, whether in plants about to tuberise (grown in
short days) or not (young plants from long days) were found to
contain a narrow ring of cells, usually one or two cells across
_radially, with starch grains clearly visible forming a starch
sheath in the region of the '"endodermis" (Figs 45 a=f). Fﬁg 45 v
shows the very beginnings of this deposition of starch, activity
having begun in about 6 cells. Due to the imﬁossibility of
focussing simultaneously on different planes of a rather thick
section, the details of cell walls are not completely clear, but
it can be seen that starch deposition is limited to a few
locations situated in a ring at the position of the endodermis.

A few starch grains have been moved from their original positions
due to breakage of cells and loss of céll'contents during section-
inge. Such grains are indicated in all the figures by arrows.

Figs 45 ¢ and d show parts of an almost complete ring of endo-
dermal cells containing starch grains. In the cells where the
process has begun, large numﬁers-of starch grains may be seen
(marked YS'" in Fig 45 d), although there are still a few cells

in the ring in which no grains are present. No starch deposition
has taken place in any of the other tissues. Figs 45 e and f
show the final condition of the development of the ring of starch-
containing cells in the endodermal region, in which all the cells
nave begun to lay down starch. After this sta

zey starch
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FIGURE 44, a. Distribution diagram of transverse section of
stolon containing no starch deposition in any tissue.
b. Part of transverse section of stolon showing no
starch deposition in any tissue.



epidermis

cortex

~

// edulla

vascuiar
tissue

endodermis






FIGURE 45, a. . Distribution diagram of transverse section of stolon
showing the beginning of starch deposition in the
Yendodermis'", immediately outside the stele.

b. Part of transverse section of stolen showing the
very first stages of starch deposition in the "endo-
dermis'', .

Ce Part of an almost complete ring of '"endodermal'!
cells containing starch grains.

de High power detail of another part of the almost
complete ring of starch-containing "endodermal' cells
shown in (c). S = cells containing large numbers of starch grains.
e. Part of complete ring of starch-containing
"endodermal" cells.

f. High power detail of part of complete ring of
starch-~containing''endodermal' cells.

Starch grains which have been moved to artificial
positions during preparation are shown by arrows.
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deposition begins in other tissues of the stolon tip. Tor the
purposes of classification in other parts of the work, stolons in
the condition described above were considered to have no starch, as

this condition appeared to be the normal basic one in non-visibly

tuberised material,

Starch deposition first appears (after the establishment of the
ring of starch~-containing cells in the endodermis) in the cortex,
and in the inner cortical cells before the outer ones. Fig 46
_shows the stage in which the cells of the inner cortex begin to

lay down staxrch.

This stage is followed by starch deposition in the outer cortex
(as in Fig 47 a, which shows starch deposition in the endodermis
and throughout the cortex). Sections were never found showing
starch deposition in the outer but not in the inner parts of the

cortex. Figs 47 b, ¢ and d show deposition throughout the cortex.

After starch deposition has taken place throughout the cortex, it
begins in the medulla. Sections were never found with deposition
in the medulla and not in the cortex. The first signs of
deposition in the medulla may be seen in Fig 47 b, in which 4
cells in the centre of this tissue have begun to produce starch
grains; these cells are jdentified in the small accompanying
diagram,. A larger number of medullary cells (17 as opposed to
4), again in the centre of the tissue, have begun to lay down
starch in the section shown in Fig 47 c. Fig 48 a shows the
next stage, in which starch deposition increases in the medulla,
being already well establiched in the endodermal and cortical
tissues. Fig 48 b shows starch deposition throughout the cortex,

. 5%,



FIGURE 46. Distribution diagram of transverse section of stolon

showing starch deposition beginning to spread out from
the 'endodermis" into the inner cortex. :
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FIGURE 47,

ae Distribution diagram of transverse section of stolon
showing starch deposition throughout endodermis and
cortex, (At this stage a few starch grains may also

be found in the medulla). :

b. Starch deposition throughout '"endodermis" and

cortex. The first signs of starch deposition may be

detected in the medulla (see small diagrom).

Ce Starch deposition throughout 'endodermis! and
cortex, More cells in the medulla have begun to lay
down starch.

d. High power detail of stolon showing starch
deposition throughout cortex.

Displaced starch grains are shown by arrows.
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FIGURE 48,

ae Distribution diagram of transverse section of stolon
showing starch deposition far advanced in cortex and now
also taking place in medulla.

be Stolon showing starch deposition throughout cortex
and some deposition in the medulla.

Ce Starch deposition throughout cortex, and now having
extended also to almost every medullary cell.

e High power detail of part of stolon shown in (c).

Displaced starch grains are shown by arrows.
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and some deposition in the medulla, and Figs 48 ¢ and d show a
greater amount of deposition in the medulla, almost every cell

containing some starch,

Fig 49 shows the final stage before visible swelling takes place,
in which massive starch deposition has occurred in cortex and
medulla; this is also the state of devosition in the very young

visibly-swollen tuber.

The pattern of starch deposition described abéve may perhaps
"reflect the location of the various tissues with respect to the
phloem, which might be expected to supply metabolites and also
perhaps the hormonal tuberising stimulus (see Section VII).
Phloem in the potato is bicollaterally disposed, but there is
more external then internal phloem, so that endodermis and cortex
might be expected to receive larger amounts of such substances

than the medulla, resulting in earlier starch formation there,

Starch deposition was not generally found in the tissues of the
stele before the onset of visible swelling, and these tissues
could be seen quite clearly in hand sections, after iodine stain-

ing, as a light-coloured ring.

It was usually the case that green stolons, which never tuberise
under normal conditions, contained no starch grains; exceptions
to this ﬁere found in which starch deposition had taken place
throughout endodermis, cortex and medulla, but this was never
correlated with visible swelling, Non-green stolons were found
in 21l stages of the seguence described abové. On branched
stolons which had some visibly tuberised pzarts, other parts

showing no visible signs of tuberisation were generally found to
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FIGURE 49. Stolon demonstrating the very heavy starch deposition
immediately before visible swelling of the tip. Note

mzssive starch deposition throughout cortex and
medulla, '






have a high level of starch deposition. Parts of the main stolon
adjacent to visibly tuberised side buds were also usually full of

starch.

When visible swelling commences, cell divisions beéin to take place
in all directions in medulla and cortex (see Fig 50, especially

50 c), Fig 50 b shows a high-power transect through a transverse
section eof a young tuber. Starch deposition can be seen in all

the tissues, including those of the stele. The section shown in
Fig 50 was not stained specifically for starch, but the Haematoxylin

and Orange G stain used enables the starch grains to be seen as grey

oval structures.

sSummary

Histological examination of stolon tips from plants grown in
different daylength régimes showed that developmental stages of
tuberisation earlier than visible swelling could be detected. A
consistent sequence of starch deposition in the various tissues
was found.  Deposition began in the cells of the endodermis,
extended to the inner and then the outer cﬁrtex and then to the
medulla, first in the centre and later throughout this tissue.

When visible swelling commenced, starch was also laid down in the
o b |

tissues of the stele, which were devoid of it until this stage.
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FIGURE 50

a. Transverse section of young tuber (position of

high power transect, shown in (b), marked by parallel

lines)., :

be High power transect of transverse section of

young tuber shown in (a). _

Co High power detail of part of young tuber showing

"'random! directions of cell division (arrows),

D = products of recent cell divisions - note new cell
walls orientated in many different directions.
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SECTION VII GENERAL DISCUSSION

Synopsis of the argument and development of this section:

(i) Discussion of the results of the light break experiments
described in Section IV, leading to the conclusioﬂ-that it is likely
that tuberisation is controlled by a stimulus of a hormonal nature.
(ii) Summary of the consideration of the growth substances which
might possibly be involved as part of the tuberising stimlus (as
discussed in Section V (i) ).

