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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 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 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 wac inhibited 

by CCC, when these comnounds 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 tissues. 	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 tuberisatjon), 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 also be involved. 
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SECTICr I. 	c?I.RAL IJOUTICP 

The purpose of the present invest iations was to make some 

contribution to our knovjledpe of the mechanism of tuber initiation 

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

with the effect of daylen:th on tuberisation, and the line of 

investigation followed led into studies on the contribution of 

various rovjth substances in the process; these studies made up 

the major part of the work. 

(1) Review of the relevant literature 

A substantial body of literature exists on the induction of tuber-

isation in the potato, but before briefly rev±eviin 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 sproutin' of a bud on a tuber 

emer3'in2 from dormancy. 	fhen the plant reaches a certain stage of 

development, stem structures called stolons are produced from 

around the bases of the aerial. stems. 	The otolons, which develop 

in acrooetal succession from the base.of the plant, are axillary 

shoots with a hook-lika tip, s!iowiflp ne2libsble leaf expansion 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. 

iaatolo;icaJ. examination (ArtsckwaGer, 192k; flaisted, 1957; 

Booth, 1953)  has revealedreadily-observable differences between 

the tip of a stolon shosin extension ;roath and the tip of a 

stolen hick is bepii:riin; to form a tuber, 
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The first macroscopic visible sign of tuber initiation is an 

increase in the diameter of the stolon in the region just behind 

the tip (ia. 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 cub-apical moristern, and their volume 

increases. 	This initial change is followed 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 radially (Artschwager, 1924). 	Flaisted (1957) states 

that the growth of the tuber, at least to a size of about 200g. 

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 phloem. 

The perirnedullary 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 original length/diameter ratio. 	Later, while growth in 

width continues 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. 

Ibst of the work on tuberisation in the potato has been concerned 

with the second of these questions; the responses of the plant 

to differing environmental conditions have been studied in great 

detail. 

As pointed out by Gregory (196), the development of the potato 

tuber may be divided into three phases. 	At first, changes take 

piece in the stolon tip which result in tuber initiation. Follow-

ing this, the tuber passes into the stage of tuber enlargement, 

which is simply a form of growth, and is characterised by extensive 

meristemc&tic activity and accumulation 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 itself by the 

sprouting of the "eyes" (each consisting of one second order and 

two third order buds, except in the case of the terminal bud) to 

produce shoots. 

hach of these stages in the growth of the tuber have different 

optimum conditions, and these conditions also vary with the species 

and variet -  of potato. 	For instance, natural short day conditions 

bring about earlier tuber initiation 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, leading to a 

C  reater number of tubers. 	lso, under field conditions, where day- 
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length effects cannot be separated from those due to total light 

received by the plant, long days provide a better supply 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 ;Ierner, 1940; 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 stolen 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), induction 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; VSchting, 1887;  Bates, 191+3; Penisen, 1953; 

Gregory, 1956;  secondary tuber formation, Krijthe, 1955;  Lippert, 

Rappaport and Timm, 1958; premature tuber formation, Schacht, 1856; 

Wellens±ek, 1923,  192+, 1929;  Harvey, Reichenberg, Lehner and Hamm, 

1941+; Krijthe, 191+8;  van Schreven, 1949). 

Gregory (1955) 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, 1951+),  once the tuber is .initiated a point is 
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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 (Sister, .1963)  that he time from emergence 

of the potato 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 intcract strongly, but some 

separation of their effects is possible. 

There is a large literature on the effects of dayiength on tuber-

isation in potato (eg Garner and Allard, 1923;  McClelland, 1928; 

Doroschenko, Ir2echenko and Nesterov, 1930;  Schick, 1931; .lerner, 

1940; Driver and Hawkes, 1943; Pohjakallio, 1953;  'Iassink and 

Stolwijk, 1953;  Kopetz and Steinecic, 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 delayed by long 

days (including natural summer days). 	Fxcept in some wild South 

American species, which have an obligate requirement for short days 

in order to tuberise, (eg  S. demisaura, S._acaule, S. bukasovii) 

short days are not essential for tubersation, although they cause 

earlier tuber fornation as they have been found to do in most 

species of plants which produce tubers (see Gregory, 1965):  the 

effect is quantitative, not qualitative. 

The extent of the daylength dependence effect varies considerably 
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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 daylength 

(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 stimulated 

and top growth is inhibited (Kopetz and Steineck, 195k; 

Bocllaender, 1953). 	Bodlaender (13) 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, buL within rhich 

gradual differences occur. 

In short days, stem donation 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/stern weight ratio ishigher under short than under 

long days (Bodlaender1 1953).  Top weight is higher under long days 

irresnective of day or night temperature (Gregcr, 195k). In the 

early stages of development, tuber weight is higher in short days than 

in long days, altnoug, as mentioned above, plants grown an 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 7'eaver, 1c-I391;  ,Jerner, 1934; Stelzner and Torka, 1940; 

Davis, 1941; Driver and Hawkes, 1943; Gregory, 1954; 	lent,  1959; 

Borah and I'lilthorpe, 1959, 1962; van Hiele, 1955; Bodlaender, 

1960). 	Tuber formation starts earlier at low than at high 

temperatures (Bodlaender, 1963); a high night temperature (260C) 

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 17°C; above and below this tempera-

ture, tuberisation is partially inhibited, and tubers are very 

rarely, if ever, formed above 30°C (Gregory, 1965). 	The number of 

tubers per plant is larger at low than at higher temperatures 

(Borah and Nilthorpe, 1959,  1962; Bodlaender, 1960; Gregory, 

1951+) and bigger tubers are generally formed at higher than at lower 

night temperatures (Bodlaender, 1950). 	High temperatures are 

favourable for stem growth (eg Gregory, 1954,  found that stem 

elongation increased with rising night temperature, with a 

maximum 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 temreratures. 

Night temrcrature awpears to exert a greaten effect on growth and 
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tuberisation than does day temperature (eg Gregory, 1954). 	The 

influence of temperature, like that of daylength, is found to exhibit 

inter-specific and inter-varietal differences. 

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

inductive and non-inductive environments, Gregory (1054)  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 maximum at 23°C, 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 107 night temperatures, rate of 

elongation was significantly faster under long days. 

Gregory found that in short days, there is a wide range of day and 

night temreratures where a relatively uniform number of tubers are 

produced, but that high night temperatures (about 260C) depress 

tuber formation under both high and low day temperatures. 	In long 

days, the temperature range for tuber formation was found to be 

greatly restricted by a requirement for low temperatures at night, 

that is as ni:ht teuaerature 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. 
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Similar results have also been obtained by Bodlaender (1950) with 

the variety of S. tuherosum Gineke. 

Total daily radiation, as distinct from photoperiod, also affects 

growth and tuberisation of the potato plant. 	Pohjakallic, (1951) 

found that a decrease in light intensity from 67 to 37  per cent of 

full daylight resulted in a decrease in the dry weight of the whole 

Plant (381 ), in an increase in that of the shoots (57) and a sharp 

decrease in tuber weight (8o). 	Similar results have been found 

by Bodlaender (1963), who has also shown that stem elongation was 

much more pronounced at low than at higher light intensities in 

the range 2,000 to 16,000 lx and that leaf weight was highest at 

high light 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 glater (1963)1 

which is described more fully in Section IV. 	Slater found that 

there was no difference in the dry weight accumulation between long 

and short days with any one amount of daily radiation; ho 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 toCal daily radiation are separate, 

and that the effect of daylength on tuborisation is a true photo-

periodic one, and not a result of the lroduction of different amounts 
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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 (Nokronosov 

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 Nilthorpe (1959)  have also found that tuber 

initiation occurred sooner with increase in the mean daily 

radiation over the rang 	 2 e 70-370 cal./cm. /day. 

Bodlaender (193)  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 temperatures 

may be counteracted to some extent by short days, leading to 

shorter stems, larger leaves and earlier tuber formation. 	7ith 

very low light intensities and long days, sterns become very 

elongated and very few tubers are produced. 	Temperature, light 

intensity, and sometimes also daylength, show optimum curves for 

the various growth components. 

It therefore aupears from the literature that low temperature, high 

light intensity and short days accelerate the development of potato 

plants - stem elonatior terminates early, tuber initiation begins 

early and the plants die early. 	The plants have small stems arid 

large leaves and tuber gro.tii is stimulated. 	On the other hand, 
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high temperature, low light intensities and long days promote stem 

elongation but inhibit leaf expansion and delay tuber formation. 

There is therefore a great deal of information concerning the effect 

of environmental conditions on tuberisation. 	Much 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-and--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. 

Nellensiek (1924a-end----b, 1929) has also proposed this explanation 

for tuber formation on sprouts of old tubers; he considered that 

an increase in the concentration of metabolites arose from the loss 

of water by the tubers during storage, and especially following 

de-sprouting. Cortwijn-l3otjes (1927), however, was able to obtain 

tuberisation of the last-formed sprouts of successively dc-sprouted 

tubers stored in darkness and constantly supplied with water, thus 

throwing dcubt on ellensieks explanation. 	V8chting (1307, 1900) 

and Nolliard (1915, 1920) also proposed that the formation of tubers 

was caused primarily by the concentration of nataholites such as 

sug:ar. 
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A great deal of work appears to confirm the idea that tuberisation 

is associated with 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;  Werner, 1934;  Driver and Hawkes, 1943; 

Borah and rilthorpe, 1959,  1962; Nilthorpe, 1962; Headford, 1962; 

Bodlaender, 1963)  and with cultured pieces of plants (Bernard, 1902;. 

Magrou, 1938, 1939; Gregory, 1956; Ies and lNenge, 195+;  Okazawa, 

1955; Borah, 1959) although Chapman (1958), using cultured node-

pieces, found that varying the nitrogen level of the medium 

exhibited no effect on the rate of tuberisation. 

There have been various speculations on the effect of resairation 

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 temperatures1  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 26-29°C was due to the 

much greater increase in respiration rate than in photosynthetic 

rate with increase in temperature and therefore to a small 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 
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out that in the potato, maximum vegetative growth occurs at 25°C 

and that losses from 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 7inkler (1961), it would seem that the leaves of a turgid 

potato plant might produce a net surplus of carbohydrate up to a 

temperature of nearly 340C, and certainly at 290C, the temperature 

at which Bushnell found no tuber formation. 

The key to the question appeared to be that top growth is 

potentially faster the higher the temperature, over the range 

considered, and tends to consist disproportionately of stem growth. 

Therefore, although there may be a net exportable 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, 	lIe 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 at low temperature than at high temperature, he 

suggested that temperature might exert its effect by differentially 

influencing different organs and the partitioning of nutrients. 

vjeiT'ht of tubers 
Gregory (195+)  used the ratio 	 to comDare the 

weignt of tops 

conditions for optimal weight of tops with those for optimal tuber 

weight; those ratios are also a meawure of the efficiency of the 

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

viol ht of tubers 
lie found that the ratio of 	 --- fell as the night 

ileii1G Of top 

temperature was raised with both short and long days and with both 

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



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, 
195'). 

Night 
temp 
(°c) 

SD, 
da 

temp.( C) 

LD, 
da 

temp.( 	C) 

17 30 17 30 

10 6.87 3.15 Q54 0 

17 2.22 1.16 0.03 0 

23 0.29 0.05 0 0 

26 0 0 0 0 

SD = 8 hour photoperiod 
LD = 16 hour photoperiod 



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 tuberjsatjon. 	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 of 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 ialthorpe (1962) did this and 

showed that the growth of the whole plant before tuber initiation 

° was maximum at 25C and that the difference between photosynthesis 

and respiration per unit weight of tissue was greatest al this 

temperature. 	In the face of this result, Bushnell's suggestion 

that there is little carbohydrate renisining for growth at high 

temperatures does not hole, at least up to 250C. 	Borah and 

ilthorpe showed tht there is more assimilate available at 250C 

than at lower temperatures, but that a greater proportion of this 

was used in stem, root anc. stolon growtc at this temperature. They 

concluded thwt this, together with the faster growth rate of all 

tissues, iniglieci a lower concentration of translocated carbohydrate 

at the stolon tips of the plants grown at high terToe rat urca, and 

sueestcd that tuber initiation was associated with thoo conditions 

which lead to a hiher concentration of soluble sugars in the atolon 

tip; this condition could also be cxrccted under conditions of bigh 
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rather than low radiation. 	The results they obtained cuigest 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 ilthorpe, in contrast to many other 

workers, dismissed the influence of photoperiodic effect 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 daylongth as do maincrop and especially late 

maincrop varieties.) 

Burt (1961, 1964a) measured the changes in the concentration of 

soluble sugars at the stolon tips in an experiment in which groups 

of plants grown at 25°C were transferred for one week to 

temperatures of either 3°C or 90C. 	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 Nilthorpe (1962), considers 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 (1957), however, found that delay in tuber 

initiation brought about by gibbereilic acid application was not 

associzted 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 total sugar content than 

those of the untreated plants. 	They did find, nevertheless, that 

starch synthesis in the stolons was closely correlated with the 

onset of tuber forr:atiori, and that "gibberellic acid treatment 
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delayed tuber formation and hence delayed the onset of starch 

deposition". 	In translocation experiments in which 
1400 

 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 and tubers, the predominant site of 

accumulation in untreated plants, and switched translocation to 

the upper shoot and shoot apex. Although these results may appear 

to be consistent with the carbohydrate theory of tuber initiation, 

Lovel]. and Booth do not interpret them in this way (see below). 

Many other workers (eg Vchting, 1900; !erner, 1934;  Driver and 

Hawkes, 1943) have also attributed tuberisation to an accumulation 

of nutrients above the level needed for respiration 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 varying activits does not, however, 

account for all the facts. 	Tuberisation is not necessarily 

confined to the underground parts of he plant. 	Under certain 

conditions (if the plant is damaged or is grafted on to a stock of 

another $olanum species so that normal tuberisation cannot take 

place), tubers 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 elongate to form, instead of a leafy branch, a 

stolon and subsequently a tuber. 

The other group of theories of tuberication propose the involvement 



FIGURE 1. 	Abnormal tuber formation at nodes on aerial parts of 
plants consisting of potato scion grafted on to 
tomato stock. 

(1) diagram of whole plant No. 1 
(ii) detail showing tuber in leaf axil 
(i) diagram of whole plant No. 2 

(ii) detail showing tuber at node. 





of a specific hormone-like, transmissible factor for tuberication 

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 stimulus 

(eg Doposcheg-UhlS'r, 1911; Zimmerman and Hitchcock, 1936; Dostl, 

194). 	The principal recent exponents of the hormonal theory of 

tuberisation in the potato are Gregory (1956), Chapman (1958) and 

dec (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 from 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 conditions. 	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 tuhrformiig; 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. 

Also, 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 quantitative 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 stern-pieces without leaves, 

grown in sterile culture. 	Ile first demonstrated that sugar was 

necess 	for the production of tubers using one-node pieces taken 

from induced plants and groan on agar with different sucrose 

concentrations. 	No tubers were formed on pieces grown on agar 

alone, but tubers were formed on the pieces in all the sucrose 

treatments after about k days, the size of tubers formed being in 

proportion to the amount of sucrose supplied, 	Ile then showed that 

sugar alone was not sufficiant to bring about tuber initiation; 

for this, he used node-pieces from non-induced plants. Vegetative 

shoots were formed after about Lf  days in the cultures given 

suitable sucrose concentrations, but tubers were only formed after 

a very lon time (about 2 days), contrasting with the resaonse 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 cuttings planted 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 

pieces 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 end, of the tuber, but notresponsible for 

the actual tuber induction. 	Similar results have also been 

obtained by Okazawa (19)  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 axillery buds may 

be in an induced state, but that tuber initials do not normally 

develop into visible tubers because all the available photosynthate 

is transloceted to the actively-growing tubers beneath the ground: 

that this rmy be the case is suggested by the observation of aerial 

tubers in field-grown wotato plants affected by diseases interfering 

with the movement of food to underground p3rts. 

Gregory (19f)  has poinbeci out that one of the noat isgorbant pieces 

of evidence for a flowering horuone is derived fros grafting 

experiments in which an incuceQ plant cmn cause the formetion of 

flowers when grafted on to a non-induced plant, even when both 

plants mae then l'cat under non-inducing conditions. (see eg 
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heevaart and Lang, 193; Salisbury, 193). 	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 tills result; the control stocks 

formed no tubers, but instead developed shoots from their leaf 

axils. This result appears to indicate that a tuberising hormone, 

similar to the flowering hormone, is produced in potato tops when 

grown under suitable environmental conditions. 	Chapman (1958) has 

found similar results with grafted cuttings. 	In addition, he 

found that when scions groan 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 come 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 subjected to different daylength 

treatments to attempt to locate the site of production of the 

stiraulus. 	He found evidence suggesting that the stimulus is 

formed in the apical part of the shoot (results of differential 

daylength treatment given to the tcrmincl part alone were the same 

as when given to the whole plant) and that there is very little 

lateral movement of the stimulus on its say down the stem 

(differential dcylength treatment of plants with two etems 

resulted in unilateral tuber formation on the half of the stolon 

system b(-,,lo,-,,  the stem given short day treatment), 	lie also found 

tint plants .'h±cii had had the brawl leaver removed tuberisod first. 
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Okazawa and Chapman (1962) have sho:in that the stimulus still 

travels from the growing point to the stern base even if the growing 

points are trained downwards so that they are below the level of 

the base. 

Macicc and Perennec (1959) found that tomato scions were incapable, 

when graft?d on to rotato 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 and Chapman 

also found, however, that the tuberiring stimulus from a double-

grafted potato scion could only pass through the tomato interstock 

if this did not boar young' leaves; when the interstock bore young 

leaves, tuberisation of the wotato stock was irhibited whether or 

not there was a supply of tuber-forming stimulus from the potato 

top scion. 	They also found that tomato and eggplant scions with 

youiw leaves were capable of inhibitin:, tuberisation in potato 

stocks. 	It therefore seems that it do impossible to induce 

tuberisation in rotato by using scion tissues which are not of 

potato, suggesting that the stimulus which bring's about tuber-

isation is specific to potato, but that something is produced in 

the young loaves of other Zolanaceous plants which can inhibit 

tubenisatiori in potato. 

Another type of experiment which has been carried, out i'ollo-sing 

up the analoy of the fJoaering hormone is one by hdec (11) 

in which 0.2-0.35 of raw, filtered sap, extracted with a press from 

induced plants of the variety 2intje, 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 (1950) to investigate the flowering hormone 

in Chrysanthemum and idbec1:ia. 	adec found that tubers were 

produced much coon--r 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-atsale, 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 plants metabolism. 	Simmonds (personal 

communication) was unable to stimulate tubcrisation by this method. 

Edelman (1953) has pointed out that the results of dec'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. 	Nadec (1963) doubts 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 :oJ.nt, but 

the volumes used were so small that this seems unlikely. 

Two other types of experiment also lend supnort to the theory of a 

hormonal tuberising' stimulus. 	The first of these are the 

experiments of Nokrorosov and Lundina (1959) and Sister (1953) 

(mentioned earlier in the context of the effects of dayieirth and 

light intensity and discussed in sore detail in Section IV), in 

whack a li;ht break treatsont given to plants grown an snort days 

22. 



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 PSsberger and 

Humphries (19.5) have demonstrated that the removal of developing 

tubers depressed the net assimilation rate (BA)  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 explain on the theory that tuberisation is the result of the 

build-up of high levels of carbohydrates at the stolen 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 presumably continue even if th tubers 

were removed. 

Lovell and Booth (1967)  have also interpreted the results of their 

studies on the basis of hormonal control 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 

treatment had little obvious morphological effect on the shoot 

apical regionduring 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 regions 	The increased metabolic activity of shoot 

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

They consider, however, that it is unlikely, since the new more-

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 switching-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 controlled by some other 

factor is also supported by the results 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. 	Des-Ate 

this, feeding of sugars (glucose, sucrose) or of rirogenous 

substances (tyrosine, asparagine, glutawic acid) were both found 

to retard tubsnisation of the sprouts. 	Hone of the substances fed 

greatly affecte,t the dates of tuborisotion of the sprouts of tubers 

whtch had been stored at either lo-.r. or high tesacratures, but the 
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times of tuberisation of sprouts on mother tubers stored at the 

different tesperatures 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 suggest 

that tuber initiation is brought about by a tuber-forming stirrrulus, 

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 (ea; Borah and iilthorpe, 1959; Nilthorpe, 

1962; Jleadford, 1962; Burton, 1966) have remained unconvinced of 

the existence  of a specific tuber forming stimulus. 

Burton (1916), for instance, considers that the available evidence, 

with the possible exception of that of 1"-dcc (1961) is not in-

consistent with tuber initiation as a result of the translocation 

of excess carbohydrate to the stolons and has suggested (Burton, 

1965) that tuber formation fcllo'.;s the cessation of axial growth 

in the stolon as a result of accumulation of a substance or substances 

produced during the operation of the respiratory cycles, its 

concentration being related to the rate of resairation and. therefore 

to the supaly of carbohydrate substrate to the stolen tip, 	lie 

considers that this suggestion may be reconciled to the results of 

Gregory, Charman and ihdec if it is postulated that the substances 

are produced both in the foliage one: in the stolon in the course of 

respiration. 	Their accusulataon in th@ stolen may be a result of 
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both their translocatjon as such from the foliage or their 

excessive production at the stolon tip, following the accumulation 

in it of carbohydrate tranelocated 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 (i9E), 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 res'irstory 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 Gregor,r and Chanman with 

grafted potato plants in which tubers were found on non-induced 

stocks after the grafting on to them of induced scions, may be 

explained by the possible presence in induced scions of large 

amounts of carbohydrate available 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 tomato scions 

(!hdec, 196) grown in suitable environmental conditions, unless 

the balance of different types of carbohydrate produced in tomato 

foliage was in come way unsuitable. 	hven more difficult to e:calein 

on the basis of carboh:;drate levels, is the observation of 

Okazawa and Chanman (1) that e tomato interatock with young. 

leaves did not allow the induction of tubers by an induced potato 

scion double-grafted on to it, unless the available csrhohpfrate 

was used for 5.co;itn by the young leaves on the interatock. 
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There remains one other factor to be considered. 	ladec and Perennec 

(1962) have pointed out that the photoperiodic, or other environ-

mentally controlled, induction of tubcrisation may be modified and 

supplemented by the inducing effect of the mother tuber. 	It is 

quite possible for young tubers to be produced in the complete 

absence of foliage (eg Gregory, 1956) or before emergence of the 

foliage above the ground (see Gregory, 1965). 	Also, Madec and 

Perennec (1959), in their grafting experiments of tomato on potato, 

n 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 

cuttings separuted very early from the mother tuber and propagated 

had not tuberised by the time grafted cuttings separated much 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 tuborisation are additive. This 

suggests, they propose, that the tuberisation factor synthesised 

by the foliage is the same as that produced during incubation" of 

the mother tuber. 

Madec (1963) thinks that it is possible to combine the two main 

groups of theories which have been formulated to explain tuberi-

sation of the potato, and that these ore in fact complementary 

and not incompatible. He has pointed out what should perhaps by 

now be obvious: that, "after the preliminary 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 factors 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 effect; he further proposes 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 the 

stolons from both the tops, when grown in suitable inductive 

conditions (of which photoperiod and temperature seem to be the 

most important), and/or from the mother (seed) tuber. The 

influence from the latter appears to be always promotive of 

tuberisation. 	The nature of the stimulus, and the methods of 

its production in the plant and its action in irtiating tubers 

are, however, very incompletely understood. 

(ii) flan of the work 

From the foregoing review of the literature it may be seen that 

there are, among others, two principal areas where ou knowledge 

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 nature of the 

hypothetical tuberising stirailus 

After some prelirninery 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 tuberiantion 

was investigated in the experiments described in Section IV; 

Section V comprises experiments concerning the hormonal nature of 

the stiirulus.' 

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 (1) 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 linos 

of investigation followed in this part of the work. 	It was also 

felt 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 

relevant only 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 much 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 vith respect to 

the descriptions of the experiments. 

Throughout the thesis, the details of the results 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 vhich 

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). 
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SECTION II. 	MATERIAL AND GENERAL IiTI-JODS 

(1) Material 

Reciuirements 

So as  to be certain of obtaining material at all times, it was 

considered advisable to use a fairly common variety of cultivated 

potato (Solarium 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 entirely 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 viell-spaced eyes was also required, so that the maximum 

number of tuber pieces of uniform size containing one eye could he 

obtained from each tuber, in view of the growing technique established 

in Section III (see below). 

Variety selected 

The commercial variety which best seemed to fulfil these require-

ments was hIUp_to.Date? (UTD). 

Initial experiments were carried out usin5 Golden onder 

which is also a late maincrop variety, but difficulty was 

experienced in obtainin, it virus-free so thal it was not used 

in later experiments some other varieties were also used 

31. 



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. 

C. 	SuDDliers and storare 

Some material was kindly supplied by the Agricultural Scientific 

Services Official Seed Testing Station 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. 

Each experiment used material from a single 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 (ti°C). 	Some rotting was 

found under these conditions and the sprouting eyes tended to turn 

black, presumably due to frosting. 	A small wooden potato store 

was therefore constructed out of doors, with a heater and thermo-

stat arranged so that the temperature never fell below 5°C. The 

tubers were ].aid 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. 

a. 	Lighting conditions 

Lifrht  

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 (Fl). 

light, supplemented by tunasten (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 Li)). 

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 

	

1. 	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 (LI Li)). 	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 Hofntra, Pyle 

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 non-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 required 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 Lif-:-,ht  used 

The fluorescent lights used were Mazda 5 ft  65/80 W T 12 "Warm 
White" tubes, and the tungsten lights were tfO Vi 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/m2  in the wavelength range 1+00.700 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 LD = 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. 	Emission spectra of fluorescent and fluorescent plus 
tungsten light sources. 

T 	= tungsten light alone 
F1 + T = fluorescent and tungsten light together 
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lights alone at this level was about 6.1 W/rn2  in the range 400-

700 nra. 

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 0 	
C) C .-1 	during the day and 170 ,+ C 	-1

0 
 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 20 0  C , -1O 

 Cj.' and the 

temperature during the rest of the 24 hour cycle (tungsten 

. 
extension of day and the night) was 17 0  C (.

+
. i

O 
 C) so as to be 

comparable with the short day regime. 	In a few experiments, 

higher temperatures (30 0 
C day-27 

0 
 C night, both 110C) C) were used. 

C. 	idit 

The relative humidity of the growth rooms was automatically 

controlled at a minimum value of approximately 65%. A check 

was carried 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 20°C-17°C, the results of this check were found to be 

entirely satisfactory, with relative water content values 

	

greater than 	Some slight water strain was found in plants 
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grown at 30°C-27°C, 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 I 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, I 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 these 

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 

Vaispar 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 k). 	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 stolons 

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 stolori 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 



FIGURE +. 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 basin, perforated to allow the plant 

roots 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. 

e. Harvestin procedure 

A harvesting procedure was developed in which the following measure-

ments were made:- top height, node number (counting the apical 

cluster of very small leaves as one), dry weight of tops, and 

occasionally of roots, stolon number, tuber number, number of 

tuberising stolons and sometimes tuber fresh weight. 

(N B Harvest dates are referred to throughout the work by the 

nurifoer of days after the start of the experimental period (ie 

the period during which differential daylength treatment was 

given). 	Plants at a 14 day harvest are therefore 49 days old, 

having been grown up for 35 days and then giv en 11+  days of 

differential daylength treatment during the experimental period.) 

,,hen it was realised that starch deposition in stcions 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 

prirnordia) was also recorded throughout the work, but this is 

not included in the tables of results as the data showed no 

apparently manin:ful trends, flower initiation occurring 
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irrespective of environmental conditions. 

(iii) Methods used in the li:ht break exnerirnents (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 11+ days after 

the begiiming 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 cycles incorporating 

light breaks to low intensity long days for the remainder  of the 

experimental period. 	Details are given in Table 5 (Section Iv). 

rjt breaktreatments (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 .7alker Ltd, Morthfield Broadway, Edinburgh; 

transmission curves are given in Figs 6 and 7. 

Administ!'tJ.cn of liht_ break _treatment 

During the period when light break treatment was given the plants 

(in small pots, as described in Section IT. (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 i'ig 8). 	For the coloured light breaks, 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 li:ht 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 were placed over cans 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. 	7ith automatically-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 

period. 	In experiments 1  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 photographic bromide paper together with a 

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 (Lint ronic/Agromet 

i III) in experiments 4 and 5. 

1hen manually-operated light breaks were given,great care was 

taken to allow no stray liht to enter the growth room containing 

the plants during their night period. 	The room containing the 

growth chmrbers 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" (1,rray,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). 	In 

experiments with manually-operated light breaks in which the 

plants' 'night" 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 PRI!aNAnY EXPERII,ZIUS 

U) 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. It 

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

Before undertakin: 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 afterY1'2months. 

(ii) Comparison of top growth and tuberisation of plants grown 
at hih and lovi toi:a:eraturcs under trovith 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 .!onder 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 plants were grown from whole tubers planted in large metal 

cans about 30 Cr:: square by about 60 cm high provided with broken 

crocks covering drainage holes in the bottom and thrce-.quarters 
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filled with John Innes Compost No 2. 	atering 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 parameters were generally 

greater at low temperature (except shoot number, which was 

dependent on the number of eyes sprouted). 	Leaves were larger, 

flatter and lighter green at low temperature (see Figs 9 b and 

10 b); also, sterns 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 method of growing plants was unsuitable 

for future work, which would require larger numbers of plants. 

Very few cans could be accommodated on the growing tables. 	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 

differin; 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 end rirn-' nrA i'nrn 1 n rf 

To try to obtain smaller and more uniform plants, a trial was 

conducted using small and medium-sized pjees of tuber (Golden 

;onier). 	The small pieces consisted of cylinders 1 cm high and. 

2,5 cm in diameter, extracted from the mother tuber ;ith a con: 



TABLE 2. 	Results of first preliminary experiment (Section III (ii) )• Differences in top, stolon and tuber 
growth in SD at high (HT) and low (LT) temperatures in plants grown in cans from whole tubers. 

Harvest date 38 DAYS 45 DAYS 53 DAYS 59 DAYS 64 DAYS 

Ternorature LT HT LT HT LT HT LT ET LT HT 

No, of shoots 21 13 12 7 10  
1 

12 10 6 5 

Top fwt. 	(g) 254.2 111+.1 153.9  110.3  1 172.7 145.3 174.5 57.5 170.4 85.3 

Top dwt. 	(g) - I 	- - - 9.4 8.6 9.2 3.7 9.7 5.0 

Leaf area (cm2) - - - - J 27961 2567 323O 1114 3203 1383 

No, non-tub. 
stolons 55 23 23 15 37 24 29 18 16 25 

Tub. Stolon 
No. 

I 

11 9 8 5 9 6 10 4 17 11 

Tuber fwt.(g) 20.3 0.3 39.2 14.3 1+9.1 30.7 76.417.2 109.5 43.6 

Replication 2 2 2 2 2 2 2 	
j 

2 2 2 

Harvest date is given in this experiment as days from planting. Sprouting occurred approximately 9 days 
after planting. 

LT = 20°C day/17°C night; HT = 30°C day/27°C night 

For other abbreviations, see Section VIII. 



FIGURE 9. 	Results of first preliminary experiment (Section III (ii) ). 
Appearance at harvest, 64 days after planting (55 days 

after sprouting) of plant grown at low temperatures  
Appearance at harvest, 59 days after planting (+8 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. 
Appearance at harvest, 59 days after planting (+9 

days after sprouting) of third and fourth leaves of plant 
Crown 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 ii). 

18 pieces of each size were sprouted and grown throughout the 

experiment (5 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) d, 	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 much more uniform plants 

than had been obtained from whole tubers grown in cans (see Fig 

12). 	The size of tuber piece used had very little effect on 

the growth of the young plants; this being the case, it was 

decided to use the smaller pieces for future experiments, since 

they were less wasteful of material and quicker to prepare. 

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

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

in either ion day regime, confirming the inductive nature of the 

shorb day conditions and the non-inductive nature of both types 

of long day conditions. 	Low intensity long days produced taller 

plants with thinner, more flexible stems than did short days or 

high intensity lone; 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 3 
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. 
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Gregory (196) and Chapman (198) 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 exseriment. 	It was decided to use an 

initial growing period of non-inductive long days before commenc- 

ing differential daylength 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 thought 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 liht break experiments (Section Iv) and the projected 

growth substance application experiments (Section V (ii) ) 	in 

the former, plants would be placed inside cans with filters on 

top, and in the latter, drops of liquid vioulcl be applied 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 initial growing period of high intensity long oays, 

followed by differential daylength treatment consisting of a vary-

ing number of short day cycles, was used In the nent experiment. 

(iv) Investi:atioris Into the minintim number of short day cycles 
re cuIref ior ara chc effect of chaain-   the numoer of esort mby 
cycles aivonuron tuberiastion 

Ravin-; developed a suitable growing method, it was next necessary 

to eatsbljh a basic time schedule for tuborisation exreriments, 

based on a knoulccb-o of the;maimum number of short clay cycles 

reauiref to induce tube risation and of the effect on tuberisation 

of increosin' the number of such cycles shove the necessary 
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minimum. 	The object of these investigations was to determine the 

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 Thnder 

and the other Up-to-Date and the Icenyan varieties (see Section 

II (1) )o 	The plants were grown by the standard method 

described 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 those experiments, for the varieties Golden Jonder 

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 mainly to a decrease in stem dry weight). 

The trends tended to become more clear-cut at later harvests. 	'ith 

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 harvcwt, but a minimum of 6 short day cycles were 

required at the 14 day harvest. 	Because of the increase in tuber 

number and fresh weight with increasing nur.foer of short day cycles, 

it ems considered desirable to use a basic inductive treatment of 

more than the minimum nubcr of cycles. 	In Ur-to-Date, the 
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& fourth 
TABLE 3. 	Plan of thirdApreliminary experiments(Section III (iv) ). 