‘(iii) Discussion of the results of the experiments involving the
effect of growth-active substances on tuberisation, when these
substances were applied to the whole plant and to individual stolon
tips (Section V (ii) and (iii) ), and also of fhe results of the
extraction studies on stolon tips (Section V (iv) ), together with
the results of other workers, divided as follows:-

ae Discussion of the possible role of auxin in the control
of tuberisation.

b. Discussion of the possible role of gibberellins.

Ca Discussion of the possible involvement of growth
inhibitors, in particular abscisic acid.

d. Discussion of the idea (supported by the results already
described) of a control of tuberisation by daylength mediated
by a change in the balance of gibberellins and naturally
occurring growth inhibitors similar to that whicﬁ has been
proposed for the control of dormancy in the buds of woody
species,

€e Discussion of the possible contribution of cytokinins.,
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(iv) Suggested scheme of action for the effects of daylength
and growth substances (exogenous and endogenous) on tuberisation.

(v) Summary.

(i) Conclusions from light break experiments

It is generally agreed (see Section I) that in cultivated varieties

of Solanum tuberosum J.the initiation of tuberisation is hastened

by growing the plants in short day conditions and delayed by
growing the plants in long day conditions (see eg Gregory, 1965).
The response to daylength is quantitative, not gualitative. That
this is the case in the variety Up-to-Date, which was used for the
present work, was established in the Preliminary Experiments
described in.Section III. Oreof these experiments III(iv) ) also
showed, as found by Gregory (19565, that the greater the number of
short day cycles given, the more tuberisation was promoted (see

. Fig 1),

The light break experiments described in Section IV examined the
; photoperiodic basis of this response of tuberisation to daylength.
The first experiment showed that a white light break treatment in
the middle of the long night of plants grown in short days was
able to partially inhibit tuberisation, although no accompanying
effect on the growth of the tQPS‘waé detected (Table 6). Tuber
number, number of tuberising stolons, tuber fresh weight and
percen£age of plants tubérised were all reduced by light break
treatment, although not so greatly as in the low intensity long
day control plants, in which all these parameters had a value of
ZeT0. These results show that the effect of daylength on tuber-

isation is a direct and truly photoperiodic one, not mediated by
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different amounts of overall top growth. This conclusion is in
agreement with that of Mokronosov and Lundina (1959) from light
break treatment in S.demissum, and of Slater (1963) from his
experiments with different amounts of total daily radiation at
different daylengths, and with 1ight_break ﬁreatmeﬁts given to
plants of S.tuberosum grown in short days (see Section IV (i) ).
Slater concluded from the results of the first experiment that
the photoperiodic effect found on tuberisation occurs independ-
ently of differences in total daily radiations In the second of
‘his experiments,the results with Arran Pilot are in complete
agreement with those obtained in the first light break experiment
(Section IV) in that a quantitative inhibitory effect on tuber-
isation, unaccompanied by detectable effects on top growth, was

obtained with light break treatment.

Thé second and third light break experiments in Section IV again
showed that tuberisation could be partially inhibited in plants
grown in short days by light breaks given in the middle of the
long night pericd. This effect was féund with white and red
treatments, and was sometimes, but not always, associated with a
slight decrease in top height; no differences were found in top
dry weight (Tables 7 and 8). These results confirm those of the
first experiment, namely thaﬁ the light break treatment caused
reduction in tuberisation even when there was no effect of the
growth of the tops(at least in terms of the parameters measured).
and that the effect on tuberisation was therefore a genuvine
direct photoperiodic effect. It was unfortunately found
impossible to demonstrate a reversal of the effect of a red

light break by subsequent exposure to far-red light but, as
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discussed in detail in Section IV, it was felt that this was
probably due to the inadequacy of the techniques used. Especially,
it was felt that the unavoidable time spent in changing the filter
plates between the red and subsequent far-red treatments probably
enabled Pfr to complete its inhibifory act before it could be

re-converted to Pr by the far-red exposure.

The fourth and fifth light break experiments showed that a blue
light break was also effective in partially inhibiting tuberisation,
again with no detectable effect on the growth of the tops (Table 9).
The implications of these results have already been fully discussed.
To summarise:;- It is possible that the inhibitory effect‘ﬁf the
blue liéht break on tuberisation may be due to a photoreceptor such
as that proposed by Mohr (1959, 1964) and still evoked by Esashi
(1969) instead of or as well as phytochrome; it seems-unlikely,
however, that such a photoreceptor only is involved, since tuber-

~ isation is also inhibited by a red light break, which Mohr (1969)
now considers tc be exclusively phytochrome-mediated. It appears

i most likely, since similar effects can be achieved by light breaks
in the red and in the blue regions of the spectrum, and since
phytochrome is known to absorb light in both these regions
(Siegelman and Butler,1965; Hillman, 1967), that the inhibition

of tuberisation by light break treatment is mediated by phyto-
chrome, The only inconsistency with this explanation is the
failuré to reverse the red effect by far-red, which would have
conclusively demonstrated the involvement of phytochrome, but, as

mentioned before, this was probably caused by practical difficulties.

In any case, although it was not found possible to conclusively

demonstrate phytochrome involvement, the light break experiments
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described in Sectior IV did show, in agreement with those of
Slater (1963) and Mokronosov and Lundina (1959)?that the effect

of daylength on tuberisation is a genuinely photoperiodic one.

The question which must be asked at this point is: Can this
demonstration of a genuinely photoperiodic response of tuber-
isation to daylength be used to differentiate between the two
theories of tuberisation: 1, tuberisation controlled by a
specific tuberising stimulus, probably hormonal in nature and
2. tuberisation promoted by an increased supply, and inhibited
by a decreased supply, of photosynthate from the tops to the

stolons?

To consider first the second theory, a decreased supply of
photosynthate sﬁpplied to the stolons, which would cause
inhibition of tuberisation, could come about in two different
ways. It could occur by a decrease in the total supply of
photosynthate afailable in the plant (although this idea has been
largely discounted: see Section I). It is not likely that this
could be brought about by a Vefy brief light break treatment,
since both treated and untreated planﬁs were subjected to the
same amount of photosynthetic light during the short day period.
A decreased carbohydrate supply to the stolons could also result
from a change in the distribﬁtioﬁ of the available photosynthate
within-the plant, less being sent to the stolons and more to the
tops, as proposed by workers such as Borazh and Milthorpe (1962) -
see Section I. It is possible that this is what happens when
light break treatments are given to plants grown in short days.
If this were the case,hhnwever, one would expect to find a

difference at harvest in top dry weight. Such a difference was
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not found in any of the light break experiments (see Section IV,
Tables 6, 7 a, 8,'9). It is conceivable that the decreased
amounts being sent to the stolons were so small that, although
these were sufficient to partially inhibit tuberisation, they
were insufficient to bring aboué an increaée in the growth and

dry weight of the tops.

While a change in the distribution of carbohydrate from stolons
to tops brought about by the light break treatment cannot be
~entirely discounted, it nevertheless seems much more iikely that
the explanation of the effect lies in the opcration of a hormonal
tuberising stimulus, the formation of which is controlled by
photoperiod. This mechanism does not require the correlation of
any differences in top growth and dry weight with tuberisation in
its early stages, and this explanation is therefore consistent

with the results of the light break experiments of Section IV.

The results of other workers (eg Gregory, 1956; Chapman, 1958;
Madec and Perennec, 1959; Madec, 1963; Okazawa and Chapman,
1962; Lovell and Booth, 1967; see Section I) have also provided
a great deal of support for the involvement of a specific
hormonal stimulus in tuberisation, probably made up of one or a
combination of growth substances the level(s) of which may be
altered by different environmental conditions, including day-
length, - |

(ii) Summary of consideration of growth substances possibly
involved in tuberisation

Many substances have been proposed as being implicated in the
control of tuberisation, either as the whole or a part of the

tuberising stimulus, or as antagonists of its action. As
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discussed in detail in Section V (i), those most likely to be
involved are those which might be expected, on the basis of their
known properties,to exert a controlling action on one or moré of
the changes known to take place at the stolon tip -prior to and

at the time of tuber initiation; Proposed substagces must also
satisfy the criteria of site(s) of formation and mobility within
the plant also discussed in Section V (i). From a consideration
of these questions, it appears that the substances most likely to
be involved in the control of tuberisation are endogenous auxins,
‘gibberellins, cytokinins and growth inhibitors.