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

No of 
SD 
cycles 

Harvest date (days) 

7 	14 	21 

GW 	UTD 	G,,V 	UTD 	GW[ UTD 

6 2 1 2  2 1 2  

2 2 1 1 

12 2 2 1 1 

1-5 1 __ 12 1 

21  

2 

 211 

1 

GW = Golden Wonder 
UTD = tip-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), 	Changes with increasing number of 
short day cycles in a. top height 

node number 
top dry weight 
leaf and stem dry weight (taken 
separately ) 
tuber number 

1. tuber fresh weight. 

Points are means of two values unless otherwise indicated. 
Standard errors (s.e.) of means are shown. 



(a)9 
----o 7 day harvest 

G-----s 14 	to 

A- 	
IS 	 SI 

-A 	
I_Ia 

l 

(1): single value 

= s.e. of mean 

(0) 	" 	" with value of 0 
6C 

(0) 
5C •... 

4-I -c 
D)4( 
a, 

o. 2 30 

1 

O 3 6 	9 12 	15 	18 21 
Noof SD cycles 

(b)21 
----o 7 day harvest 

)-_N e----. 14 	55 

* 21 

/ 19 

 
(1) = single value 

/ 
(0) se. with value of 0 

18 

\ 
i se. of mean 

Li7 N 

\ \ E16 / 

0 
o / 

14  

13 '0 
(0) 

12 - 2 	 (i) 

f 

11  
10 

) 3 6 9 12 15 18 21 
No. of SD cycles 



(c)6 

I  

c. and d. 
o-----o 7day harvest 
s----. 14 day harvest 
A. 	. 21 day harvest 
(i) = single value 

T = s.e. of mean 

(0) = s.e. with value of 0 

	

-10 
(d) 	

3 6 9 12 15 18 21 
32  No. of SD cycles 

d. 
leaf dry wt. 

0) 

	

- 	 stem dry wt1721 day  

28  

J T 
26 (i)A 	

I 	I 

/'\ 

 
I 

I 	\ i 
/ 	.' 	I 	/ 	•• 	I 

22r 

	

'A 	

I 

	

' 	
t I (I, 

- 

1,6 

1-4- (1) 

1-2 I 	 I 

3 6 9 12 15 18 21 
No.of SD cycles 



(e) 
2 

2 

2 

1 

Li 

C 

I 

---e 14 day harvest 

A 	21 day harvest 

(i) = single value 

s. e. of mean 

(o) 	se. with value of 0 



(f) 

L 
-a 

I— 

No. of short day cycles 

o--- 14 day harvest 

21 day harvest 

(1) = single value 

s.e. of mean 

(0) = se. with value of 0 



FIGURE 14. Results of fourth preliminary experiment (Section III 
(iv), using Up-to-Date). Changes with increasing number 
of short day cycles in a. top height 

node number 
top dry weight 
leaf and stem dry weight 
(taken separately) 
tuber number 
tuber fresh weight 

ints are means of two values unless otherwise indicated. 
Standard error (s.e.) of means are shown, 



(1) 

(a) 	I (b) 

A 	 I 21 day harvest A  21 day harvest 

93 19-  0-.--- 	14 day harvest .--. 14 day harvest 
----o 	7 day harvest ----o 	7 day harvest 

8C° (1 18 (1) 

(1) 

: 
(1) 

(i) 

4O (1) 
.c: o \ 

30 13-1 
(1) 

20 
6 d 
C ,  
0 

ic. zil 

00 3 6 	9 	12 	15 	18 	21 	0 3 	 11B 	18 	21 
No. of SD cycles No. of SD cycles 

5 (c) 20 (d) 

--a 	21 day harvest 1.8 A---A 	leaf dry weight 
.---. 	14 day harvest A---A stem dry weight 

4 ---o 	7 day harvest 1.61 AM 

4 1-4 - 

1.2 - 

4_9 

V 	y \ 02:  
•• (1) 	(i) 

(1) (1) 

1• . +J 

04 

Q 02L 

312 15 	18 	21 0 	3 	6 	9 	12 	15 	18 	21 
No. of SD cycles No. of SD cycles 

standard error of mean; (0): se with value of 0;(l)= single value 



(f.) 

it 

(e) 

(1) 
	

(i) 

18 

16 

e. and 1. 
21 day harvest 

---a 14 day harvest 

I 	s. of mean 

with value of 0. 
single value 

4 

1/ 
2 - 

I I I I - 

0 	6 9 12 15 18 21 
No. of S D cycles 

No. of SD cycles 

(i) 

(i) 



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. 

11+ short day cycles was accordingly selected as a convenient 

number for the standard inductive treatment. 

The Kenyan varieties showed much less clear-cut trends, probably 

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 ,Voncler and Up-to-Date are in agreement 

with those of Gregory (19%) and Chapman (1958). 	Although 11+ 

short days vire not strictly necessary for tuberisation, as few 

as 3 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 ae or the plants at the br)'innin; 
of _IL.ti 	ti'lc l 	e 	0 __1rUOcio OL  5 

Tcycles rejireaIortub 
 

11  a' tlon 

The object of this investigation was to determine whether the time 

J. 	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 exuerinents 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 harvest at Jay 14 (ie 14 days from 

cbart of differential daylength treatment), 	The rewlication 



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

second experiments respectively. 

Similar 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 

required to bring about tuberisation in older plants (see Fig 

15 c). 

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, follosed by an experimental period of usually 

1+ days in which differenlial 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 bhroughout the work, although all possible attempts 

were made to millirnise and counteract it, Ic standardised planting, 

growing and feedin 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 
co 	tuber number 

Points are means of three values 
nd4e-t-e4 	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. 4.7 2.5 0.05 2.0 

Tub. stolon 
no. 2.3 1.8 ns 

Tuber fwt.(g) 5.0 1.2 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 4. 



treatments, and as high levels of replication as growing space 

would allow. 

(vi) Investiation of the effect on tuhanisation of removal of 
the rro/i 	oint nc nic1 3 ef clit 	(to, in e'iert) -. 	'-a--- 

As mentioned in Section I, the experiments of Chapman (1953) in 

which different parts of the plant were given different daylength 

treatments have suggested that the stem apex mediates the photo- 

periodic control of tuberisation. 	To discover if this were the 

case for Up-to-Date, 15 plants were grown in the usual way (see 

Section II (ii) d) for 35 days, after which time half of them had 

the small apical cluster of leaves, including the growing point, 

removed. 4 topped and 1+ intact plants were then transferred to 

either short or low intensity long days. 	After 14 clays all the 

plants groan 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, grearin the intact 

plants as was top dry weight; stolon number was unaffected. No 

tubers were Yormed after 18 days in the plants kept in long days. 

After 14 short days, tuber number and tuber fresh weight were both 

greater in topped plants. The results for plants groan in short 

days are shown in Table 4. 

These results suggest that something is formed in the shoot apex 

which inhibits or delays tubenisation, 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 Chapman 

(1(,'52) with plants with forked stems given differential daylength 

an3 pruning treatments (see Section V (i) ). 	It also explains 

a result which they were unable to account for on their 
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interpretation (when both long day and short day shoots of forked 

plants had the growing points removed, tuberisation was greatly 

hastened). 	It is also consistent with the results of Chapman 

(198) with differential daylength treatments and with pruning of 

plants kept in long days (in which removal of the apex led to 

earlier tuberisation) although 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)Rceliainwry experiments examinin' atolon growth 

a. 	To investiTate the effect on stolon number of _differential 
daylenjcment dunn bo1 tue growin acniod and the 
experimental period 

It is generally accepted (Gregory, 1965) that long days enhance 

the development, growth and branching of atolons. 	Such 

differences were not found, however, with differential day].ength 

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 

number in Up-to-Date. 

24 plants were grown for 49 days, 12 in low intensity long days and 

12 in short days (LO °c day - 170C night throughout). 

Significantly more sbolons acre formed on the plants grown in 

long days (mean '10,4, s e 0. 4) than on ulants groan in short 



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 axillury buds into side shoots) and longer. 

These results confirm that stolon development in Up-to-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. 	Investi;ntionof the order in which different 	tf' cfr1 

tip tuberise under inductive (short day) conditions 

Stolon tips ma:y be divided into three cntegories 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 

tuborisation occurs in the different types ol' stolon  tips. 	20 

plants were grown in Vermiculite and then in nutrient culture 

(see Section II (ii) d) so thwt the stolons could he continuously 

observed without damage. 	After 35 cy.es1iigh intensity long clays 

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 (ii)). 

The stolons were observed regularly for signs of tuberisation, 

which began 9 days after the start of the ex-perimental period 

(Ic after 9 short day cycles). 	After this, tuber number and 

tuber fresh ,:.lei-ht 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 

52. 



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 unhranched stolon 
c = terminal bud of long branched stolon. 
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("a" in Fig 16). .3 or Lf  days later, visible signs of tuberisation 

were noted at the tips of short, unbranchod stolons (b) and after 

another 1+ 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 tuborise 

at exactly the same tine, 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 stimulus at 

the stolen tip brings about immediate tuberisation, but that the 

growth characteristics of the different types of stolen tip cause 

different rates of transport of the stimulus from the tors to the 

stolon tips. 	lternatively, it is possible that there is no great 

difference in the time of arrival of the stimulus at the different 

types of stolen tip, but that it is the differing conditions which 

the stimulus encounters when it reaches the tips which cause the 

order of tuberisation of the different types of tip. 

Further investiation of the conditions at the stolen tip and the 

effect of various factors on those was obviously 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. 



SECTION' IV IHVE STIGAT 
T 	

IGI'! OF THE 1. 	ODIC BASIS OF 
UB i J3A1ICI - LIdHi' BhEAH E;JEiI:Ts 

(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 forastion of tubers is least under short 

days, among other conditions, although the resaonse 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 

resnonue to differences in daylcngth has been interpreted in two 

different ways by different authors. 	Some, including Gregory 

(1956), Chapman (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 Hilthorpe 

(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 to 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 (dlater,196) thet 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 

sup 1y of metabolites to the stolon tips, 	He has also mentioned 

the fct that many workc•rs have failed to consider the differences 
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in total daily radiation between different daylength treatments. 

He has himself carried out on experiment (variety unspecified) 

to examine the relationshi- T between daylength and tuber initiation 

with different amounts of total daily radiation. 	The following 

treatments were used:- 

long days (18 hours) with 35, 72 or 108 cal/sq. cm./day and 

short days (9 hours) with 35, 51+  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 concluded 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 (1953) has also carried out a further experiment with 

S._tuboiosurn var. Arran ij1ot and the wild species S. dendswum 

in which a 11 ht 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 light treatments acre mentioned. 	Tuber initiation 

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 3. c7eaiwsurn material (which has 

an obligate reiuirement for short erys in order to tuhcrise). 

Slater also states that the results obtained could not he accounted 

for by differences in hauls growth bttieen 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 . dm-ir.curn_ 

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 dalen:ths 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 (ER) in addition to white () light 

break (LB) treatments were given. 	The effect of blue (B) light 

breaks was also investigated. 	In the first experiment, a white 

light break treatment was given, in the second both red and rer± 

plus far-red light breaks, and in the third white, red and red 

plus far-red li:ht break treatments were used. In the final 

experiments (2+  and 5) blue light breaks were given. 

The general mathods used in these experiments (growth and harvest 

of plants and light break treatments) are given in Section IT 

(Ilterial and General I:athoas). 	Table 5 gives details of the 

liht breaks used in each exrerinient (timing, duration, number, 

timing method, types of lights and filters used) and also the 

level of replication employed und the dates of the harvests, 
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m i31E ' 	Details of light break treatments used in light break experiments I - 5 (Section iv). 

LB Experiment 1 2 3 4. 5 

Colour of LB W(T) -9(Fl) R R+PR _R R+FR - B 

Time of LB (h) 8 8 8 8 8.5 8,5 8 8 

Duration of LB (mm) 10 5 5 5 + 15 5 5 + 15 15 15 

No. of LB 14- 71_7 7 6 6 14. 8 

Timing method A M A A 

L 	- ign 	soiree T7E2  
T 

80.3- 129.1 
V/m2  F]. 

{T0.3 - .129.iW/ni 	F]. 
95.6 	14-4-.4. 	/m2  Fl 

+T 

1000 rV 
at top 

of cans 

2 
17.5 

kV/M2 Fl 

Filters - - 	J1R 	1 IB+IR IR 1B+1R lB IB 

Replication 12 16(8) 4(3) 8 8 

Harvest date (days) 14. 14 14- 14- 14- 

Colour of LB: W = white light (T = tungsten, F]. = fluorescent); R = red; FR = far-red; B = blue. 
Time of LB = Time of light break, measured from start of dark period. 
No. of LB = Number of consecutive light breaks. 
Timing method: A = automatic; M = manual. 	

2 Intensity of light source is given before passing through filters (W/m = Watts per square metre; T = tungsten; 
F]. = fluorescent (Yaim 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 Li:-ht 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 rhotoreriodic effects (eg Salisbury and Bonner, 1956; 

I3orthsick and Downs, 19 -;4; Freiericcj, 1964). 

cAn 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 to 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 16) and plants given a light break at 

3 or 6 hours from the beginnina of the dark period (3 out of 16 

and 2 out of 16 rcstectiveiy); 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 

rneaniiie'ful; the' did point, hoover, 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 tuherisation 

resmonse thn light bfesks given before the middle of the dark 

period. 

It was unfortunately impossible to repeat this experiment due to 

lack of time, since it occupied 6 weeks, two of which rocuired a 
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growth chamber exclusively devoted to this experiment/ 

In the present experiment (:o 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 stolen 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 p:rameters were greater in the plants 

given short days without light break treatment. 	The percentage 

of plants tuberised was also greater in the short day controls. 

Despite the large reduction, none of the three parameters was 

effected 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 (1933),  the light break 

being found to cause some irdibition of tuberisation, and being 

unaccomsanied by any measurable differences in haulm elongation 

or dry matter Production as far as the parameters recorded were 

concerned. 	This suggests that the effect on tuberisation is a 

direct photopeniodic one, unmedisted by differential growth of 

the haulm uncr different daylen:th conditions. It is, however, 

NMI 



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 
1+ days. 

Treatment LDC SDC SD + LB S.A. 

P LSD 

Top ht.(cm) 48.2 40.8 35.8 ns 

Node No. 19.8 19.1 18.8 ns 

Top dwt.(g) 1.78 1.65 1.78 ns 

Root dwt.(g) 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 

Tub. 	Stolon 
No. 0 4.8 1.4 0.001 1.02 

Tuber fwt.(g) 0 1.7 0.1 0.001 11 0.66 

No. plants 
tub. 0/12 (0%)  12/12(100%) 8/12(66%) - 
Replication 12 12 12 - 

S.A. = Results of statistical analysis for SD and SD + LB 
treatments. Level of significance of variance ratio (p) 
and least significant difference (LSD) are piote&. 

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 Sister does not 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 supplied to the underground parts, 

but in amounts too smell to affect top growth. 

Having shoen 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 li;ht break experiment 

Hillman (1967)  has pointed out the increasing support for 

the idea that the basic timing mechanism in photoperiodism 

is closely related to the endogenous circadian rhythms 

observable in most organisms (Cumming, Hendricks and 

Borthwick, 1965; Takimoto and Hamner, 1965) and the loss 

in support for the "reversion-as-timer" hypothesis, which 

proposed that dark reversion froathe Pfr to the Pr form 

of phytochrome represents the basic mechanism in photo-

periodic timing, and which once seemed attractive Hendricks, 

1959; Borthviick, 1961i). 	He goes on to say, however, that 

although the literature suggests that phytochrorne itself is 

not part of the photoperiodic timing mechanism in higher 

plants, "it remains the moat important, if not the only, 

transducer of light effects on that mechanism. 

It therefore seems likelr that phytochrome is involved in the 

control of the photoperiodic response of tuberisation in potato. 

The present experiment was sccordinly carried out to obtain 
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evidence for the possible involvement of phytochrorne in the 

mediation of the inhibiting effect (see above) of light break 

treatment on tuberisation. 	This was attempted by trying to show 

an inhibition of tuberisation by a red light break and a reversal 

of this effect by a subsequent short period of exposure 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 period, 

and the illumination was provided by fluorescent lights for 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 enhanccmcnt 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 share this was investigated; 

there appeared to be no accomeanying reversal of the effect on 

tuberisation (see below). 	node number was unaffected by any 

treatment exceit the red plus far-red and top and root dry weight 

and stolon number v;ere unaffected by any treatment. 

Although there wore too rrmny zeroes in the tuberis.ation data to 

a valid analysis to be :crforned on them, all the light 



TABLE 7a. 	Results of second light break experiment* 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, 

Treatment LDC SDC SD+WLB SD-i-RLB SD+R+FRLB 
S. A. 

p LSD 

Top ht.(cm) 50.9 19.4 17.2 19.1 25.5 0.001 1.11 

Node No. 19.0 17.1 17.2 17.3 0.05 0.83 

Top dwt.(g) 1.51 1.82 1.65 1.65 1.75 ns 

Root dwt.(g) 0.31 0.39 o.42 0.41 O.2 ns 

Stolon No, 3.5 +.3 5.1 5.4 49 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 

(0%) 
9/16 
(56.31%) 

1/163/16 
(63%) (18.8%) 

2/16 
(12.5%) 

I Replication 8 16 16 16 16 - 
P.10. 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 + FRLB = short days plus red 
light break followed by far-red light break. 

For other abbreviations, see Appendix (VIII) 



TABLE 7b. 	Results of second light break experiment (continued). Raw data for differences in tuberisation in 
LI LD and SD with and without white, red or red plus far-red light break treatment at  harvest after 
14 days. 

Treatment Parameter Raw data 	(Replicates) 

SDC Tuber no. 1 1 0 1 0 2 01 1 01 0 1 00 1 

Tub.stolon no. 1 	1 	0 	1 	0 	2 	01 	1 	01 	0 	1 	00 1 

Tuber fwt.(g) 0.10 	0.37 	- 	0.13 	- 	0.59 	- 	010 	212 	- 	0.10 	- 	0.10 	- 	- 0.41 

SD+LB Tuber no. 0 0 0 0 1 0 00 0 00 0 0 00 0 

Tub.stolon no. 0 	0 	0 	0 	1 	0 	00 	0 	00 	0 	0 	00 0 

Tuber fwt.(g) - 	- 	- 	- 	0.79 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- - 
SD+PLB Tuber no. 10 0 0 0.0 0 01 0 00 1 0 00 1 

TUb.StOlOfl no. 0 	0 	0 	0 	0 	0 	01 	0 	00 	1 	0 	00 1 

Tuber fwt.(g) - 	- 	- 	- 	- 	- 	- 	0.10 	- 	- 	- 	0.10 	- 	- 	- 0.10 

SD+R 
+ FR LB 

Tuber no. 0 0 1 0 0 0 01 0 00 0 0 00 0 

Tub. 	stolonrn 0 	0 	1 	0 	0 	0 	0 	1 	0 	0 	0 	0 	0 	0 	0 0 

Tuber fwt.(g) - 	- 	0.10 	- 	- 	- 	- 	0,71 	- 	- 	- 	- 	- 	- 	- - 
LDC Tuber no. 0 0 0 0 0 0 00 

Tub, stolon no. 0 	0 	0 	0 	0 	0 	0 	0 

LIEbe:r:fwt.(g) j- - 	- 	- 	- 	- 	- 	- 



break treatments appeared to cause a reduction in tuber number 

(from 0.o3 to 0.05-0.19), number of tuberising stolons (from 

0.63 to 0.06-0.19), tuber fresh weight (Iron 0.21 to 0.02-0.0g) 

and percentage of plants tuberised (from 5".7cLto 6.3-18.8). 

Because of the small numbers of tubers formed and the 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 

7b. 	It was thought that the low level of tub erisation, 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.not have been selective 

enough with respect to wavelength, admitting too much red light, 

and therefore inching reversal of the red effect imnosciblo, or 

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

too much li:ht. 

There are two reasons why this explanation seems unlikely. The 

sane far-red filters (see dection II for details) were used by 

hurray (1958) with success in Phasealus, although it is conceiv-

able that the response to Fr/Pfr ratios in potato may differ 

from that in bean. 	Also, the promotion of top gro.;th by the 

red plus far-red light break reatmen in the present esseriment 
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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 would 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 inhibitory 

reaction 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 plants not receiving light break treatment had to be fitted 

over 8 cans randomly distributed over the growing bench and blue 

glass filters added to a further k 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 anc filter plates. 

The time required for the inhibitory act of Pfr in ulants 

of short day response type varies greatly from species to 

species. 	The results of Yasperbaucr, Borthvick and 

Hendricks (1953) with Cheno -odiwm rubrum have shown that 

flowering of small seedlins of one strain of this plant 
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is inhibited by a red light break in the middle, of the niqht, 

this inhibitory action being reversed by a far-red irradiance 

immediately afterwards. 	If darkness intervened between the 

red an._ far-red treatments, the level of flowering declined 

as the period of darkness increased and required 70 minutes 

of darkness to reach zero. 	It has since been found, how- 

ever, by Downs (personal communication quoted in Borthaick, 

1964) that in one selection of Chenorodium 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-inhibit±nq action of Pfr was 

completed in slip,htly more than a minute. 

The period required for Pfr action to 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 experiment, the 

time between the red and far-red tratmcnts was enough 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 required. 

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

course, that phytochrome is not involved in the response. 

A further experiment (go ) was carried out to try to determine 

which of these Itornative exnlanstjons ass the correct one. 

Third liht brash exnerimont 

This experisant used smaller 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 end 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 positioriclose above 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 liht 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 gection II; for other details 

of the experiment, see Table 5). 

The results of the experiment 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 experiment. 	Node number, top dry weight, root dry weight 

and stolon number were all unaffected by either light break 

treatment. 

Tuber number and number of tube-rising stolons were reduced by both 

the red and the red plus far-red treatments, although all the 

plants in all short day treatments carried some tubers, end tuber 

fresh weight was not found to be significantly affected, probably 

because of the high variance in the data. 	Although some tubers 

were formed on the long day controls, these plants showed the 

lowest levels of tubrrisation of all; tuber number and number 

of tuberisina stolons were significantly less in these plants 

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

given short days end liht break treatr:n. 	The results show 

once again that the reduction in tuberisation caused by the light 
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TABLE 8. 	Results of third light break experiment. Differences in top, stolon and tuber growth in 
LI LD and SD with and without red and red plus far-red light break treatment at harvest 
after 1/+  days. 

Treatment LDC SDC SD+RLB SD±R+FR S.A.  

p LSD. 

Top ht.(cm) 1+8.8 45.3 39.8 38.6 0.005 2.48 

Node No. 1°.0 17.3 17.8 17.7 ns 

Top dwt.(g) 1.33 1.26 1.27 1.32 ns 

root dvt.(g) 0.+2 0.1+0 0.47 0.43 ns 

Stolon No. 9.7 9.8 7.0 12,3 xis 

Tuber No. 0.3(1,0068) 6.3(1.2156) 3.5(1.11+34) 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 (0.01+89) 

Tuber fwt.(g) 0.11 0.90 1.21 0.35 ns 

No. plants tub. 1/3 (33,3%) 4/4(100%) 4/4(100%) 4/4(100%) - 
Replication (1 rotted) 4 4 1 4 - 

Treatments:- LDC = long day controls; SDC = short day controls; SD + RLB = short 
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. 
abbreviations, see Section 11111. 
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break treatment (compared to short day con(litions) was quantitative, 

not qualitative, and less pronounced than that found in low 

intensity long days. 

It was again impossible to demonstrate a reversal of the inhibiting 

effect of red light-break treatment on tuberisation b the 

subsequent exposure to far-red light 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 being found 

with subsequent far-red treatment. 

Although it in 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 and 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 light 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 tuberiastion, they 

did not prevent the response, anal the iniib:ition 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. tuberosurn, 

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 experiment, 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 tuherisation 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 imaortant, if not the only, transducer of light 

effects on the mechanism of photoperiodic timing in higher plants. 

Since both white and red liht breaks brousht about a reduction in 

the tuberisation response, this would suggest the participation of 

phytochrorne. 	Hanke, Hartmann and Uohr (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 say far-red rever$ibility of 



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 tuborisation 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 might not be involved, and the next two experiments were 

carried out with the intention of investigating whether some other 

photoreceptor system was involved. 

Fourth nd fifth li:ht 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 

(kLo nm) and the far-red. (725 nm). 	The basic observations 

which led to this concept (of what he named a'igh energy 

reaction", spmrate from phytochrome) were obtained from 

examination of the liaht-dependent enlargement of the 

cotyledons of the mustard seedling (Sinapis_alba), which is an 

example of a graded photoresonse i4i1ch can be easily and 

accurately measured. 	This "high energy reaction" differed 

from the phytochrome response in that it showed a character-

ictic intensity dependence, whereas the •ph otoequilibrium  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 the 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 fora small 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. 	Tuber fresh weight was not recorded, as all the tubers 

were very small. 	In the second experiment (No 5), tuber number 

was again reduced. 	The number of tuberising stolons and tuber 

fresh weight, while appearing to be reduced (see Table 9) were 

not found to be significantly affected, probably because of a high 

level of variance in the data. 	In both experiments the percentage 

of plants tuherised was much greater in the short day controls than 

in the plants given the light break treatment. 

on these exacriments were performed, it was thougi informative 

to examine the starch dewosition, if any, in non-visibly tuberised 

stolons, as this had been found to increase prior to visible 

tuberisntion (see dectioi: VI). 	This was accordingly included in 

the harvestin:; proce:nrc. 	It -,,.!as not ossble to perform an 
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TABLE 9. 	Results of fourth and fifth light break experiments. Differences in top, stolon and tuber 
growth in SD with and without blue light break treatment, at harvest after 11+ days. 

Treatment 

Experiment Lf 	 Experiment 5 

SDC SD + BLB 
S.A. 

SDC SD + BLB 
[ 	S.A. 

P LSD 
-- 

p LSD 

Top ht.(cm) 31.2 31+.2 ns 52.5 53.3 ns 

Node No. 11+,8 14.8 ns 20.1+ 21.3 i 	0.05 0.81 

Top dwt.(g) 1.00 0.87 xis 2.26 2.55 ns 

Stolon No. 7.5 6.3 xis 12.6 10.8 ns 

Tuber No. 2.6 0.5 0.001 1.07 5.9 1.5 0.05 3.82 

Tub. stolon No. 2.6 0.5 0.001 1.07 5.5 1.4 ns 

Tuber fwt.(g) - - - 0.21 0.06 xis 

Non-tub. stolons 

with starch 
no starch 
% with starch 

1.3 
3.9 

33.3 

0.9 
5.2 

17.3 

- 
ns 

1.5 
5.6 

26.8 

0.2 
9.2 
2.2 

- 
ns 
- 

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 plus blue light break. 
For other abbreviations, see Section VIII. 



analysis on the data for the number of visibly untuberised stolons 

containing starch, as there were too many 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 starch deposits (which appear 

immediately prior to visible tubcrisation - 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, Nohr (1969) has stated that while for some years 

it seemed necessary to postulate, even in the wavelength 

range above 50 nm, the existence of a separate photo-

receptor besides phytochronie in order to account for the 

phenomena of morphogenesis (Nohr, 1959,  1964), there are now, 

nevertheless, good arguments suggesting that the active 

photoreceptor is in all cases exclusively phytochrorne, at 

least above 550 nm (eg Hartsann, 1966, 1957  a, b and c). 

hohr (1969) considers that there seems no alternative at the 

moment to the conclusion that phytochrome is the photo.. 

receptor of the "high energy res-ponse' in the far-red range, 

with either Pfr or one of the short-lived intermediates 

between Pr and Pfr as the specific effector molecule 

(Linschitz, Kasche, Putler and Siegelman, 196; Linschitz 

and Kasche, 1957; Spruit, 1965), most :Likely Ffr (Harti:nn, 
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1967 b and c). 	He also thinks, however, that there are "a 

considerable nurnbcr of blue lir;ht 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 system, 

may be required to explain his observations on photoperiod-

ically-controlled tuberisation and sprouting of tuberous 

buds in Be•-:onia) 

It is conceivcbie 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 phytochrone. 	It does seem unlikely, 

however, that such a photoreceptor onJ1 is involved, if }•lohr's 

conclusions are correct, since tuberisation is inhibited not only 

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

to be exclusively due to phytochrome mediation. 

The results of the blue liht break experiments on tuberisation 

in potato described above are also explicable on the basis of 

pbytochrome mediation alone: - 



Both species of phytochrome, Pr as well as Pfr, absorb in the 

blue and the ultraviolet regions of the saectrum (eg 

Siegeirnan and Butler, 196; Hillman, 1957). 	Although the 

absorption coefficients and the relative quantum efficiencies 

of the photoconversions are much lower then in the red or 

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

less established if the irradiation is continued for some 

time (Butler, Hendricks and Siegelrnan, 196h1; Pratt and 

Briggs, 196;). The ratio of Pfr/Pr as measured in vitro 

(Pratt and Brigs, 1965) appears to be between 13 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 wavelenr'th light 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 phytochrome response, since similar 

effects can be achieved by light breaks in the red and in the 

blue regions of the srectrum, phytochrome 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 light break effects by far-red 

light, and it is considered that this was probably the result of 

the interveninn. time between the tao types of treatment. 

(iii) Conclusions 

It may therefore be concluded that tuberisation in S.  tuberoum 

variety Up-to-Dute shows a genuine pJiotoperiodic res:onse, being 

inhibited by a light brcah in the middle of the inductive long 
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night, and this effect not being due to overall groath of the tops. 

It is a quantitative not a ouslitative resionse, and li-:Iit 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 all caused partial inhibition of 

tuberisation1  that phytochronie may be involved, but it •.-,.,as 

unfortunately impossible to determine this definitely because of 

inability to demonstrate a reversal of the light break effect by 

subsequent exposure to far-rod light. 	This inability was, how- 

ever, considered to be due to the shortcomings of the techniques 

used. 
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SECTION V. 	II IOU 
ACTIVEUB:2ANCES IN fUBhISATION 

(1) Introduction 

As discussed above, the results of the light break experiments 

described in Section IV suggest the participation of 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 more 

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;  Nadec, 1963). 	This may not be a 

single sub.tance; it is more likely to be made up of several 

growth substonces. 	Several groups of such substances have been 

suggested as being involved in the tuberisation response. 

Some workers have considered it likely that ethylene riy 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;  Cutchpole 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 investihated in the present work. 

Growthsubstances likely to be involved on the has.s 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 
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respect to site of formation, mobility in the plant, and effects on 

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

1. 	Pries relevant to changes at the stolon tip 

As already discussed 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 meristein 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 Fig-50c). 

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 corbex (Lovell and Booth, 1967; 

Palmer and Smith, 1959a; for details of the process see Section vi). 

The growth substances likely to be involved in the control of tuber 

initiation rIL}1t therefore 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 the stolon, of course, also requires 

cell enlrgement and cell division, but mainly in a different 

direction. 	The cells in the sub-apical meristea of the non- 

tuberised, growing stolon norr:ally elongate in a direction 

parallel to the long axis of the stolon, and most cell divisions 

take plce at right angles to this axis (gadler, 191;  Booth, 

1963). 	'hat 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 

causes cell division in some tissues (eg Snow, 1935; SSding, 

1936). 	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 generally in the elongation zone of the stem, not 

in the sub-apical meristern. 

b, 	Gibberellins: 	On 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 

stems of rosette plants in the absence of the appropriate 

environmental conditions which normally bring it abut (Lang, 

1956). 	This has been shown to be due to an activation of cell 

division in the normafly inactive sub-apical aleristern (Sachs, 

Bretz and Lang, 1959). 	Lang (1960) has &iovn 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 (Sacks, Lang, Bretz and Roach, 

1960). 

Sachs et al (1959)  have also found that in plants such as 

Hyoscyarnus, 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, 190; 

Cleland, 1964; Arney and Mancinelli, 1966), although the major 

effect is still the induction of cell division and other evidence 

(eg Brian and Hemming, 1958) also suggests only 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 e/--amylase in the aleurone 

layer of barley endosperm (eg Raleg, 1960; Varner and Ram Chandra, 

1964; Varner, Rem Chandra and Chrispe?ls, 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 meriatem. 

C* 	Growth inhibitors: 	I\aturaliy-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 subctances on those three processes. 

The work of Sacks et ci (i90), mentioned above, has shown that 

the synthetic growth retardant Ano-1613 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, Ireing and Robinson, 1965;  Sondheimer and Galson, 

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 of o -amylase in barley 

caused by gibberellic acid (Chrispeels and Varner, 1966, 1967> 

this can be overcome by more gibberellic acid. 	It is thus 

possible 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 elonaation (see 'arcing, 1969). 

d. 	Cytokininc: These substances would also appear to be 

capable of exerting the type of control required in tuber 

initiation. 	The most characteristic property of the cytokinins 

is the stimulation of cell division (see filler, 19i; Letharn, 

19S7). 	High levels of cytokinins are found to be associated 

with times and regions of intense cell division in plant tissues 

(Letham, 1965; Bottom-ley, fefford, Zwar and Coldacre, 1965). 

Cytokinins can also promote cell ex-pansion (filler, 1956; 

Kuraishi and Okumura, 1956;  Scott and Liverman, 1956;  ;rora, 

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

1930; Katsumi, 1962), inhibit cell donation (Vanderhoef and 
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Key, 1968; Briari and hemming, 1957),  and cause lateral expansion 

of cells (Katsunii, 1962; Hashimoto, 1951). 	They may also be 

involved in the control of starch metabolism; they have been 

shown to inhibit- amylase activity (ha.nn, Yung, 	Storey, Fu 

and Conley, 196?; Sprent, 1958) and to promote starch synthesis 

(:tang, 1961; iSthes, 1964) although they can also induce starch 

degradation (Boothby and right, 1962). 