(iii) Discussion of the results of experiments with growth-
active substances

ae The possible role of auxin

It was found (GA3/1AA experiment, Section V (ii) ) that although
indole acetic acid sometimes caused small differences in the
growth of the tops when applied to the intact plant, it had no
effect on tuberisation on the basis of tuber number, number of
tuberising stolorns and tuber fresh weight (Table 19).  The
results of other workers using auxins (see Section V (i) ) are
somewhat conflicting. Support for their involvement in tuber-
isatidn has come from the work of Borah (1959), van Schreven
(1956) and Tizio (1964a) who considered the effect to be
promotive, and that of Gausman et al (1958), who considered the
SEPLBE o T ot | Gh e R ) e R Dot
(1945) with Ficaria and Ito and Kato (1951) with potato suggests
that auxin is not specifically involved in the control of
tuberisation. The GAB/ﬁAA experiment (Soctiﬁn V (ii) ) lends
support to the views of this second group of workers, and suggests

that auxin is not involved in the control of tuberisation, at
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least in S.tuberosum, variety Up-to-Date.

be The possible-role of gibberellin

Positive results have, however, been found in the course of the
present studies fér the participation in the control of tuber-
isation of the gibberellins. In the experiments in which
gibberellic acid was applied to the growing point of the tops
(gibberellic acid application experiments 1-7 and-GA3/1AA
experiment, Section V (ii)) it was found that the effect on
tuberisation was dependent upon whether one or several
applications of gibberellic acid were given to the plants.‘
Although one application (as given in experiments 1-5) was

found sufficient to greatly increase the growth‘of the tops, it
was not found to prevent or delay the initiation of tubers

(Tables 11-15 and Fig 17). For the latter effect to be achieved,
it was found necessary to repeat the applications of gibberellic
acid on several occasions (as in experiments 6 and 7 and the
GA3/1AA.expériment). Tuberisation in terms of tuber number,
number of tuberising stolons and tuber fresh weight, was found to
be markedly reduced by such repeated applications of gibberellic
acid (see Tables 16, 17, 19). There are two possible explanations
for the difference in the effect on tuberisation found with single
and with repeated applications of gibberellic acid. Either there
is.a need for the maintenance of a continuously high level of
gibberellin in the plant in order to prevent the initiation of
tubers, or there is a need for enough gibberellic acid to saturate
the ability of the tops (or more particularly of the sub-apical
meristem) to use gibberellic acid in extension growth. In support
of the latler possibility is the likelihood that, when applied to

the tops, gibberellic acid would be drawn to the strongest sink,
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usually the stem apex. The applied gibberellic acid would be
especially likely to be used in the sub-apical meristem of the tops
since it was adjacent to this region that it was applied. A single
application might therefore be expected to be used up by top
growth, but, with repeated appliéatiqns, it'would Ee likely that
some gibberellic acid would also be available for transport to the
stolons where it could inhibit the formation of tubers. This
could partly explain the situation found under normal growth
conditions in different daylengths. It is possible that in long
‘days, enough endogenous gibberellin is produced to result in

normal top growth and also the suppression of tubers, whereas in
short days, in which lower levels of gibberellin are produced,
(Okazawa, 1960), most of the available gibberellin is used by the
growth of the tops. Tops are generally, if any difference is
found, taller under long day conditions. If this is the case,

it is only part of the explanation (see below).

There is not, however, a certain level of top height response
above which gibberellin is automaticaliy sent to the stolons and
below which none is sent, all the gibberellin being used in top
growth. That this is the case is shown by the fact (see, for
example, Table 17, 18 day harvest) that a less than maximal top
height response can be accomﬁanied by a partial inhibitory effect
on tuberisation. The inhibitory effect on tuberisation,is never-
theless, generally greater in the plants given higher levels of
gibberellic acid treatment and exhibiting a greater top height
I'esponse. This shows that the distribution effect of applied
gibberellic acid is perhaps more complex than that suggested

above, and may also suggest that the other possible mechanism of
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action of repeated gibberellin application, namely the maintenance,
over an extended period of time, of a high gibberellin level in

the plant, may also be important.

It is strahge in view of the above results that D&son and Humphries
(1966) were able to record a delay in tuber formation with a

single application of gibberellic acid, given by soaking the seed
pieces prior to planting for 1 hour in a 50 mg/l solution of

gibberellic acid, a similar treatment to that given in experiment 5.

"The results of the gibberellic acid application experiments are
nevertheless in general agreement with those found by other
workers (Rappaport, Lippert and Timm, 1957; Okazawa, 1959;
Dyson and Humphries 1963, 1966; Lovell and Booth, 19673 Tizio
1964 b, 1966). It therefore seems clear that gibberellic acid,
when applied to whole plants at a suitable concentration, causes

retardation of tuberisation.

Evidence that endogenous gibberellins are actually involved in
this way in the control of tuberisation in the normal plant was
obtained from the result of further experiments in which the
inhibitor of gibberellin biosynthesis, COC was applied as a soil
drench to whole plants. It was found that if CCC were applied
Just before the differential ﬁaylength period, when the plants
were soon to be about to produce tubers, treatment broughtabout
a promotion of tuberisation in terms of tuber number, number of
tuberising stolons and tuber fresh weight, the effect being more
marked in long day conditions (Table 22). When applied earlier
in the life of the plant, however, when stolons were forming, the

effect of CCC on tuberisation was not so noticeable (Table 21).
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This was probably, in the case of plants grown in short days
during the experimental period, because CCC tended to reduce
stolon number (as would be expected on the basis of the work of
Booth, 1963, who showed that gibberellic acid is prormotive of
stolon outgrowth). In the case of the plants groﬁn in long
days, there was no effect of CCC on stolon number, and it appeared
possible that CCC brought about a promotion of tuberisation in
these plants (Table 21 and Fig 19), although there were too many
zeroes in the data to allow a valid statistical analysis to be
‘performed. The fact that CCC relieved the partial inhibition of
long days on tuberisation as well as enhancing the promotive
effect of short days, provides more evidence for the idea that

it is by raising the level of endogenous gibberellins that long

days exert, at least in part, their inhibition.

The promotive effect of CCC on tuber formation was obtained at
both low (Table 22) and at high temperatures (Table 23) but CCC
treatment was unable to overcome the combination of unfavourable
conditions of high temperatures and loﬁg days, in which no tuber-
isation at all was found (Table 23). This result may perhaps
indicate that high temperature exerts its effect on tuberisation
in a different way from that in which long days exert their

effect, that is, not on the level of endogenous gibberellins,

It could be argued that CCC treatment promotes tuberisation
because of the reduction in top growth brought about by lowering
the level of synthesis of endogenous gibberellins. (The results
of all three CCC application experiments showed that top height

was markedly reduced, the effect being more pronounced at the
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higher CCC concentration; this was also the case with the
promotive effect of CCC treatment on tuberisation - éee Tables 21,
22, 23)e 'There was, however, no significant effect of CCC
treatment on top dry weight by the time of harvest in experiments
2 and 3 (althéugh such an effect Qas found when younger plants
were treated, as in experiment 1). Therefore, although it
remains a possibility that the effect of CCC on tuberisation is
mediated by its effect on the growth of the tops, it seems more
likely that it is due directly to a decrease in the level of
endogenous gibberellins, which have an effect which is inhibitory

of tuberisation.

The results of these experiments are in agreement with those of
other workers (Dyson and Humphries 1963, 1966; Dyson, 1965;
Humphries and Dyson, 1967; see Section V (ii) ), with respect to

the effects on top growth and on tuberisation.

The gibberellic acid and CCC application experiments (Section

V (ii) ), together with published data, suggest strongly that

the level-of endogenous gibberéllins exerts an effect on tuber-
isation in the.potato plant, low leveis of these substances being

more conducive to tuberisation than high levels.

It is not clear from the resﬁlts‘of these experiments, however,
how and where in the plant the effect of gibberellin level on
tuberisation is exerted. Some light is thrown on this question
by the experiments with gibberellic acid and CCC described in
Section V (iii), in which these substances were fed directly to
the stolon tips, while the stolons were still attached to the

parent plant.
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The stolon feeding experiments showed that gibberellic acid
applied to the stolon tip directly caused a marked delay in
tuberisation at concentration of both 1 and 10 ppm (Figs 22~
25). Also, no effect of gibberellic acid treatment was noted on
either top growth or the growth and tuberisation of stolons on
the same plants but not subjected to gibberellic acid treatment
(Table 26 and Fig 23 (b') ); this suggests that the effect on
tuberisation observed in the treated stolons was a local one
brought about directly at the treated stolon tips and not
mediated in any way by growth of the rest of the plant. These
results are in agreement with those of McCorquodale and Moorby
(1968) with excised stolon tips grown in vitro on agar to which
was added gibberellic acid at concentrations of 0.1 and 1 ppm.
McCorquodale and Moorby have also interpreted their results to
mean that gibberellic acid exgrts its inhibiting effect on
tuberisation directly at the stolon tip. These experiments
therefore provide good evidence for the idea that tuberisation
is controlled by hormonal stimuli, and in particular that one

of the growth substances involved in this control is gibberellin,

which acts in a direction inhibitory to tuberisaticn.

Further experiments of the stolon feeding type were carried out
using CCC in the bottles appiied-to the stolons instead of
gibberellic acid (see Section V (iii) ). These studies showed
(Figs 26-29 and Tables 27 and 28) a marked promotion of tuber-
isation by CCC treatment, again without any effect on tops or
untreated stolons. These results suggest that some gibberellin
synthesis, enough to affect the progress of tuberisation, |

normally occurs at the stolon tip, and that when this is unable
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to occur due to the presence of CCC, tuberisation at the stolon
tip is hastened. As pointed out in the account of the CCC stolon
feeding experiments (Section V (iii) ), this does not mean that
gibberellin supplied from the tops to the stolons is not involved
in the control of tuberisation; the gibberellic acid application
experiments described in Section V (ii) showed that such gibber-
ellin also had an effect, It does demonstrate, however, the
likelihood that gibberellin synthesised in the stolon tips has
some contribution to make. The temporary reduction in the
gibberellin level at the stolon tip, brought about by the
inhibition of local synthesis by CCC, is thought to be enough

to cause promotion of tuberisation before more gibberellin arrives

at the stolon tips from the tops.

These results disagree with those of McCorquodale and Moorby
(1968) with cultured stolon tips in vitro. They found no
promotion of tuberisation when CCC was included in the growth
medium, and deduced that gibberellin synthesis in the stolon is
not important for the control of tuberisation. Possible reasons
for this discrepancy between the two sets of resmnlts have been
given in the account of the experiments in Section V (iii);
briefly, it was thought to occur because of different levels of
endogenous gibberellins in the two types of materisl, grown under

different conditions.

The role of gibberellins in tuberisation (as an inhibitory

influence) is further supported by the work of Ckazawa (1860) on
extraction of endogenous gibberellin-like substances from potato
plant tops ﬁnder different environmental conditions (see Section

ValE ) #hile these findings indicate a correlation of low
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gibberellin levels throughout the plaﬁt with conditions which are
promotive of tuberisation, the extraction studies described in
Section V (div) of-the present work are more directly relevant to
an evaluation of the influence of gibberellin on the stolon tip
itself. It was found (see Table 33) that green stolons (which
do not normally tuberise) had the highest levels of gibberellin-
like substances of all the stolons examined, and that total
stolon tip samples from plants grown in long days, which tend

to inhibit tuberisation, have higher levels than similar samples
“from plants grown in short days, which tend to promote tuberi-
sation. Alsc, stolons showing visible signs of tuberisation
were found to have lower levels of gibberellin-like substances
than stolons showing no such visible signs of tuberisation. These
results have been confirmed by Smith and Rappaport (1969) in the
variety of S.tuberosum Red Pontiac; they showed that stolons
without visible tubers contained considerably more gibberellin-
like activity than did the young tubers harvested at the same

time.

The studies described in Section V (iv) have further shown
differences in the levels of gibberellin-like substances in
stolons in stages of tuberisation prior to wvisible sweiling.
Lovell and Booth (1967) found that starch deposition occurred
in.the stolon tips prior to tuber initiation; this has been
confirmed and the sequence of deposition in the various tissues
of the stolon tip determined (Section VI), Stolons on the point
of tuberisation, then, are found to possess depcsits of starch

in the cortex or in the cortex and medulla. Ixtractions of

stolon tips which had not visibly tuberised, and which were in
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different developmental states as shown by the presence or absence
of starch deposition, were also carried out. It was found that
those tips with no starch deposition had higher levels of
gibberellin-like substances than those in which starch deposition
had begun, thé latter being nearer to visible tuberisation. The

fact that the rise in gibberellin-like activity occurs before

the appearance of the visible swelling is good evidence that
endogenous gibberellins have some role in controlling the process.
It was also found that stolons from piants which had received
repeated apical applications of gibberellic acid had higher levels
of gibberellin~-like substances; this seems to indicate that
gibberellic acid applied to the tops does indeed, directly or

indirectly, raise the level of gibberellin in the stolon tips.

These results show that the level of gibberellin~-like substances
in steclon tips appears to be inversely correlated with tuber-
isation, or the nearness of untuberised tips to the onset of

visible tuberisation,

From a consideration of the results of all the experiments using
gibberellic acid and CCC, and those of the extracﬁion studies of
stolon tips, it therefore appears that gibberellin lével in the
stolons of the potato plant is inversely correlated with the
progress of tuberisation, and thét tuberisation maj be brought
about by reducing the level of gibberellins at the stolon tips,
either By cutting down the supply from the tops, or by inhkibiting
synthesis at the tip itself. If gibberellin level in the tops
is boosted beyond that which can be readily used in the growth of

the shoot apex itself, tuberisation may be retarded by the export



of the extra gibberellin to the stolons, where it inhibits

tuberisation.

Further extractions of stolon tip material which might prove
informative would be extractions from plants which had been
treated with CCC or from stolon tips treated directly with CCCj
it would be expected on the basis of the above arguments that
gibberellin levels in such stolon tips would be found to be
lower than controls which had received no CCC treatment. Time

did not allow these experiments to be done.

Another point of interest relevant here is that the order in
which different types of stolons have been found to tuberise

(see Section III (vii) ) is that which would be expected if
gibberellins acted to inhibit tuberisation. The tips of short
unbranched stolons tuberised_before the tips of long, branched
stolons. The work of ILovell and Booth (1969) has demonstrated
that stolon growth shows an initial lag phase, and the iater
formed the stolon, the longer the lag phase. Their work also
suggests that the short, unbranched stclons are those which have
been initiated last, and these stolons would therefore be growing
more slowly than the others at the time of tuber initiation.

They will therefore be less active sinks than the longer branched
stolons which were initiated eaflier, and which are in their

phase of rapid growth at the beginning of tuberisation in the
plant. The short stolons will therefore receive less gibberellin
from the tops, and in addition,; since they are growing more slowly,
they will also be producing less gibberellin themselves. The

gibberellin level in these short stolons will therefore be lower
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than in long branched stolons, and tuberisation in them will be

more readily brought about as a result.

The earliest tuberisation of all was found at side branches of
long branched stolons. Lovell and Booth (1969) found that such
side branches grew much more slowly than the main axisj it
would be expected that the apical bud in such a stolon would be
the main sink for gibberellin entering the stolon, so that very
little would reach the side branches. The latter would there-
fore have very low levels of gibberellin and would hence be
expected to tuberise early. That the order of tuberisatioﬁ in
different types of stolon tip was that expected from the above
predictions, is therefore consistent with the Eypcthesis that

gibberellin acts as an inhibitor of tuber initiation.