All four groups of growth substances therefore seem capable of 

exerting control on the procetaking lace 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 III 

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 (1953) has interpreted his results to mean that the 

tuberising stimulus is formed by the active growing point, since 

results of differential daylength treatment of different parts of 

the plant showed that the results of treatment given to the terminal 

leaf cluster (including the growin point) alone were the acme as 

those of treatment to the whole plant; this was not the case with 

treatmant of the basal leaves alone. 	Okazawa and Chapman (1952) 

have carried out experiments in which plants with forked stems 

were treated differentially with resnoct to daylcngth or subjected 

to girdling or pruning treatments. 	They have concluded that the 

gro7ing points are involved in the production of hot: thestimulus 

which promotes tubcriaeioa end the growth substances which inhibit 

78. 



it, although the results could also be interpreted as indicating  

that the inhibitor of tuberication is formed in the shoot apex, 

and the stimulus 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 Nent, 192$; Skoog, 1938; 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, 1965). 	They appear to be capable of quite rapid 

movement (Zweig, Yamaguchi and iasOn, 1961; NcComb, 1964) in 

both the phloem ('1auge, _Reinhard and hiegler, 1914)  and the 

xylem (e,1 Phillips and Jones, 1964); their movement has 

generally been found to he non-polar (Kate, 198;  Cior,  1967; 

Jones and Phillips, 1966). 

Goldsmith (1969) considers that the situation of the cytokinins 

may be similar to that of the gibbereilins; although some workers 
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have found very little movement (eg 10thes, 1960; Thimann, 

1963; Sachs and Thimann, 1964), others have found evidence for 

movement (eg Osborne and Black, 196+; Osborne and cCroady, 

1965). 

In the case of the naturally-occurring growth inhibitors, some 

studies have suggested that they are formed in the mature leaves 

(areing, 195+; 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 roups of growth substances on the tuberisation 
in uotato 

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

tissues (Booth and ,areing,  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 conflictina. 

Borah (1959), in experiments with stem cuttings in sterile culture, 

found that indole acetic acid accelerated tuber formation in Hedia 

with a suitable sucrose concentration. 	Van Schreven (1956) has 

studied the effect of auxins on premature tuber formation (Ic the 

formation of secondary tubers by mother tubers which have completed 

their dormancy and, are -- erinlir-atingl 	He applied indole acetic acid, 

naplithalene acetic acid and 2,4-dichlorophenoxyacetic acid to the 

sprouting tubers and found that earlier tuber initiation v;as 

induced by all these substances, when applied at ba concentrations, 



Tizio (196+a) found that both naphthalene acetic acid and indolyl 

butyric acid promoted tuberisation in cuttings, and his 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_ 

dichioroanisole, 2,3,5-triiodobenzojc acid, indole acetic acid, 

naphthalene acetic acid and 2,2-dichJ.oropropionic acid) into 

stolons. 	They found that all these substances, especially indole 

and naphthalene acetic acids, caused delayed tuber initiation. 

Other workers have produced evidence suggesting that auxins are 

not involved in the control of tuberication Cog Dostl, 191 5 with 

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

The involvement of auxin in tuberiaction 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. 	 - 

ire convincing evidence has been obtained for the involvement of 

endogenous gibberellins in tubcrisation, as an influence tending 

to inhibit or retard the process. 	Okazawa (159), using ethanolic 

extracts from various parts of potato plants of varieties Irish 

Cobbler and horin Ko 1, has demonstrated the presence of several 

kinds of gibhorellin-like substances in potato tissues. 

Okazav;a also found that when gibberellin was applied to potato 

plants, even under short day conditions, no tuber form'tion 

occurred. 	he concluded that endogenous gibberellin may play some 

physiologically important role in controlling 	tuber formation. 
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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 varietyBintje using stem cuttings (Tizio, 

1964b, 1966; Perennec, 1966) cultured in_vitro. Tizio has 

shown that the delay in tuberisation caused by treatment with 

gibberellic acid was directly correlated with the concentrations 

used. NcCorquodale and I•oorby (1958) 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 (1957) have suggested a possible mechanism of 

gibberellin action 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, 

aithou -rh no such correlation was found with sugar leveL 	V/hen 

untreated plants were fed with 1k00 almost all the translocated 

14. accumulated in the tubers, whereas in plants pre—treated with 

gibberellic acid a few days before the feeding of CO 21 

practically no 14  was detected in the stolons or tubers but 

accumulated in the shoot, particularly at the apex. 	Lovell 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 eawlain, however, what happens at the stolon tip of a 

gibberellin-trested 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 tranwlocetion 	The studies of 

Sachs et ci (1V9, 1950) 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 tuberisation, 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. 	iith the progress of tuberisation, the levels of 

both classes of compound fell markedly. 	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 extracts 

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 

plant. 

In contrast to these results, :zunov (1930), aorl:ing with 

S. demissum and S.acaule, was unable to observe inhibition of 
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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 (190) has concluded that gibberellin 

does not inhibit the formation of tubers "when the factors of 

tuberisation are present"; in later papers (Claver, 1966 and 

1970), however, he seems to support the view that gibberellins 

are one of the factors which control tuberismion, 

vqhile 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-

chloroethyltrimethylammoriium chloride (CCC) on the process of 

tuberisation, since thi compound has been shown to be an 

inhibitor of gibberellin synthesis eg in Fusarium moniliferne 

(Kende, Ninnemann and lang, 1963; Ninnemann, Zeevaart, Kende 

and Lang, 1964; Barnes, Light and Lang, 1969) and in embryos 

of hyena fatua (Simpson, 1966). 

The effects of CCC on the groathoh' whole potato plants has been 

investigated by Dyson and :umphries (1963, 1966), Dyson ('1965) 

and Humrhries and Dyson (1567), while hcCorquodalc and hoorby 

(1968), Ihimer and Smith (unpublished, quoted in PalleT and Smith, 

1969b) and Tizio (1969) have exuiained its effects on cultured 

rcces oh' giants grown in Vitro. 

CCC was consistently found to hasten tuberiwation ;hen applied 
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to whole plants. Tizio, using sections of sprouts of tubers of 

the variety Bintje also found that CCC promoted tuberisation, and 

that gibberellic acid reversed its effects. 	NcCorquociale and 

Noorby (1968), 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 (iii) ). 

It was felt that further investigations of the effect of CCC on 

whole plants and on stolons mifht prove useful to amplify further 

work on the role of gibberellins. 

Okazawa (1959), in addition to deaonstrating 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 action of this substance to that of 

gibberellin in bioassay. 	Booth (1963) demonstrated, in ecracts 

of stolon tips which had just begun to tuhorise, 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 season, 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 eivally sell be used to demonstrate a significantly 

higher level of growth inhibitor in short days. 	A smaller 
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increase in growth inhibitor level was found when plants grown at 

130C were compared with plants at 18°c. 	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. 

Ra.cca and Tizio (1968), as mentioned above, have also found a rise 

in the level of anti-gibberollin-liko substances in the shoots at 

the onset of tuborisation. 	Smith and Rappaport (1(,'- 69) have also 

found evidence for the appearance of a growth inhibitor in extracts 

of young tubers, based on the fact that gibbereilin 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-tuborised 

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 tuborisation; 

its identity, however, remains unknown. 

A supg'cstion that one of the inhibitors involved may be abscisic 

acid has come from work on the €rnergence 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 oaiaosite processes; it is possible, 

however, that this is not strictly correct 'and that tuber 

initiation and the onset of dormancy in the yeas': tuber are 

quite senarate processes. 
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Heruberg (1949, 1952) found that potato peelins 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 (Blorasnert, 1954; 

Varga and Ferenczy, 1957). 	Blormcaert demonstrated by chromato- 

graphy on extracts from resting potatoes an acid growth 

inhibitor which was evidently identical with the 'p2-inhibitor" 

complex of Bennet-Clark and Kefford (1953);  this growth-

inhibitor was not found in extracts from non.-resting potatoes. 

Brian, Hemming and Paciley (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 

inhibitor" in the tubers (Boo, 1961). 	Nany workers hold the 

view that ahaciwic acid, ABA (Addicott et al,1968) is probably 

the important inhibiting coaDonent of the p-inhibitor" 

complex 	als an' 	bin-son, 1964; Blumenthal- a 

Goldschmidt  and happaaort, 1965; Smith and Lyon, 1966; 

I1ilborrow, 1967). 

A role of ahscsic acid in promoting tuberiantion is also 

teapting to consider in vie':i of the interactions mentioned above, 

in many different shysiological processes with gibberellin, 

which substance appears to be involved as an influence actinu;  to 

inhibit or delay tuberisation. 	These interactions and their 

possible significance for the tuberisation process are 

discussed in detail in Section VII. 

The work of .-Antahly, Wareing and Hiliman (1967)  provides more direct 
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evidence for the involvement of abscisic acid. 	They carried out 

experiments in which plants of two varieties of S.tuberosum and 

of a clone of S.andigenum (which normally required short days for 

tuberisation) were grown under long days. 	The plants were given 

a 20 mg,//1 daily foliar spray of an aqueous solution of abscisic 

acid. 	Tuherisation under long day conditions in all three 

groups of plants was promoted by abscisic acid treatment, although 

Smith and Rappaport (1959),  working with whole plants, and Claver 

(1970), using tuber-sprouts, have not been able to demonstrate 

such a promotive effect (see Section VII). 

Other experiments have also been performed (I'cCorquodale and 

orby, 1968; Smith and Rappaport, 1969;  Palmer and Smith, 

1959b) 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 seemis 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 involvement 

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 

cytokinins (Corduroux, 156; Painier and dmith, 1969a  and b i70; 

Smatii and Illmcn, 1;(0) 



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-apical 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, brining about their movement to treated areas 

in leaves ,% nothes and Enqelbrecht, 1959; Nthes, 1950; Gunning 

and Barkicy, 1963) in seedlim stems (Seth and areing, 1964), and 

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

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

of cytokinins in tuberisation. 

Okazawa (1969, 1970) has demonstrated the presence of endogenous 

cytokinin in potato tuber tissue and has shown that the levels of 

two such cytokinins roz e at the beginning of tuber formation in 

developing tubers; this rise was 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, 15079a arid b, 1970; Smith and 

Palmer, 1970) consider that they have deLlonstaaterl a requirement 

for cytokinins in the tuberisation of excised stolons grown In 

yjro and obtained from etiolated sprouts of tubers of S. tuberoruri, 
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variety Norgold Russet. 	Three cytokinins have been used in the 

system:- 6-furfurylaminopurine (kinctin), N,--benzyladenine and 

6-benzylamino_9_(tctrahydrcpyran_21) :curine at concentrations 

of 0.25, 2.5 and 25 mg,/l (Palmer and Smith, 199a). 	Tub er 

formation occurred earlier aith cytokinins. 

C) 	14 ,-, 	 - Using kinetin-u- 	, it was fouim that more labelled material 

appeared at the locus of tuber formation than in other parts of 

the stolon; this occurred before visible sigr!s of tuberisation 

(Smith and Palmer, 1970). 	The basal portion of the stolon also 

accumulated substantial amounts of labelled material. 

Studies on the effect of inhibitors of protein and nucleic acid 

synthesis on tuberisation (Palmer and Smith, 1970) 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 proteins. It was 

also shown that stolons pro-incubated in idnetin prior to 

incubation on a basal medium without kinetin did not form tubers, 

but did so on a basal medium with hinctin. 	Kinetin is only 

required in the basal medium for 3 to + days in order to induce 

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

It has also been c7ei:onetrwted (Palmer and Smith, 199b) that 

absciic acid can, at suitable concentrations, markedly innbit 

stolon elon - ation end 1,, inetin-jnduc ed tuber initiation (see 

discussion in account of abscicjc acid stolon feedir5 exeerirlent 

in Section V (iii) ), 	This inhibition was not founa when the 
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stolons were previously grown for 7 days on a medium containinr 

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 action 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 may be to inhibit the activity of gibberellins and to 

arrest stolen 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 might be valuable. 	This 

was restricted to atolon 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 sork 

From the preceding account, it La clear that more work is required 

to elucidate the Possible role in tuberisation auxins, gibberellins, 

naturally-occurring growth inhibitors and cytokinins, and it vas 

for this purrose that the experiments described in thissection 

were carried out. 

The eperi::ents fall into three grouws: - 
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Group A: 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. 

Group B: 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 experiments are described 

in Section V (iii) - Stolon Feeding Experiments. 

Group C: 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 

a. 	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 apex 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 stolen. 

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-chioroethyltri-

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 Laboratory of Chemical 

Enzymology, Sittingbourne, Kent): 1 experiment. 	It has been 

pointed out by IT-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 50:50  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 II (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 gIbbere].lic 
acid, GA3,and gibberellic acid/indole acetic acid., GA/IAA (Section V (ii)). 

Expori- Age at Age at Harvest Repli GA3 or IAA application Daylength 
amount Soivent Size of ment E A date cation rgimes 

(days) (days) (days applied drop after E 
from E)  (g/plant)  

GA3 1 4.9 
I date:- 

14. 4 	- SD and LIL  49  10 CH30H 50 

GA 	2 35 
I date:- 

35
14 7 1.0, 10, 

1000 50 SD (+r) 100, C2H20 
H5OH: 

GA- 3 35 I date:- 11~, 	20 3 0.01, 	1.0, 50:507 
C2H5OH: 20 SD (+LW) 10 h20 

14., 	18 
(24. da 50:50/ 

&1 3
. 4- 

I date:- 
22 7, 

plants; 

da 
14- 3 1.0, 10 SD (+I=)

(35  
c 	0H: 20 

p1ants  

I date:- 
0 G A3 14. 7 

I 000J.4J 
Tuber 

0.5 ml 
C H0H Bathing 

solution SD and LILD 
piece 

5 dates:- 50.50/ 
GA 	6 35 35+1, 353, 

35.-7, 35+9, 
6,12,15 5 1.0, 10 C H OH: 20 SD (+Lw) 

35+14 
4-dates: 

- 70-57- GA 3 7 35 35+1, 35+4-) 8, 15,20 5 1.0, 	10 C2H5OH: 20 SD 
35+8, 35+14-  H20  
4.datee:- IOOGA3;50W 

GA3/IAA 35 35, 	35-i-2 
35+5, 35+7 

9, 12 5 100 GA 	+ 
100 

C H_OH: 
2HO 

20 SD 
IAi; 

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 

LtC = long day controls 



Section II (ii) ) were generally used, except in the third CCC 

experiment (which used high temperatures during the experimental 

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 to the growing point with a 

micropipette (20 or 50/el), 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 considerably 

increased by gibberellic acid in all treated plants. 	Top dry 

weight was only affected (increased) in plants kept in short 

days. 	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 expected 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 rlaysio- 

logical effect. 	The lack of effect cn tuberisation was, 

however, surprieiwg in view of the fincings of other workers 
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TABLE il l. Results of first CA application experiment. Differences in top, stolon and tuber growth 
in LILD and in SD with and without gibberellic acid at harvest after 14 days. 

Treatment 
LILD   SD  

No GA 3  I 01&g GA3/plant 
S.A. 

No GA 3  
-- 
10 j 	GA/plant 

S.A. 

TISD - 
Top ht.(cm) 42.4 63.0 0.05 14.19 40.8 60.5 0.05 12.2 

Node no. 12.5 15,2 ns 11.5 14.5 ns 

Top dvrt.(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 1.5 ns 2.5 3.0 ns 

Tuber fwt,(g) 0.1 0.1 ns 0.23 0.35 XIS 

No, plants tub. 2/if  2/If  
(5o) (i0c) 

4/4 
(ioo) - 

Replication If If - if 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 

unsuitable concentration was the reason for the lack of effect in 

the first experiment of gibberellic acid on tuberisation. 	The 

present experiment used one application of gibberellic acid at if 

concentrations (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 1000ug/plant) markedly increased top 

height, but the other concentrations (1 and 10 	plant) had no 

effect. The lack of effect at 10/g/plant was surprising in view 

of the increase obtained with this concentration in experiment 1. 

It was thought that this nJght have been due to the loss due to 

run-off of some of the 50, ,1 drop from the apex before absorption, 

which was not immediate, as was the case with methanol; for this 

reason later experiments used smaller drops (27u). 	Node number 

was again unaffected (as expected from the probable mode of 

action of gibberellic acid - see Section V (1) ). 	Top dry 

weight was increased by treatment at concentrations of 10, 100 

and l0007tg/plant. 	Stolon and tuber numbers were unaffected, 
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TABLE 12. Results of second G&',,application experiment. Differences in top, stolon and tuber growth 
in LILD and in SD without and with CA at 4. concentrations (2 of them higher than that used 
in the previous experiment) at harvest after 14 days. 