The results of the topping experiment (see Section III), in which
removal of the apex and very young leaves led to promotion of
tuberisation, alsc lends support to an inhibitory rcle of
gibberellins, since these compounds have been shown to be produced

in stem apices and young leaves (Jones and Phillips; 1966).

Cs The possible involvement of growth inhibitors

It appears, however, that endogenous gibberellin is not the only
factor to be involved in the control of tuberisation. There is
also a growing body of evidence to suggest that endogenous growth

inhibitors are also involved.

The results of the extraction of gibberellin-like substances from
stolon tips (Section V (iv) ) show evidence for the presence of a

growth inhibitor or inhibitors in some of the extracts (see
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Table 34)e Most of the extracts shoving evidence for growth-
inhibitor activity were those from visibly-tuberised stolon tips
or from tips which might be expected to be about to tuberise,
These results are in agreement with those of Okazawa (1960) with
tops and Booth (1963) and Smith and Rappaport (1969) with stolons.
These workers have shown that the level of a growth inhibitor or
inhibitors rises at the onset of tuberisation. It has been
suggested thét this inhibitor is abscisic acid (El Antably et al,
1967)s A role of abscisic acid in promoting tuberisation is
‘attractive if, as appears to be the case (see above), gibberellins
are involved as tuber-inhibiting substances, in view of the negative
interactions found between abscisic acid and gibberellins in many
different physiological processes (see Section V (i) ). Evidence
for the presence of abscisic aqid in potato tissues has been

presented in Sections V (i)e.

Also relevant to a possible role of abscisic acid in tuberisation
are the studies with synthetic abscisic acid which have shown a
number of responses, all connected with the initiation or
maintenance of dormancy or the cessation of extension growth,

the situation which is found in the stolon tip at tuber initiation.
@g Eagles and Wareing (1964), El-Antably et a2l (1967), Aspinall,

Paleg and Addicott (1967) ).

In one of the present studies (Section V (ii) ), abscisic acid
treatment of the apical growing point was found to have no
effect on the top or stolon growth or tuberisation of plants
grown in short days dqring the ‘differential daylength

(experimental) period (Table 24). In plants grown in long days
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during this period, however, although there was no effect on
top height, node number and top dry weight were slightly
decreased by trea&ment; an increase was found in tuber number,
rumber of tuberising stolons and the number of plants tuberised

(Table 24 and Fig 21).

This result is in agreement with that of El-Antably et al
(1967) who found (see Section V (i) ) a promotive effect of
abscisic acid on tuberisation when applied as a foliar

spray to whole plants grown in long days.

Different results, however, were found by Smith and
Rappaport (1969), who conducted similar experiments to
those of El-Antebly et al with potatoes of S.tuberosum,
variety White Bose, grown under long day conditions. They
were unable to induce tuber formation by daily applications
of solutions of 1 mg/l abscisic acid as a spray applied to
the leaves. The work of Claver (1970), using sprouts of
the variety of S.tuberosum Katadhin, confirms the findings
of Smith and Rappaport« Claver fouﬁd that the growth of
the sprouts was inhibited by abscisic acid treatment,
inhibition being proportional to the concentration used;
abscisic acid was also found to inhibit the formation of
tubers, aithough this effecﬁ was smaller in "old!" sprouts,
which had been left attached to the mother tuber for k
weeks before use than in '"young' sprouts, which had been

separated from the mother tuber promptly after sprouting.

Smith and Rappaport (1969) have commented that they find

the results of El-Antably et al (1967) unconvincing because
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of the requirement for very large doses of abscisic acid to
induce tuber formation, the low percentage of tubers formed
on treated plants, the formation of tubers on control plants
and the stunted appearance and early leaf senescence in the
Itreated plants. The last tﬁo effects were noted by the
investigators and led them to question whether the effect of
abscisic acid was a direct one., Smith and Rappaport also
point out that in extracts from young tubers of the variety
Red Pontiac, chromatographed according to the methed of
Mitchell (1958), they observed that the bulk of inhibitor
activity migrated to the Rf range O.4~0.5. Since the

Rf of abscisic acid in Mitchell's developing solvent is
0.69, they consider this to be further evidence against
abscicsic acid being the inhibitor responsible for tuber

formation.

Although there was a small effect oflabscisic acid treatment on
top growth in the present work in the plants kept in long days
(Table 24), the plants certainly did not appear abnormal or
stunted; their appearance was quite normal. Noi was there
any need for massive doses of abscisic acid to bring about the
promotive effect on tuberisation which was observed. It is,
however, possible that the effect of abscisic acid _on tuberisa-
tion was not a direct one, and was mediated by an effect on the
growth of the tops, perﬁaps due to a reduction in the level of

endogenous gibberellins.

The results of the abscisic acid stolon feeding experiment

(Section V (iii) ) suggest that this was in fact the case.
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The only effects of abscisic acid on top growth or on the
untreated stolons (see Table 29) were very small and probably
unreal. In the treated stolons, abscisic acid appeared to have
very little effect on tuberisation at the lower concenfration,
and én inhibitory effect at the higher concentration (Figs 20
and 31). There was certainly no evidence to suggest that
abscisic acid, when applied to the stolon tip, promotes

tuberisation.

The results of this experiment are in agreement with those
obtained by McCorquodale and Moorby (1968) with cultured
stolon tips in vitro, in which abscisic acid was supplied
in the culture medium at concentrations up to 1 ppm. They
found that abscisic acid étopped growth of the stolons,
although their appearance was guite normal, and on being
returned to the basal medium, their growth was resumed.
Abscisic acid was found to have very little effect on
tuberisation at concentrations lower than 1 ppm, whereas an
inhibition of tuberisation was found at the highest
concentration (1 ppm). Smith and Rappaport (1969) have
confirmed these results, finding no effect of abscisic
acid on tuberisation in an experiment in which stolon tips
were treated with a solﬁtion of 1 mg/l abscisic acid, and
in another in which the compound was incorporated into the

culture medium of excised stolon tips grown in vitro,

These findings are also confirmed by those of Palmer and Smith
(1969 b) who, in addition to finding no promotion of tuberisation

with abscisic acid, found instead an inhibition in stolons
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cultured in vitro (see Section V (iii) ).

From the results of all these experiments, therefore, it seems
unlikely that abscisic acid has a direct promotive effect on

tuberisation at the stolon tipe.

Very little is knownabout how abscisic acid causes its

growth inhibitiﬁg effect on plants, although various
suggestions have been put forward. Wareing, Good and

Manuel (1968) have proposed that abscisic acid may act in

some cases as an inhibitor of gibberellin biosynthesis.

It has also been proposed (Thomas, Wareing and Robinson,

1965; Chrispeels and Varner, 1967) that the inhibitor may

act as a.specific gibberellin antagonist in vivo, although

in other tests, the two substances appear to act independently
(Robinson and Wareing, 1964; Milborrow, 1966). Abscisic acid
has also been shown to interact with hormones other than the
gibberellins (eg Aspinall et al, 1967; van Overbeek, Loeffler
and Mason, 1967). There is also evidence to suggest that
abscisic acid has some role in the control of nucleic acid and
protein synthesis, perhaps by an effect on RNA synthesis |
(villiers, 1968; Wareing et al, 1968) or DNA synthesis

(van Overbeek et al, 1967). If this were the case, it would
not be surprising to find interactions between abscisic acid
and growth promotive hormones; such interactions could occur
at many different points between the site of hormone action and

the ultimate effects.

The mode of action of abscisic acid as an inhibitor of gibberellin
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biosynthesis would be consisteﬁt with the result found in the
experiment in which abscisic acid was applied to the apex of
whole plants, in which treatment only promoted tuberisation
significantly in long days. It is possible that gibberellin
levels were generally too high in these plants to allow tuber-
isation to begin (see Section V (iv) ), and that this was able
to take place when the levels were reduced. In short days,
however, the level of gibberellins in the plants may be lowered
sufficiently by the effect of the environmental conditions alone
to allow tuberisation to commence, so that no effect of abscisic

acid would be detected.