Treatment LEO SLO 
SD + C-A3  (tg/plant) S.A. 

- 
1 10 100 1000 p LSD 

Top ht.(cm) 45.3 41.7 40.3 44.7 60.6 71.9 0.001 10.47 

Node no. 17.7 16.5 18.7 17.8 17.1 18.1 ns 

Top dwt.(g) 2.21 2.12 2.35 2.74 2.67 3.27 0.005 0.49 

Stolon no. 5.0 8.6 8.3 6.6 7.6 6.3 	- ns 

Tuber no. 0 4.1 6.0 8.5 8.2 7.3 ns 

Tub, stolon no. 0 3.0 4.3 5.0 4.3 4.3 xis 

Tuber fwt.(g) 0 0.1 2.5 3.1 4.8 1.3 0.005 2.25 

No. plants tub. 0/7 
(y1) 

7/7 
(i 7) 

7/7 
(i00%) 

7/7 
(ioo) 

6/6 
(i rotted) 

(ioo) 

4/4. 
(3 rotted) 

(ioo) 
- 

Replication 7 7 7 7 7 7 - 

For abbreviations, see Section VIII 



but gibberellic acid caused an increase in tuber fresh weight at 

1, 10 and 100pg/plant, although not at 1000/tg/plant the low 

value with 1000/&g/plant 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 controls) 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 tuberisa.tion; 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 	erell ic acid 

This experiment used a lower range of concentration (see Table 10); 

for the reasons explained above a 20 c drop of solution was used. 
One application was again given, and there were two harvests, 

because tuberisatjon was not very far advanced in the short day 

controls after ik 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 10/j g/plant gibberellic acid (in 

agreement with the result of experiment 1) but was unaffected by 

lower concentrations; the reduction found with O,0yg/plant 

after 14 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 expex'- 

inents 'I and 2. 	Top dry weight was also unaffected. 	This is 
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TADLE  12.  Results of third GA application experiment. Differences in top, stolon and tuber growth in LILD 
and in SD without ad with GA  at 3 concentrations at harvest after 114. or 20 days (see also Fig. 17). 

Treatment 

14 day harvest 20 day harvest 
LEO 	SW 

0.  °v 
ISD + SD + SD + 

0.  
.A. --S LEO SDC 

10/,49j  

SD + 
 01/kg 
GA 
3 

SD + 
1.9kg 
GA 
3 

SD + 

GA 
3 

S.A. 
LSD p LSD 

Top ht.(cm) 39.5 	40.2 34.2 35.1 52.0 0.001 5.11 29.7 29.3 24.5 27.3 46.5 0.001 5.39 

Node n 15.3 	18.3  17,7 17.3 19,0 na 15.0 15.0 12.3 12.3 15.7 no 

Top d.vt.(g) 1.3 	1.7/ 1.7 1.4 1.97 ns 1.36 1.58 1.51 1.48 1.9 

stoon no. 6.0 	8.3 7.3 13,7 6,7 0.001 2.96 5.3 9.7 9.0 8.0 6e3 flS 

Tuber no. 

Tub. stolonno, 

0 	0.7 

0 	0,7 

2.0 

1.0 

7.0 

4,3 

1.0 

1,0 

no 

no 

0 

0 

4.0 

3.0 

7.7 

5.0 

6.7 

3,7 

6.7 

3.3 

xis 

xis 

No. plants tub. 0/3 
(c) 	(66.7 

2/3 
(66.7 

3/3 
ioc 

2/3 
(66.7 	- 

0/3 
(o) 

3/3 
(ioo7) 

3/3 
(ioo) 

3/3 
(ioo,) 

3/3 
(ico - 

Replication 3 	3 3 	3 
3I 	

- 3 3 _r3 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 daysr low intensity long days (LI LD), 
treated or untreated with gibberellic acid, and 
harvested after 20 days. 









consistent with the results of the second experiment at 1, g/ 

plant, but inconsistent with results of experiments 1 (for plants 

in short days) and 2 for 10 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 number was found with loOfLg/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 1.0g/plant a.ftcr 

14 days, and in tuber number with all three concentrations after 

20 days, but these were not found 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-

ication. 

The results of the first three experiments therefore show no 

such effect of gibberellic acid on the tuberisation at 
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concentrations from 0.01 to 1000/L/lant. 	It was conceivable 

that gibberellic acid (GA 3), 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 GA 31 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 Table 14. 	In plants 24 days old 

on transfer to short days (Table 14 a) top height after 14 days 

was increased by treatment at 10/kg/plant, but not at If g/piant 

(as in experiments 1 and 3). 	There was, however, no effect of 

treatment on top height after 18 days (second harvest); this may 

have been because of the small number of replicates, or perhaps, 

when gibberellic acid is applied to fairly young plants, the 
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TABM 14a.  Results of fourth W application experiment.. • Differences in top, stolon and tuber growth 
in LILD and. in SD wiihout and. with GA at 2 concentrations in plants harvested at 2 different 
dates, 
a) plants 24 days old at start of experimental period. 

14 day harvest 

Treatment 	LDC 	SLC 	SD + 1.0 	SD + 10 	S .A. 
,/.4JGA3 	/4-gQA3 	p 	LSD 

18 day harvest 

LDJ STX SD + 1.0 
/cgGA3 

SD + 10 

//"g'-A3 

S .A. 
p LSD 

Top ht. (cm) 	36.0 32.8 29.0 43.2 0.005 j4 38.5 39.8 31.3 38.3 ns 
Node no. 	14.3 14.7 13.7 14.3 ns 16.O 16.7 14.3 15.3 ns 

Top d.wt.(g) 	0.99 1.10 1.47 1.80 0./.47 1.37 1.11 i.6i 1.56ns 

Stolen 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 0.93 0 8.3 11.0 7,7 ns 

Tub, stolon no. 	0 4..0 4.3 33 ns C 4.7 6.0 4.7. ns 

No. plants tUb. 	0/3 
() 

3/3  
(ioo,) 

3/3 
(ioo) 

3/3 
(ioo) 

0/3 
(o) 

3/3 
(1o) 

3/3 
(ioo) 

3/3 
(ioo) 

- 

Replication 	3 3 3 3 - 3 	1-3 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. 



1b. Results of fourth GA application experiment (continued) 
b) plants 35 days ola at start of experimental period. 

Treatment 

7 day harvest 14 day harvest 

LIX) SD) SD + 1.0 
/ gGA3  

SD + 10 
/4 gGA3 p 

S. LIX) SIX) SD + 1 .0 
,/(gGA3 - 

SD + 10 
frgGA3  LSD p LSD 

Top ht.(cni) 33.8 28.5 27.3 35.3 ns 39.2 38.3 20.3 34..7 9.84. 

Node no, 16.O 16.0 16.O 15.7 as 16.3 19.7 18.0 18.0 ns 

Top d;it.(g) 1.39 1,06 1.26 1.68 o oj Q 1.54. 1.61 2.00 2.20 flS 

Stolen no. 50 6.0 5.0 4.7 ns 6.0 6.0 6.0 6.7 ns 

Tuber no. 0 0 0 0.67 - 0 0,67 8.3 5.0 0.05 3.97 

Tub, stolen no, 0 0 0 0,67 - 0 0.67 2.7 2.3 ns 

Tuber fwt.(g) - - - - - 0 0.1 2.3 1.3 0.05 1.29 

No, plants 	.10. o/ 
() 

0/3 
(7  

0/3 
 0,' 

1/3 
(33.3%) - 

0/3 
( 

2/3 
(66.7%) 

3/3 
(i00%) 

3/3  
(1o0% - 

Replication 3 3 3 3 - 3 3 3--]  3 - 

Underlined values for 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, 



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,ug/plant although not by 1e&g/plant 

gibberellic acid treatment. 	Stolon number was unaffected at 

either harvest date. 	After 1/+ days, tuber number was greater 

with 1 than with 10,,g/plant gibberellic acid, but the results of 

neither treatment differed from those of the controls. 	Number 

of tuberising stolons was unaffected. 	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,,-111 

g/plant gibberellic acid treatment, 

as was found in the 24 day old plants after 14 days (their first 

harvest). 	At the second (i'+ day) harvest of the 35 day old 

plants, top height was less with 1/Ag than with 0 or lOc 

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 height 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 harvest in 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 evidence 

of growth promotion which had taken place a considerable time 
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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 promotion 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 growth1  

top dry weight at the first harvest in both ages of plant was 

increased by 10/Mg/plant gibberellic acid, as in experiments 1 

and 2. 	Once again, as in the previous experiments, there was no 

retarding effect of treatment on tuberisation. 

} hexerin;efltwithibberel1jad 

To investigate the possibility that treatment had still not been 

given early enough in the life of the plant in experiment 4, 

gibberellic 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 physiological 

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 by gibberellic acid, but the differences were not 

significant, probably because of the high variabilit:r 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. 

The remaining 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 -f hours in solutions with (+) and 
without (no) gibberellic acid. 
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Results of fifth GA. application experiment. Differences in top, stolen and tuber growth 
in plants grozrn in ,ILD or SD from tuber pieces soaked before planting for one of 2 times 
in solutions with or without GA3. 

Treatment 

2h. soaking 4h. soaking S.A. 
(SD plants) - 	No Gil.  + G.-A3  No GA 	- + GA  

LD SD LD SD LD SD LD SD p LD 

Top ht.(cm) 39.0 37.3 2+1.0 37,6 25.7 38.0 1+3.0 33.1 'is 

Node no. 18.0 17.6 21.0 19.2 12.0 18.0 20.0 17.1+ ns 

Top d1rt.(g) 1,89 2.12+ 2.2+0 2.15 1.55 1.97 1.61 211+ 'is 

Stolen no, 7.0 9.0 12.0 7.1 11.0 7.7 4.0 6.7 ns 

Tuber no. 0 2+.0 0 5.9 0 2.9 0 2+.1 'is 

Tub, stolen no. 0 3.0 0 3.0 0 2.2 0 2.7 'is 

Tuber fwt.(g) 0 02 0 1.3 0 0.3 0__-  1.1 0.005 o.6 

1 No. pan 	tub. 0/1 
(c7 

7/ 7  
(100%) 

0/1 
(0%) 

7/7  
(i00%) 

0/1 
(0%) 

7/7 
(i00%) 

o/i 
(0%) 

7/7  
(1()0%) -  

Thplication 1 7 1 7 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 

10jtg/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),10 g/plant gibberellic acid 

treatment caused a marked increase in top height. 	Although 2 

applications of 1/
1 1- 
g/plant 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 concentratioIB 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 (10jg/p1ant) concentration 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 1OJg gibberellic acid than in those given 

although neither value differed from that in the short day controls. 

Otherwise, it was unaffected 	No tuberisation was observed until 

the 15 day harvest, when gibberellic acid treatment caused a marked 

reduction in terms of number of tubers and tuherising 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 j6. Results of sixth GA application experiment. Differences in top, stolon and tuber growth 
in LILD and in SD without or with repeated applications of GA 3  at 2 concentrations, at 
harvest after 6, 12 or 15  days. 

Treatment 

6 day harvest 12 day harvest 15 day harvest 

ILO S SD + ISD + 10 
C-A3 

S.A. i S 

ID GA  
D SD + 10 S.A. I S 

LSD /A3 
SD + I SD + 10 

A3 
S.A.____ 

p p p LSD 

Top hl.-.(c-,n)'  18.0 15.9 18.4 22.3 0.05 3.63 24.3 29.5 39.9 52.6 0.001 6,70 28.0 26.3 4-9.2 63.9 0.001 6.84. 

Node no. 14.3 13,0 14.2 14.2 ns 17.0 17.5 17.8 18.5 ns 17.5 16.6 18.6 19.8 0.001 1.03 

Top dwt.(g) 0.69 0.7 0.97 0.77 ns 0.99 I-IC 1.42 1.42 0.005 0.14 1.06 1.15 1.33 1.55 0.05 0.25 

Root dvzt.(g) 0.32 0.23k  0,35 0.35 ns 0.38 0.31 0.37 0.23 ns 0.35 0.30 0.36 0.28 ns 

Stolen no. 13.3 11,8 12.0 11.0 ns 13.0 14.5 1203 8.5 xis 1.3 11.0 8,4. 13.3 0.05 3.79 
Tuber no. 

2.6  ::  

Tuber fwt.(g) 0 0 0 0 - 0 0 0 - 	0 - 0 0.5 0.1 0 - 

N 	plants tub p 0/3 0/5 
(f)  o/ 

( 
- 0/5 

(%) 
- 0/3 

(%) 
o/ 

(0%) 
0/5 

(0%) 
0/5 

(0%) 
- 0/3 

(0%) 
5/5  

(1 OW-) 
13/5 
(80)  

0/5 
(0%)  

- 

L

Replication 3 5 5 5 - 3 5 5 5 - 3 5 5 5 - 

For abbreviations, see Section VIII. 



day control plants had tuberised, 1+/5 of those given 1,/A.g and 

0/5 of those given 1O /&.g gibberellic acid. 

Repeated applications of gibberellic acid were therefore found to 

retard tuberisation4  The lack of effect on root growth suggests 

that it is not through this that gibberellic acid exerts its 

effect on tuberisatjon. 	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 

growth. 	Top growth was markedly increased by treatment in the 

present experiment, but this effect was also found in experiments 

1-3, where thre was no accompanying retardation of tuherisation. 

Seventh experiment with_ g.bbere1Uc_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 

was found at the two earlier harvest dates in experiment 6 

Details arcgiven in Table 10, and the results in Table 17. 

Both gibberellic acid concentrations (1 and lO/Plant) caused a 

marked increase in top height at all three h:-rvests, 	Node number, 

as in experiment 6, was unaffected until the third (18 day) 

harvest, when it was increased by both concentrations of gibberellic 

acid; this suggests that after a long period of treatment, or the 

build-up of a high level of gibbereflin in the shoot apcx 

gibberellic acid, affects cell division not only in the sub-apical 

but also in the apical meristes 	Top dry weight was increased by 

both concentrations of gibberellic acid at the 113 day harvest. 

Root dry weight, as in experiment 6, was completely unaffected by 
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TABLE 17. Results of seventh CA application experiment. Differences in top, stolon and tuber growth 
in SD without and witi rep 
7, 13 or 18 days. 	

eated applications of GA  at 2 concentrations, at harvest after 

Treatment 

7 day harvest 13 day harvest V 	18 day harvest 

SDC SD + I 
/gCA3 

SD + 10 
-igGA3 

1 

S.A. S SD + I 
rs 

SD + 10 
j1'3 

S.A. LDC SDO SD + I 
/A.gGA3  

SD + 10 
gGA3  

S.A. 
p LSD  

D p LSD 

Top ht.(cni) 15.5 26,2 32.2 0.00Ih..4.9  22.3 24.3.9 58.5 

qns 

i8 26.3 21.24- 51.0 70.24. 0.001 7.)4 3 

Node no. 14,8 16.O 124..6 no 15.0 16.3 16.24- 15.5 15.0 17.0 17.0 0.001 0.814. 

Top dwt.(g) -- - - 1.27 1.66 1.40 nS 1.34 1.29 1.89 2.02 0.05 0.54 

Rcotd\rt.(g) - - - 0.37 0.31 0.26 as 0.37 0.27 0.26 0.30 no 

Stolon no. 1.5 2.0 2.0 no 5.0 5,6 4.8 nO 5.3 11.6 4..8 4.0 0.05 3.11 

Tuber no. 0 0 0 - 3.24 2.8 0.2 0.005 2.69 0 9.0 3.6 2.0 0.05 3.18 

Tub. stolon no 0 0 0 - 3.2 2.8 0.2 0.005 2.25 0 7.8 2.8 2.0 0.005 2.83 

Tuber fwt.(g) 0 0 0 - V - - - - 0 2.22 2.75 0.90 no 

N 	anus 1 	tub ' 

Replication 

o/ 
(o) 

5 

0/5 
(o) 

5 

0/5 
(o) 

:5::l  - 1_5 

5/5 
(1 00;-b) 

5/5  
(i00%) 

5 

1/5 
(2oZ) 

5 

- 
0/4. 
(o) 

5/5 
(i00%) 

5 

5/5 
(ioo) 

3/5 
(6011-1.) 

5 

- 
- 

For abbreviations, see Section VIII. 



treatment. 