If it is correct thalt abscisic acid exerts its effect by
inhibiting gibberellin synthesis, it might be expected that a
promotion of tuberisation would zlsc be obtained with abscisic
acid application directly to the stolon tips.(as was found with
CCC, Section V (iii) ), but this was not the case., TIt.is
possible, however, that this was not found because of an
inhibitory action of abscisic acid on cell division; evidence
for such an action is provided by the fact that in all the stolon
studies described above, abscisic acid caused cessation of stolon
elongation. This effect is the opposite of what was found with
gibberellic acid (marked proﬁotien of elongation), presumably
because of ils action on cell division in the sub-apical meristem.
The action of abscisic acid at the stolon tip, therefore, may be
twofold, operating on both gibberellin metabclism and on cell
division, At the lower concentration, the effect on gibberellin
metabolism may have been small enough to be easily overcome‘by

gibberellins arriving from the tops, and the effect on cell
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division may have been small enough not to completely prevent
tuberisation; the result of these two effects would be that

the progress of tuberisation would proceed fairly normally.

At the higher concentration, however, when the effect of
abscisic acid on gibberellin metabolism might be expected to
result in a promotion of tuberisation, it is possible that the
concomitant increased inhibitory effect on cell division
resulted in a marked inhibition of growth of the stolon or, in
stolons which would otherwise develop tubers, an inhibition of
tuber formation. That this may be the case is suprorted by the
high percentage of starch deposition in stolons without visible
signs of tuberisation at the high abscisic acid concentration in

the stolon feeding experiment (see Section V (iii), Fig 31).

It seems unlikely, in view of the results of the experiments
described above, no matter what possible effects it may have at
the stolon tip, that abscisic acid is directly involved in the
control of tuberisation in the normal plante This conclusion is
supported by the results of Smith and Rappaport (1969) on the
chromatographic behaviour of the inhibitor extracted by them from
tuberising stolons (see above).

Go Possible daylength control of the balance between
gibberellins and growth inhibitors

Although abscisic acid does not appear to be involved, however,
there is good evidence to suggest that an inhibitor of some kind
is involved in the control of tuberisation. The appearance of
this inhibitor is usually correlated with the onset of tuber-
isation or conditions which promote it (ie short days) and with

lowered levels of endogenous gibberellins (Ckazawa, 1960;

184



Booth, 1963%; Smith and Rappaport, 1969 and studies in Section V
(iv) ), and is therefore expected to act in a way opposite to

the gibberellins in the control of tuberisation.

Such a mutual control of tuberisation by gibberellins (acting
to inhibit or delay tuberisation) and a natural growth inhibitor
or inhibitors (acting to promote or hasten tuberisation) would
be consistent with the results of the topping experiment
(Section III) and the results obtained by Okazawa and Chapman
o# pruning of potéto plants with forked stemsy; if gibberellins
are considered to be produced in the stem apex and very young
leaves (Jones and Phillips, 1966) and endogenous growth
inhibitors in the young mature leaves (Wareing, 1954; Waxman,

1957)«

Such a control would also be consistent with the findings of
workers who have investigated bud dormancy in woody species;
such a parallel would be understandable, since the coutiol of
tuberisation may be thought of as another aspect of the control

of dormancy.

Interaction of gibberellins and abscisic acid has been found
in the control of dormancy in Betula buds (Eagles and
Wareing, 1964), and reciprocal changes in the levels of
endogenous inhibitors and gibberellins apparently

correlated with dormancy or release from dormancy, occur

in many woody species (eg Eagles and Wareing, 19543 Digby
and Wareing, 1966). %areing (1969) considers that the

evidence suggests that dormancy in buds is regulated by a

balance between endogenous gibberellins and growth
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inhibitors such as abscisic acid.

In this connection, it is also interesting that Perennec
(1966) has found that induction of tuberisation in potato
by short days is always accompanied after trénsfer to long
day conditions by an inhibition of the growth of buds on
the aerial parts, and that the strength of this inhibition
increases with the length of exposure to short day cyles,
becoming total and permanent when the irreversible
induction of tuberisation is attained. The inhibition
can be relieved by the removal, before transfer to long
dayss of all or some of the leaves which have ;eceived the
induction by short days. Perennec has aiso found that the
stimilating effect of gibberellic acid on stem elongation
diminishes as the inhibition exerted by the leaves on the
buds increases. He considers that these facts suggest
the presence, in the leaves subjected to short days, of a
factor inhibiting to buds, of which the action appears to
be antagonistic to that of the giﬁberellins, and that its
properties imply that it must form a part or the whole of

the tuberisation stimulus.

It has been proposed (Galston and Daviesy; 1969) that under natural
conditions, the balance of the lévels of these two types of
compound ﬁay result from a divergent phytochrome-~controlled
isoprenoid pathway, which produces predominantly gibberellic acid
in long photoperiods and predominantly abscisic acidy or some
other inhibiter or inhibitors, in short photoperiods, although
this is disputed by lMohr (1972). From the evidence presented

above, it seems likely that this type of control, brought about
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by the above, or some other similar type of mechanism, may be
involved in tuberisation in the potato. Long days, which are
less inductive of tuberisation, may cause the formation of high
levels of gibberelline and low levels of growth inhibitors
(which probably do not include aﬁscisic acia) and éhort days,
which are more inductive of tuberisation, may cause the forma-
tion of low levels of gibberellins and high levels of growth

inhibitors.

It would appear from Comparison 4 in the extraction studies
described in Section V (iv) that exogenously-applied gibbe?ellic
acid does not act by lowering the level of endogenous growth
inhibitors; plants treated with exogenous gibbérellic acid
have stolons which have very high levels of gibberellin-like
substances, and which may also have quite high levels of growth=

inhibitors (see Table 34),

It therefore seems most likely that the effect of daylength is

to alter the balance of gibberellins and endogenous growth
inhibitor(s), the effect being exerted separately on each type

of growth substance, and that it is the naturé of this balance

at the stolon tip which determines whether or not it will

tuberise. High gibberellin/growth inhibitor levels delay or prevent
tuberisation and low gibberellin/growth inhibitor levels promote it.
Any factér which lowers the value of this ratio will tend to

promote tuberisation.

The likelihood of the participation of growth inhibitors as well
as gibberellins in the control of tuberisation necessitates some

modification of the explanation proposed above for the relation
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between top height, tuberisation and daylength,

One possibility is that in normal long day conditions, enough
gibberellin is produced for the growth of the tops and also to
suppress tuberisation. The levels of growth inhibitors in

such plants are low, and this also leads to an inhibition of
tuberisation. In plants grown in short days, however, the
levels of growth inhibitors are higher, tending to promote
tuberisation. Enough gibberellin is again produced for top
gfowth but, since less total gibberellin is produced, less is
left to be sent to the stolons, so that the delaying influence
of gibberellins is less strongly felt. Under these conditions,
tuberisation will be promoted by short days (because cf the lower
gibberellin/érowth inhibitor ratioc) and delayed by long days.
Also, even though the same amount of gibberellin may be required
and used for top growth in short days or long days, tops of
plants grown in long days will tend, if anything, to be taller
than those gro&n in short days because of the higher growth

inhibitor levels in the latter.

Another possibility would be that the same amounts of gibberellin
are produced in both short days and long days, but that a greater
proportion of them is diverted to the stolons in long days. The
tops, however, could still make as great or greater growth in long
days as in short days because of the lower levels of growth
inhibitors in long days. This seems less likely to be the case,
however, in view of Ckazawa®s (1960) resul?s on the different
levels of gibbercllin»like substances in tops of plants grown
under short or long day conditions, in which he found lower levels

in short days.
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€eo The possible contribution of cytokinins

The remaining factor to be considered is the possible partici-

pation of the cytokinins in the control of tuberisation.