Stolon number was unaffected at the first two harvests, but was 

decreased by both concentrations of gibberellic acid at the 18 

day harvest. 	This was quite unexpected, both since gibbereilin 

is found, if anything, to promote stolon development (eg Tizio, 

196+ 8) 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 13 and 18 

day harvests, gibberellic acid treatment caused a marked inhibition 

of tuberisation, in terms of number of tubers and tuherising 

stolons; 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 (1O/&g) of gibberellic acid at the 13 day 

harvest, but at the 18 day harvest it was found with both concon- 

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 tubE"risation at th3.t harvest, 

but this was not the case at the 13 day harvest,(where there acre 

no significant differences in stolon number) nor at the 15 day 

harvest in experiment 6 (where the only stolon number differences 



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. 	Nile 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 weight of 

plants grown in long days did not generally show the same degree 

of increase over the short day controls. 	Plants grown in long 

days nevertheless showed a more marked inhibition of tuberisation 

than those treated with gibberellic acid in short days. 	The 

situation may, however, perhaps be explained as follows. 	In 

long day conditions and with no additional application of 

gibberellic acids  endogenous gibberollins are produced in the 

plant and supplied to the tops, whore they promote extension 

growth, and to the stolons, where they inhibit tuberisation. Llhen 

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 applications 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 elonsatiop. 	In addition, the contribution of 

endogenous inhibitors must be taken into account (see Section Vu). 
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Summary of results of experiments with ,ibberellic acid (see 
also Table -18) 

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, Li,  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 brought 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 been exerted 

on the apical 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 mostly 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 7, in which 

gibberellic acid was applied repeatedly, however, tuberisation 

appeared to be suppressed by gibberellic acid treatment (as 

expected from the results of other workers: see Section V (1) ). 

Application of 1/g 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 IOLLg 

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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L4BLE 18. Summary 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 GA treatment used 710(etc) = 
increase with I 0,g ( etc) GA 7/plant; = relevant parameter unaffected'by treatment-, ' = decrease in 
relevant parameter with ali levels of GA  treatment used; 1O(etc) = decrease with I9g(etc) GA /plant. 
Bracketed values denote pparent effects (where no valid statistical analysis could be made). 
1>1 0 Value with ig GA3  greater than that with I g GA3  etc. Daylengths are given for experimental period.. For other abbreviations, see Section VIII. 

Experiment 1 	2 3 	- 5 6 7 
Concentration of 

_i0_  0.1, 	10 1, 	10 1000 1, 	10 1, 	10 

Daylength LI 
LD SI 	SD SD SD SD SD  4 d 235 da y - - 

Harvest date (days) 14 14 	14 14. 20 14 18 7 14. 14 6 12 15 7 13 18 - Top ht. (cn' 71 / 1 	"'1, 	10; / 0.01,I; "1; 1; (s 	ut- '171, 71, 71, 71, 711, 
/100, 1000 710 710 1O g) 71010 10 10 10 10 

Node no. ' 'V 	 (U 

J 
v ,, ,,  _ 10 

Top dwt. t (U  
;i 10 

i; 
10 /110 .L. i 

Root dvit.(g) - - 	- - - - - - - - - 
Stolono 

ip1 . ___ 10 
Tuber no. 'V 1)10 '-' (I1 Osj -i ; 41

10 

Tuber fwt.(g) H1' 
10, 10C - - 71; 

5 ____ 



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 its 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 concerning the extraction 

of gibberellin-like substances (Section V (iv) ) in Section VII 

(General Discussion). 

____acid and indole acetic acid alone 
and in combination 

The investigation was carried 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 no 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 exnected from the 

results of the previous experiments. 	Node number was also 

unaffected after 12 days by indole acetic acid, but was increased 
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TABU I 9a. Results of C-A7/LAA factorial experiment. Differences in top, stolon and tuber growth in plants 
grown in SD wlthout and with IAA and GA  alone and in combination at harvest after 9 or 12 days. 

Treatment 

9 day harvest 12 day harvest - 

SIC 
SD 

+ 
GA  

SD 
+ GA 

 + El 
SD 

+ IAA 

S.A,
SD  

SIC 
SD 

+ GA 
+ GA 

 +IAA3  
SD 

+ IAA 

S.A. 
GA 

M .E 
IAA 
M .E • I 

GA 
M.E 

IAA 
M.E.  I 

Top ht,(cm) 16.8 47.4. 38.3 23.2 - - 0.001 19.7 49.7 4-3,7 22.0 0.001 xis 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) 1.10 1.61 1.47 1.31 - - 0.05 1.20 i.68 1.72 1.61 - - 0.005 

Stolon no. 5.4 4.6 4.0 5.2 xis ns xis 4.8 4.0 6.6 5,2 ns xis ns.  

Tuber no, 1.8 0.6 0.2 2.4 0.005 us xis 4.2 2.0 1.4 2.8 0.001 ns ns 

Tub. stoloxino. 1.4 0.6 0.2 1,8 0.05 xis ns 2.4 1.4- 1.2 2.0 0.05 xis xis 

Tuber fwt.(g) - - - - - - - 0.63 0.17 0.11 0.69 0.005 ns xis 

Replication 5 5 5 5 -  - - 5 5 5 5 - - - 

GA M.E. = gibbereflic acid main effect 
Ea M.E. = indole acetic acid main effect 
I 	= interaction 

For abbreviations, see Section VIII. 

Values quoted under statistical analysis 
are values of p. 



TABLE 19b.  Results of CA /IAA factorial experiment (continued). 
Breakdown anayses for interactions. 

9 day harvest. 12 day harvest 

Effect of IAA Effect of GA Effect of IAA Effect of GA3 

+GA.. -4A3  +IAA -GA3  +IAA -IAA 

p LSD p IBD p IBD p LSD p LD p LSD p LSD p I LSD 

Top ht,(cm) ns 10.2 0.05 4..51 0.001 4..84. 0.001 3.76 - - - - - - - - 

Node no. us 2.57  0,05 1.11 ns 2.39 0.05 1,96 - - - - - - - - 

Top dwt.(g) ns 0,23 0.005 0.11 ns 0.36 0.005 0.25 ns 0.17 0.005 0.20 us 10.23 0.001 0.14. 

For abbreviations., see Section VIII. 



by gibberellic acid. 	Top dry weight showed a significant 

negative interaction 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 acetic 

acid. 	The latter exerted a smaller promotive effect when applied 

alone, but none in the presence of gibberellic acid. 	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 top 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 diageotropc 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 

may require the elimination of the natural supply of growth sub- 

stances from the shoot apex. 	Negatively 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 2chloroethvJrimethy1amionium chloride () 

This and the following two experiments were carried out to amplify 

the information obtained from the above experiments with gibber-

ellic acid, by possibly implicating the plant's endogenous 

gibberellins in the control of tuberisatioi. 	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) ) 

Temp. Age Age 
Harvest G.S. Application 

Experiment after E 
(°c day/night) 

at B 
(days) 

at A 
(days) 

date 
(days Amount 
from E)i  Concentration Solvent of solution 

applied 

CCC1 20/17 35 15 14 10 0,12 3M, 
H 2 lOOmi/pot 

10 	M 

CCC2 20/17 43 42 14 10 oil Q.3M 

10 	M 
H20 lOOmi/pot 

CCC3 30/27 35 35 14 	11 10 o i l Q 3M, H20 lOOmi/pot 
I 1OM 

ABA' 20/20 35 35, 35 +1 14 	1 10 10 	/plant 50:50/ 20 	drop 
C2H5OH: 
H20 

Temp. after B = Temperature during the experimental period 
Age at B = Age of plants at 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 regimes during the experimental period. 



TABLE 21 • Results of first CCC application experiment:.. Differences in ton, stolon and, tuber growth 
for plants grovnx in LJID or SD with or without CCC at 102  or 10M at harvest after 14 days 
(plants 15 days old. at CCC treatment), 

Treatment 

SD LILD 

0 CCC -3 10 	MCCC -2 10 	MCCC S.A. 0 CCC 3 10 	MCCC 10 	MCCC S.A. 
p LED p LED 

Top ht. (an) 32.8 19.8 15.8 0.001 2.56 32.4 20.9 16.2 0.001 3.23 

Node no. 	J 19,6  19.2 18,7 ns 21.0 19.2 16.9 0,005 2.4.5 
Top thrt.(g) 2.09 1.63 1.75 0.005 0.25 2.10 1.4-2 1.4.7 0.001 0.29 

Stolon no. 9.0 7.7 6.9 0,05 1.15 7.3 8.3 7.2 xis 

Tu'oerno. 4.5 5.7 5.2 ns 0.2 0.1 1.1 - 
Tub. stolon no. 3.1 3,7 3,3 xis 0,2 0.1 0.7 - 
Tuber fwt.(g) 0.90 1.50 - 2.4.0 ns 0.03 0.07 0.50 - 

No. plants tub. 
9/10 

(90) 

9/9 
(i rotted) 
(i00%) 

6/7 
0 rotted) 
j5.7) 

- 
2/10 

 (20,Z) 

1/9 
(i rotted) 
(11 .i 

4/9 
(i rotted) - 

Replication 10 10 10 - 10 10 10 

For abbreviations, see Section VIII. 



In the first experiment, in which plants were 15 days old when 

treated, CCC at both concentrations (10M and 1o_24) 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 workers 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 andLang, 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 wth 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 octing in its normal way, inhibiting gibberellin 

synthesis (see Section V (1) ) 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 

-2 stolons and tuber fresh weight, with 10 M CCC treatment in long 

days, but there were too many zeroes in the data to allow a valid 

statistical analysis to be performed (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 with 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 tuberisation to be retarded with CCC 

treatment given at emergence from the soil, which was considerably 

earlier 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 



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 LD) 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 (1) 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 +3 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 the 

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 been because of the. 

shorter time beLween CCC treatment and harvest in the present 

experiment, causing these trends to be less marked by the harvest 
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TABLE 220 Results of second CCC application exper.nient. Differenceg in top stolon and tuber growth 
for plants grown in LILD and. SD with or without CCC at 10 or 1O M, at harvest after 14. days 
(plants 42 days old at Ccc treatment), 

Treatment 

SD LILD 

0 000 10 3 cc i oicco S .A. 
0 CCC 10 3  M-CCC  i oMccc ILD 

Top ht.(ca) 29.5 - 	20.9 18.9 0.001 3.50 322 21.9 17.6 0.001 1.62 

Node no. 18,7 19,0 18.9 ns 20.4. 20.8 19.3 xis 

Top dwt,(g) 2,29 2,04 1.89 ns 2.09 2.00 1.93 ns 

Stolen no. 8.4 8.6 7.0 xis 8.7 8.4 8.3 ns 

Tuber no. 3.7 5.4- 7.8 0.005 2.44 0.2 1.2 4..? 0.001 2.4-2 

Tub. stolon no. 2.7 3.0 3.7 ns 0.2 1.0 3.2 0.001 1.45 

Tuber fvrt,(g) 1.7 3.3 - 	6.4. 0-005 2.17 0.6 1.6 - 3.5 0.005 1.90 

No, plants tab. 10/0 
(1001 

10/10 
(1 001 

10/10 
(ioo.) - 10 

(2O7) 
7/10 

(7o) 
10/10 
(lool 

Replication 10 10 10 - (_10 
- 	10 10 - 

For abbreviations, see Sectionvill. 



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 app] ication of CCC. 	Tuberisation was significantly 

increased by 10 2M CCC treatment in both daylength regimes. 

10M 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 applied 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, except that tuber 

weight was found to be increased; such 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 gibbereflins 

acted to inhibit or delay tuberisation, since application of CCC 

to plants just before the expected onset of tuberisation should 

prevent or reduce gibbereilin synthesis at this time. 
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Third exDer±ment 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 h:gh temperatures (3 0
0 	0

0 C day/27 C night) 

which are less favourable to tuberisation 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 heiht with CCC in both day-. 

length regimes, as in the previous experiments; CCC treatment 

had no effect on node number in short days, and a small, probably 

unreal, effect in long days (the value with 10N CCC was 

greater than that with -2  
 10 N, 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 experimont,t the beginning of the differential day-

length period, 

-2 Stolon number was unaffected by CC an short days, but 10 4 CCC 

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 teniperaures 

were favourable to tuberisation. 	All plants from short days 

(with the exception of one which had roLted) had tuberised. 

There was an apparent increase in tubenisation with i0 2  ccc, in 

terms  of tuber number, number of tuberising stoloss and tuber 

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

parameters were found to shoe no significant differences. 	In 



TIME 23. Results of third (high temperature) CCC application experiment. Differencs in top stolon 
and tuber growth for plants grown in LILt) and SD with or without CCC at 10-  or I 0M at. 
harvest after 14 days (plants 35 days old at ccc treatment). 

Treatment 

SD 
S 	 LILD 

0 CCC I O 3MCCC i oxccc S.A. 
0 CCC 10 	MCCC I 0MCCC A, __ PS 

LSD 
PS 

LSD 

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. 17.7 17.2 16.5 ns 17.8 18.9 16.9 0.05 1.33 
Top dwt.(g) 1.25 1.13 1.17 xis 1.31 1.20 0.99 xis 

Stolon no. 6.7 6.2 6.6 ns 4.7 4.1 3.6 0.05 0.96 
Tuber no. 5.2 5.0 11.1 ns 0 0 0 - 
Tub. stolon no 4.4 4.0 6.1 xis 0 0 0 - 

- Tuber fwt.(g) 0,87 1.2_-  2.7 0.02 1.36 0 0 0 - 
Non-tub. stolons 

With starch 
No starch 
%with starch 

1.0 
1.2 

45.5 

1.6 
0.3 

81 

0.2 
0.2 

- 	50 

0.05 
ns 
- 

0.31 0.3 
3.3 
8.3 

1.0 
3.1 

24 

0.55 
3.2 

16 

n 
xis 
- 

No. plants tub. 
10/10 

(100%) 

10/10 

(100%). 

9/9 
(i rotted) 

(100%)  
- 0/10 

(0%) 

0/10 

(0%) 

0/10 

(0%)  

- 

Replication 10 10 10 - 10 10 10 

For abbreviations, see Section VIII, 



FIGURE 20. 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 2N CCC ranged from 2 to 	, a d 7.12.. 

In the present experiment, in addition to tuberisation 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 days, the number of untuherised 

stolons with starch deposits increased significantly with 10M 

CCC treatment, suggesting that a larger number of stolons were 

about to tuberise in these plants (Table 23). The number of 

-2 such stolons fell again with 10 M 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 10M CCC (Fig 20). 	'Vhen stolons pass from the stage of 

starch deposition to the stage of visible swelling, the number 

of non-visibly tuberised stolons with starch deposition obviously 

falls and that of visibly tuberised stolons rises. 	These results 

are perhaps better expressed as the percentage of non-visibly 

tuberised stolons conlainirg starch (Table 23).  In the plants 

from long days, there was also an 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 

tuborisation. 	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) 

Summarf 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-

chins 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 

gibberehlin synthesis has some effect on tuberisation. These 

experiments have shown that the latter is the case: when 

synthesis of endogenous gibberelhins was reduced by CCC treatment 

applied at the beginning of the differential dayiength period 

(experiments 2 and 3), when plants were approaching tuberisation 

tuberisation was promoted at both low and high temperatures. 

A acre marked promotion of tuberisation would probably have been 

found if repeated anplications (Os in gibberelhic acid experiments 

6 and 7) had been given. 	CCC treatment was unable to cause 
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tuberisation in long days at high temperatures (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 -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) ). 	Tuber fresh weight appeared to be 



TABTI 21.. Results of ABA application experiment. Differences in top, stolon and tuber 
growth for plants grown in LILD or SD with or without ABA. 

Treatment 
SD LILD 

No ABA l9ig ABA/ 
plant 

S.A. No ABA 19tg ABA! 
plant p LD p LSD 

Top ht,(crn) 49.2 44.5 ns 60.14. 59.6 xis 

Node no. 15.0 13.9 ns 18.1 16.3 0.05 1.57 

Top dwt.(g) 3,14.6 3.33 ns 3.97 3.50 0.05 0.1.2 

Stolon no, 13.5 15.1 xis 14.8 15.1 xis 

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 1.7 0,05 0.95 

Tuber fwt.(g) 0.99 1.22 ns 0.02 0.12 xis 

Non-tub. stolons 

With starch 
No starch 
% with starch 

0.2 
0.6 
25 

0.7 
2.8 
20 

ns 
xis 
- 

0 
14.7 
0 

0.1 
13.3 
0.7 

- 
xis 
- 

No. plants tub. 10/10 
(1 00%) 

10/10 
(i00%) - 

2/10 
(20%) 

7/10 
(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 

deposition in non-visibly tuberised stolons. 	A much higher 

percentage of treated plants than of long day controls had 

tube rised. 

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 -Antably et a]. (1967), and in 

conflict with those of Smith and Rappaport (1969). Although no 

effect of treatment was found in plants kept in short days, this 

may have been because tuberisation was well advanced by the 

harvest date and an effect may have thus been ndssed. 	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 dry weight in plants from 

long days may indicate an indirect effect on tuberisation, 

mediated by effects on top growth. 	/hether this is the case 	or 

not, however, the results suggest 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 

-Antab1y et al (1967) on the grounds of the very large doses 

of abscisic acid required 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 applied 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 subs-apical region of the 

stolon. 