The results of the stolon feeding experiments using kinetin
(Section V (iii) ) showed no effect on the growth of the tops

or untreated stolons (Tables 30 and 3%1), and very little effect
on treated stolons (Figs 32-35)s. There was a slight inhibitory
effect on tuberisation of treated stolons with concentrations of
10"4 and 10°2M at the stolon tips, but this appeared to be
compensated for to a large extent by tuberisation at side buds,
especially in the first experiment, so that very little éffect on
total tﬁberisation was found. There was no effect of the lowest
concentration 1O~6M (experiment 1). There was certainly na
evidence for any premotive effect of kinetin on tuberisation in

the system used.

These results da not agree with those of Palmer and Smith
(Palmer and Smith 1969 a and b, 1970, Smith and Palmer, 1970),
who consider that they have demonstrated a requirement for cyto-
kinins in the tuberisation of isolated stolons gfown in vitro
(see Section V (i)l  Possible reasons for the difference
between the present reéults and those of Palmer and Smith are
given in Section V (iii), the m&st likely of which appears to
be that it is caused by the different systems used in the two
groups of experiments. It is considered that in the stolen
feeding system used in the present work, sufficient cytokinins
to allow normal tuber formation to occur are supplied from the
parent plant, to whicﬁ the stolons are still attached, in long

day as well as in short day conditions (since no promotion of
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tuberisation occurred even under long days). In excised stolon
tips, as used by Palmer and Smith, however, it is conéidered
that cytokinins must be supplied in the culture medium to allow
tuberisation to occur, perhaps because they are necessary to
establish a sink for metabolites, gr to allow normal cell
division, because there is no cytokinin supply from the parent

plant.

It might be expected that if cytokinins promoted tuberisation,
they would be found to act in a way opposite to the gibberellins
(which appear to delay or inhibit tuberisation) in other gystems
also. With a few exceptions, however (eg the studies on growth
of Wittwér and Dedolph, 1963), the effects of the two groups of
compounds have been found to be parallel (see Letham, 1967), eg
the work on flowering of Michniewicz and Kamienska (1964, 1965)
with cytokinin, and of Lang and Reinhard (1961) with gibberellic
acid. It is, however, possible that éihberellina and cytokinins

may act on different stages of the tuberisation process.

Palmer and Smith (1969 b) have ﬁroposed that '"in potato the
importance of aﬁscisic acid and other endogenous growth inhibitors
may be to inhibit the activity of gibberellins and arrest stolon
elongation, allowing the tuber in@ucing hormones, cytokinins, to
oxert their'effect." . It s ﬁossible to re-phrase this: "In
potato the balance of abscisic acid and other endogenous growth
inhibitors and gibberellins may determine the type of growth at
the stolon tip. When this ié arrested, tuberisation will take
place, provided that an adequate supply of factors for cell
division and enlargement (including cytokinins and photosynthate)

is available.'" On the basis of the present work, it is thought
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most likely that the latter alternative is the correct one,
although it is possible, but perhaps unlikely for the reasons
given in the account of the second stolon feeding experiment
with kinetin, that the lack of effect in the present studies
was due to difficulties in penetration or transport of the
applied cytokinins.

tiv) Suggested scheme of action for daylength and growth
substances

e ilow many erowth substances are involved?

As discussed in Section V (i), from the literature concerning
their effects in other systems, all three groups of growth
substances mentioned above (gibberellins,_growth inhibitors
and cytokinins) would appear to be capable of exerting a
control. on oné or more of the microscopically visible changes
which occur at the tuberising stélon tip, although the present
work suggests that only the first two groups are in fact
directly involved. It is possible that some or all of the
processes occurring in the tuberising tip may be controlled
separately by one or several hormones, or that the initiation
of one of the processes by one or more hormoneé automatically

leads to the sequence of events observed.

From what is known about the hormonal control of otﬁer vhysio-
logical processes in plants (see, for example, Galston and
Davies, 1969), it would seem more likely that more than one
growth substance is involved; work on dormancy in buds in
particular would suggest that tuberisation is likely to be
controlled by a balance of growth promoting and growth
inhibiting hormones, and the work described here appears to

confirm that this is probably the case, gibberellins being the
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growth promoting hormones involved and the growth inhibitor(s)
being inhibitor(s) other than abscisic acid. The idéntity of
the growth inhibitor involved is completely unknown, but it is
perhaps relevant that a new class of inhibitors, the batatasins,
have very receﬁtly been isolated from yam bulbils by Hashimoto;

Hasegawa and Kawarada (1972).

It appears likely from the work of Lang (1956, 1960) and Sachs
et al (1959, 1960) on sub-apical meristems that the balance of
these two types of growth substance may act to promote or
inhibit cell division in the sub-apical meristem of the stolon.
Cell elongation may also be controlled by this balance, although

there is less evidence on this point.

It also seems likely, for example from the work of Chrispeels
and Varner (1966, 1967) that this balance may also control the
level of starch synthesis in the stolon, the endogenous growth
inhibitor acting in the same sort of way with gibberellin as

abscisic acid has been observed tc do.

As mentioned above, it is possible that the control of tuber-
isation is carried out by such a'balance of gibberellins and
inhibitors alone, or that this balance merely stops extension
growth of the stolon, allowing some other stimulus, perhaps a
cytokiqin, to exert its effect; further work is need to

clarify this point.

It is envisaged that when thése changes are brought about at
the stolon tips by the combined actions of the growth
substances involved, the characteristics of the stolon tip

sinks also change, and this change then alters the pattern of
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translocation of various substances within the plant. This
changed pattern of translocation is, however, not involved in
the initiation of tuberisation,and comes about entirely as a

result of tuber initiation.

be Sugpested scheme of action

A suggestéd scheme to explain and summarise the effects on
tuberisation of the various factors investigated in the course
of the present‘work is presented in PFig 51; the action of the
various factors is interpreted in terﬁs of their propoéed effects
on the balance of gibberellins and naturally occurring growth
inhibitors both in the plant as a whole, and at the stolon tips
in particular.

(v) Summary

In the potato, S.tuberosum, tuberisation appears to be con-
trolled by a hormonal stimulus, and not merely by secondary
effects of differences in the growth of the tops caused by

different environmental conditions.

While carbohydrates and perhaps cytokinins are required for
tuberisation, among other compounds, it appears freom the results
of the present studies that neither of these classes of compound

is the true tuberising stimulus.

It seems more likely that the stimulus consists of a balance
between endogenous gibberellins and endogenous growth inhibitors
(although probably not absciﬁic acid), Tuberisation appears to
be brought about by environmental conditions or treatments which
cause a lowering of this ratio of gibherellins to endogenous

growth inhibitors at the stolon tips (examples being short
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FIGURE 51.

Suggested scheme of action for effects of daylength
and growth-active substances on tuberisation.

The action of the various factors is interpreted in
terms of their proposed effects on the balance of
gibberellins on naturally-occurring growth
inhibitors both in the plant as a whole, and at the
stolon tips in particular.

LD = long days; SD = short days
A = level raised; N = level lowered;
& = level unaffected

GAs = endogenous gibberellins;
Is = endogenous inhibitors.
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photoperiods, treatment of the tops with growth inhibitors such

as CCC or abscisic acid, and treatment of the stolon £ips them-
selves with CCC); it has also been proposed that the mother tuber
exerts an influence promotive of tuberisation, perhaps because it

adds to the supply of endogenous growth inhibitors.

The hypotﬁesis prorosed above is supported by studies, in the
present work and by other workers, in which various growth-active
substances have been applied to whole blanta, to individual stolon
tips still attached to the parent plant; or to isolated stolon
tips in vitro. It is also supported by the measurements which
have been made of the levels of endogenous gibberellin--like
substances and growth inhibitors in tops and stolon tips subjected
to different envircnmental conditions, or in different develop-
mental states with respect to tuberisation. Although the control
of tuberisation, by daylength in particular, appears to_be
mediated by a change in the level of Ehe endogenous gibberellin/
growth inhibitor ratio, the requirements found genersally for

. carbohydrates and by some workers for cytokinins are probably for
the enlargement of the tuber once it has been initiated, although

the role of the cytokinins is far from clear.



SECTION VIII APPENDIX

(i) Analysis to determine whether there was any effect of the
source of tuber material on the parameters measured at harvest

Figs 52-55 shows graphs in which various parameters (top dry weight,
stolon number, tuber number and tuber fresh weight) are plotted
against age of the plant. The purpose of these was to attempt to
determine-whether there was any effect of the source of the tuber
material on these parameters, and therefore if there was any
variation between experiments which was caused by the source of
material. Bach experiment, as mentioned in Section II, used
material from a single source, so that such variation, if it did
exist, was never involved within experiments, Attempts have
been made on the graphs to delimit areas containing all the

points obtaiﬂéd with one source of material (solid and broken
lines). It can be seen from'the.graphs of top dry weight and
stolon number (Figs 52 and 53).th3t some separation of points
based on source of material is possible for these paramefers,ie
the points obtained from material from one source tend to occur

in one area of the graph, suggesting that each batch of material
had its own characteristic growth rate, and its own characteristic
amount of stolon production. In the case of tuber number and
fresh weight, howéver (Figs 5% and 55), no such separation
appeared possible, thus indicating that the tuberisation response
of plants is largelyindependent of the source of the tuber material

from which they are grown.

This study, therefore, demonstrates that, while top and stolon
growth are to some extent affected by the source of the tuber

material, tuberisation is apparently largely independent of this.
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FIGURE 52,

Results of analysis to determine effect of source of
tuber material on parameters measured at harvest
(Section VIII (i) )« Graph of top dry weight
against age of plants from planting for plants, grown
from materizl from different sources.

1st F = first supply of material obtained
from Buchan Potato Growers Ltd,
Fraserburgh,

2nd F = second supply of material from
Fraserburgh.

ex G/H68 = material from plants grown in the

glass house at the Botany

Department, Edinburgh and harvested

in 19680

material similarly grown and

harvested in 1969.

EC 1 = first supply of material obtained
from the A.S.S. Station, Bast
‘Craigs, Edinburgh. -

EC2 = second supply from East Craigs.

ex G/H69

Points are means of several values; replication level
varies with experiment from which points were obtained.

(These abbreviations apply to Tables 52-55).
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FIGURE 53.

Results of analysis to determine effect of source of
tuber material on parameters measured at harvest
(Section VIII (i) ). Graph of stolon number against
age of plants from planting for plants grown from
material from different sources.

For abbreviations, see legend to Fig. 52.
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FIGURE 54,

Results of analysis to determine effect of source of
tuber material on parameters measured al harvest
(Section VIII (i) ). Graph of tuber number against
age of plants from planting for plants grown from
material from different sources.

For abbreviations, see legend to Fig. 52.
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FIGURE 55. Results of analysis to determine effect of source of
tuber material on parameters measured at harvest
(Section VIII (i) )s Graph of tuber fresh weight
against age of plants from planting for plants grown
from material from different sources.

For abbreviations, see legend to Fig. 52.
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The results of separate experiments, as far as tuberisation is
concerned, would thus not be exvected to show differences caused

by the source of material.

(ii) Nutrient solution

The make up of the nutrient solution used throughout the
experiments is given in Table 35 (below).
TABLE 35 Composition of Hoagland's No 1 solution (after

Hoagland and Arnon (193%8).

Major nutrients (g/1 of administered solution):-

KH,, PO, 0.1361
KKo, 0.5056
Ca(Noj)z- 1.805
11gS0,, i 0.4930
+ FeEDTA

Micronutrients (mg/l of administered solution:-

H., BO. 8.6
3Bo B 2
MnCLa.fi-HzO 18.1
CuS0,  5H,0 0.8
Hzr-iool},H?_o 0.9
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(iii) Key to abbreviations

The following is a key to the abbreviations used in ail the Tables

in which harvest data are presented.

Abbreviations used throusghout Tables of results for parameters

measured at harvest

Top ht.(cm)
Node no.

Top dwt.(g)
Root dwt.(g)
Stolon no.

Tuber no.

Tub. stolon no.
Tuber fwt.(g)
Non-tub. stolons

. With starch

No starch

% with starch

No. plants tub.

Height of tops (cm)

Number of nodes on stems of tops

Dry weight of tops (g)

Dry weight of roots (g)

Total number of stolons produced

Number of tubers (visibly swollen stolon
tips and side buds)

Number of‘stolons'bearing visible tuber(s)
Total fresh weight (g) of tubers

Stolons which have not visibly tuberised
Number of non-visibly tuberised stolons
which have starch deposits in their tissues.
Number of non-visibly tuberised stolons
which héve no signs of sta;ch deposition
(see Section Vi) in their tissues
Percentage of non-visibly tuberised stolons
which-hafe starch deposits

Numbef of plants tuberised, expressed as a
ratio of the total number of plants in the
treatment ie 2/3 = two plants tuberised out
of three, and as a percentage (bracketed

values)
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Replication = Level of replication of the treatment.
All values in the columns above are means
of this number of original values

(except for number of plants tuberised)

SD = Short days

LD (LILD): = Long days (low intensity long days)

SDC ) = Short day contréls

LDC ' ‘ = Long day controls

S.A. = Results of statistical analysis. Level

of significance of variance ratio from
the analysis of variance (p) and least
significant difference (LSD).are quoted.
Analyses did not usually include the
data for the long day controls; where
these data were included the appropriate
values of p and LSD are underlined in
the Table; ns = not significant.

Harvest dates are quoted as the number of days from tge beginning

of the differential daylength (experimental) period.
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SUMMARY

Tuber initiation in a late maincrop variety of cultivated potato (Solanum tuberosum L.)
was studieds The twe principal areas of investigation were firstly, whether the
response of tuberisation to daylenmgth is direct and truly photoperiodic or whether it
is mediated by the growth of the tops (haulms) and secondly, the hormonal nature of
the hypothetical tuberising stimulus proposed by several workers; studies were also
carried out on the histology of the stolon tip immediately prior to the appearance of
visible swelling.

Experiments in which plants grown in inductive short days were subjected to light
break treatment showed that such treatment causes partial inhibition of tuberisation
and that the effect of daylength is a genuinely photoperiodic one, The most likely
explanation of the effect of light break treatment was thought to be control of tubere
isation by a hormonal stimulus, the formation of which is regulated by photoperiod,
among other factors,

Studies on the nature of the proposed hormonal stimulus provided good evidence for the
involvement of endogenous gibberellins, as an influence acting to inhibit or delay -
tuberisation: tuberisation was partially inhibited by repeated applications of
gibberellic acid and promoted when the synthesis of endogenous gibberellins was
inhibited by CCC, when these compounds were applied either tc the plant as a whole or
directly to the site of tuberisation, the stolon tip. The level of endogenous
gibberellin-like substances in the stolon tip was found to be inversely correlated
with inductive daylength conditions and with the degree of advancement of the develop=
mental state of the stolon tip along the path towards tuberisation, the level of
gibberellin-like substances falling as the tip began to tuberise. This correlation
extended to the period immediately prior to the onset of visible swelling, in which
starch deposition takes place in the tissues of the tip; this deposition occurred

in a consistent sequence in the various tissues, It seemed unlikely from the results
of the present studies that absecisic acid forms part of the tuberising stimulus
(although endogenous growth inhibitor(s) appeared in the stolon tip at tuberisation),
although it may act indirectly through effects on overall growth, There was also no
evidence to support the suggestion that cytokinins promote tuberisation.

The present work provides support for the theory that the tuberising stimulus consists
of a balance between endogenous gibberellins and growth inhibitors (the identity of
the latter being unknown), Tuberisation appears to be promoted by environmental
conditions or treatments which cause a lowering of the ratio of endogenous gibberellins
to growth inhibitors at the stolon tips, although other factors may alsc be involved,
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