In the present experiments, growth-active substances were 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 stern grown by tissue culture methods (eg Nes and Menge, 

1954; Chapman, 1955, 1958) and others (McCorquodale and Moorby, 

1968; Palmer and Smith, 1969 a and b, 1970) have applied these 

techniques to the investigation of various growth-active substances 

on stolen tips. 	It was felt that it might be more valuable to 

treat individual stolon tips in vivo (Ic while still attached to 

the parent plant) rather than in vitro (Ic stolen tips excised 

from the parent plant and 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, GA 
31 

one using CCC, one using abscisic acid, 

ABA, (all as specified in Section V (ii) ) and two using a 

cytokinin, 6-furfurylaminopurine, Kinetin, 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 other' users. 	Details of the experiments are 

given in Table 25. 

b. 	Preparation of solutions of growth-active substances 

Gibberellic and abscisic acid solutions were prepared by dissolv-

ing the solid in a very snail amount of ethanol and then adding 

the appropriate amount of water to give the required stock 

so]ution. 	CCC and kinetin were made up in completely aqueous 
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TABLE 25. Time schedules and treatments for stolon feeding experiments (Section V (iii)) 

Experiment Growthoncentration Volume1 Age at Final Temperature Daylength Replication 
Sub- 
stance 

in 
Bottle 
(nil) 

E 
(days) 

Harvest 
(days 
from E) 

after E 
(days) (°c 
day/night) 

after E 
No. of plants/ 
treatment 

No. of stolons 
treated/plant 

1st CA  GA  (2.9 xi0F, 

2.9 X 

1.5 42 23 20/17 
SD (controls + GA _treatments) 8 2 

LII 	(controls) 8 2 

2nd CA  
GA 3  

1,1 Op 
(2.9 X 10 
2,9 x 10-514) 

2.0 35, 56 27 20/17 
SD (controls + 

GA 3  treatments) 

69  35 day 
controls)_  

2 

7, 56 day 2 
LILDTcontrols) 3 2 

I at CCC CCC 10 -;M 2.0 35 23 20/20 SD 10 2 

2nd CCC CCC 10M, 10M 2.0 35 28 20/20 

b(all 
treatments 10 2 

treatments)  10 2 

ABA ABA 
0.5, 1.0 ppm 

(1.9x 10M, 
3.8 x i 0M) 

2.0 35 23 20/20 

SD (all 
treatments) 10 2 

LILI) (all 
treatments) 10 2  

I st KIN KIN 10-6 
200 

10 	M 
35 2 20/20 

SD (controls + 
KIN treatments 10 2 (some 

broken 
10 - 2 

2nd. KIN KIN 10M, 10 2.0 35 

16 	- 
(SD plants 
23 (LnD 
iDlants) 

-LDTatro 
20/20 s 10 2 orl(i plant/ 

treaent ____ 
LILD (all 
tre _ 10 2 

Age at E = Age of plants at beginning of experimental period (transfer to differential daylength rgimes and stolen 
treatment begun). Final harvest date is given in days from the beginning of the experimental period, as usual. Daylength 
rgimes 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 (iON) of kinetin was prepared and 

autoclaved to dissolve the powder; dilutions were then made to 

give 10fl and 10611 solutions 	It was found that kinetin 

remained in solution even at a concentration of 10 rM after 

standing at room temperature for several weeks. 

c. 	The experiments; results and discussion 

First feedinR experiment with gibberellic acid 

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

are presented in Figs 22 and 23. 	Gibberellic acid treatment had 

no effect on top height (Fig 23 (b) ). 	The progress of tuber 

formation is shown in Fig 22, in which the lower curve shows the 

number of stolons tuborised at the tip (apex of stolon) only, and 

the upper curve the total number tuherised (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 23 days, none of the gibberellic acid treated stolons 

had tuherised; the only treated stolons to tuberise were short day 

water controls (Figs 22 and 23 (a) ). 	Rotting of staloris 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 control solutions gave readings in the 

region of pH 6. 	The difference in tuberisation between the water 

controls and the stolons given I ppm gibberellic acid could not, 

however, he 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 en].srgoment 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. 
Histogram showing tuberisation in treated stolons 

at harvest after 23 days. 
Top height of parent plants with and without 

gibberellic acid stolen feeding treatment, at harvest 
after 23 days. 
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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 with 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 witberellic acid 

This experiment was similar to the first and was carried out to 

check the results 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 began. 	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 experiment are given in Table 25 and 

the results in Figs 24 and 25 and Table 26. 

The gibberellic acid treatment had almost no effect on top growth, 

stolon number, or tuberisation of untreated stolons (Table 26 ); 

the only 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 he a real effect. 	I.fl as large or larger 

supply of gibbereilic 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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TABLE 26. Results of second GA stolon feeding experiment. Differences in top, stolon and tuber growth 
on untreated stolons3at final harvest after 27 days. 

Treatment 

35 day plants 56 day plants  

LLC SLO SD + I pm 
GA  

SD + 10 ppm 
GA 

S.A. 
LLC SLO SD + I ppm 

GA  
SD + 10 ppm 
GA  

S.A. 

p LSD p I.SD 

Top ht.(cm) 4.5.1 28.9 25.8 23.3 ns 54..7 4.0.2 4.0.9 38,5 xis 

Node no. 24..5 19.3 17,9 19.0 ns 24.0 20.0 19.8 20.3 xis 

Top dwt.(g) 2.13 1.96 1.57 2.12 0.05 0.37  2.06 2.51 2.28 2.24. xis 

Stolen no, 6.0 7.2 - 	4..8 4...7 xis 5,0 6.1 - 	7.9 6.6 ns 

Tuber no. 0 7.3 3.7 5.8 ns 0 4.4 4..6 6.1 ns 

Tub. stolon no. 0 4..,7 3.0 3.5 xis 0 4.4 3.8 3.8 xis 
Replication 3 6 6 	- 6 - 3 7 - 	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 treated 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 frorii the results of the 

gibberellic acid experiments in Group J (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 

eariier,as expected, in the latter) probably due to the higher 

level of rot in the 56 day old short day controls (Fig 25). 

Then 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 begun with the highest level (10 ppm) of gibberellic acid. 

By 21 days (see Fig 25)  there was still no tuberisation dn 

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 stolen in 

these, and in the long day controls (Fig 25),  but no starch had 

yet been laid down in any of the I ppfrt 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 4 weeks; these stolons 

again showed the elongated appearance 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 

on top growth. 	The results are in agreement with those of 

McCorquodale and Noorby (1968) with stolon tip cultured in vitro 

(see Section V (1) ); these workers also concluded that gibber-

ellic acid exerts its effect on tuberisation at the stolon tip 

itself. 

It rerainsuaclear, 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 feedinc 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 question because, since 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 tuberisatipn 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 gibbercilins 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 top 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). 	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. 	Tuherisation 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. 

stolons tuberised at tip only 
total tuberisation: stolons tuberised at tip or 

at side bud(s). 
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FIGURE 27. Results of CCC stolen feeding experiment 1. Histograms 
showing tuberisation in treated stolons after 1+ 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. 

Treatment SDC SD+1OCCC M SD+1O 2  MCCC  

S. A. 

p LSD 

Top ht.(cm) 51.8 47.9 49.5 ns 

Node No. 19.8 19.4  20.9 ns 

Top dwt.(g) 3.11 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 () 

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 10M 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 

10M CCC. 	It appears that this result was due to a higher 

number of water controls beginning to tuberise at a side bud 

after day 15. 	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,bUtnoreplacement 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 deterrninewhdhera promotion 

of tuberisation would result in such stolons also. 	Details of 

the experiment are given in Table 25 and the results are shown in 

Figs 28 and 29 and in Table 28. 

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 tubrisaticn in treated 

stolons on plonts grown in short days. 	Graphs for tuberisation 

at the tip alone and total tuberination wore 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, 

Stolons tuberised at tip only. 
total tuberisation: stolons tuberised at tip or at 

side bud(s). 



(a)  

o 4 6 12 lb 2U 24 
Time from start of treatment (days) 

0-0 0 CC  
ioFvi CCC SD 

 1 10 4M CCC 	 tuberised at tip only v-----v  

io2 M CCC 
io 	ccJ LI U 

H = Histogramsfor the.dates shown in Fig 29 

(b) 

Time from start of treatment (days) 

O-8OCCC 
iC,)-2M CCC-SD 1 
io 4 i ccci 102i CCC}LI LD ± total tuberisation 

--- 1O%1 CCC 



FIGURE,  22.  Results of CCC stolon feeding experiment 2. Histograms 
showing tuberisation in treated stolons after 16 22 and 
26 days. 



me 1-41 MS 
iWa 

:1: S 
raww . 	. 

.Ms  
[S . 	. 

i?I i p 	• v1s • 
•• 

L•• 
i 

[•s 
*.. 

II _____ 
Jflh1 ______ 
_____ _____ EllflflOftC 

. ?Q . 	S • I•• •• 
______ 

1 

U) 
C 

0 
4-I 
U) 

0 z 

p'm 0 104M. 10 2M 
ccc ccc ccc 

I 	 I 

SD 
after 16 days 

104M 10 2M 
ccc ccc ccc 

I 	 I 

SD 
after 22 days  

10-4M 10-2M 
ccc ccc ccc 

I 	 I 

LI LD 
after 26 days 

Otuberised at tip 

Eltuberised at side bud(s) 

heaIThy and untuberised 

signs of rot at tip 

tip rotted 



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 

Treatment 4 2 1 S.A.  10-4  S.A. 

pf LSD p LSD 

Top ht.(cm) 48,9 45.1 48.1 ns 34.2 36.1 36.9 ns 
Node No. 17.8 18.0 18.5 ns 16,8 16.2 16. ns 
Top dwt.(g) 2.51 2.43 2.49 ns 2.15 2.2'+ 2.30 ns 

Stolon No. 5.6 k.'+ 4.7 ns 4.8 3.9 4.7 ns 
Tuber No. 0 0.2 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_
j+ 
 M and a 

larger one with 10 2  M 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). 

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 stolen bringing about a promotion 

of tuberiston, even in non-inductive long days. 

McCorquodale and Noorby (1966) did not find this result 

with their stolon tip cultures. 	With low concentrations 

of CCC, very little effect was observed, and at higher 

concentration (iOii) they found an 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 gibberellin to the stolons from 

elsewhere in the plant. 	Palmer and Smith (1969 b) also 

found that CCC :inhibited stolen growth but did not cause 

initiation of tubers in the absence of kinetin; kinein, 

however, is probably necessary for tuborisation to occur 

(see holcw and 3ecn.on VII), so that these results are not 

real] y cowpnrble with t}o;e of the present experiments, 

129. 



or with those of NcCorquodale 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 between 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 the 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-

chin, probably acting together with gibberellin from elsewhere 

in the plant, exerts a delaying effect on tuberisation. 

Fnexnerimentvijth_abscisic acid 

Having demonstrated an involvement of gibberehhic acid and CCC 

directly at the stolon tip similar to that found wh.n these 

compounds were applied to the whole plant (Section V (ii) ), it 

was desirable to discover whether such a prahlel 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 30 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 

abscisic 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 stolona 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 (U ) ) 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 absc:Lcic acid. 	It appears however that, although 

the lover concentration (0.5 ppm) had no effect on tuberisation 
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FIGURE 30. Results of abscisic acid stolon feeding experiment. 
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 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 23 days. 

Treatment SDC 
ZD-1-0.5 
ppm ABA 

SD+1.0 ppm 
ABA 

A. 

P LSD 

Top ht.(cm) 54.6 54.3 8.9 0.05 3.29 

Node No. 20.7 20.3 20.1 ns 

Top dwt.(g) 3.15 2.53 3.01 0.01 0.32 

Tuber No. 6.6 5.1 5.4 ns 

Tuber fwt.(g) 18.8 1.8 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 30 (b,) ). 	It is possible that a difference in the rate 

of cell division, 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 (s-) and (h.) ) 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 stolons was recorded, there appeared to 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 NcCorquodale 
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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 normal and resumed growth 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 (i 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 m  

to 7.5 x 10 2mM, and in the absence of kinetin, inhibited 

stolon elongation but no tubers were formed. 	In the presence 

of 1,6 x 10 2rn11-11  kinetin, the effect of abscisic acid on stolon 

elongation and tuberisation was less marked; concentrations of 

7.5 x 10 and 7.5 x 10 3  m failed to inhibit the kinetin-

induced tuber formationT, whereas a concentration of 3.0 x 10 2miI 

markedly inhibited tuber initiation. 

The medium used by McCorquodale and Moorby (1968), as mentioned 

above, contained kinetin as well as ahacisic acid, so that their 

results are comparable with those of Palmer and Smith (1969 h) 

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 this 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 results 

are presented in Figs 32 and 33 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 6N kinetin had 

very little effect on tuberisation at the tip (Fig 32 (a) ), 

but the higher concentrations (10-' and 1011) had an inhibitory 

effect, almost from the beginning of tuhei initiations 	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 Lip. There 

was very little effect of any concentration of kinctin treatment 

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. 
a* 	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 21+  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. 

Treatment LDC 
SD S. A. 

0 KIN 10-'M   KIN 10M KIN 
1 

10 	M KIN p LSD 

Top ht.(cm) 67. 38.9 381 35.1 3.2 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 1.77 ns 

Stolon No. 2.1 3.0 3.7 4.7 3.6 ns 

Tuber No. 0 2.6 2.8 3.3 2.8 xis 

Tub. stolon No. 0 2.3 2.5 3.0 2.6 ns 

Tuber fwt.(g) 0 9.0 8.6 0.2 9-3 ns 

Replication 10 10 10 10 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 detected in 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 plants grown in short days, there was no effect of kinetin 

treatment on growth of tops or tuberisation of untreated 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 31+ shows an inhibition of both total tuberisation (Fig 34 (h ) ) 

and tuberisation at the tip alone (Fig 31+ (a) ), especially, in 

the case of total tuberisation, with 10I4 kinetin, 	This effect 

may have been due to a higher level of rotting in these stolons 

(see Fig 35); that this was the case is supported by the fact 

that few new tubers were formed after 10 days with 10 51.1 kinetin 

treatment, although tubers continued to be formed for a longer 

period in the other treatments. 	Except for this anomalous 

result for total tuberisation with 10M kinetin, the results 

tend in the same direction as those of the previous experiment, 

total tuberisation being little affected, and tuberisation at 

the tip alone being inhibited by 10 	and 10 N 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 

accumulation of much hghcr levels of hixitin at tile tip than at 
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FIGURE 34. Results of kinetin stolon feeding experiment 2. 
Graphs of tuberisation in treated stolons (%) with time. 

stolons tuberised at tip only 
total tuherisation: 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) andafter 
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). 

Treatment 
SD plants S.A. LI LD plants S.A. 

0 KIN iOFllIN 10cIN -p 1  LSD 0 KIN 10 5 CIN .10 	MN p LSD 

Top ht.(cm) 37.2 39.0 39.6 ns - - - - 

Node NO, 17.8 18.5 18.7 ns - - - - 

Top dwt.(g) 2.33 2,+8 2.46 ns 3.O 4.47 3.71 ns 

Sbolon No. 4.4 4.6 4.6 ns 4,0 3.6 3.0 flS 

Tuber No. 3.6 3.7 3.4 xis 0.2 0 0 - 

Tub.stolon No. 3,4 3.1 2.5 ns 0.2 0 0 - 

Non-tub. stolons 
With starch 
no starch 

0.5 
0.6 

0,6 
0.8 

1.3 
0.8 

ns 
ns 

0,1 
0.4 

0.5 
3.0 

0.1 
2.9 

- 
xis 

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 endogenous cytokinins, may have resulted in a toxicity effect 

at the tips. 

Both experiments showed that, in short days, kinetin definitely 

had no LL221ILa 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 

stolons given 10N kinctin at the final harvest of plants from 

long days (after 23 days), but no starch deposition was found in 

any of those given 1014 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 ;3mith 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 vere obtained with stolons still attached 

to the 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 rnov.e 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 M'thes, 19), and requirements for 

movement would presumably be the same in both systems after 

penetration. 	Secondly, and perhaps more likely, the supply of 

endogenous cytokinins from the parent plant in the present-

experiment 

resent

experiment may have made extra cytokinin unnecessary in either 

daylength regimes 	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 (1) ). 	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 cytokiniis 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) Crow -0 C: 	xtrection and asaavofeneo.enous'jbborel3n- 
lihe subahancea from rtoj.on tiwa in a vwious ov':lowncntml states 

a, 	Introduct.ion 

To show that endogenous gibberellins exert a delaying influence 

on tuberisation, it is necessary. to demonstrate that their level 

in the plant varies in a way which is inversely correlated with 

the developmental state of the plant with respect to tuberimation, 

more gibberellin being present in plants without signs of tuber- 

isation, 	Chazawa (1960) found hiilior gibbereifln 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 (196:), described above (V (1) ). 	An investigation of the 

gibberellin content of stc.lon tips at various 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 (tuberisecl or non 

tubarised) was at first estimated by whether viw.tble s.ielli had 

or had not taken place in the su-picol region of the tip; green 

stolons, which do no", normally tuberise, were also included. 

Later, following the ivtigations described in Section VI, 

stolons, which had not vijibly tubericed were further divided 

according to the presence or absence of starch deposition. 

b. 	traction and assap arocedure 

Stolon samples for extraction and assay were taken from harvests 

of other exeeriments, the samles bci.np  separated on the basis 

of their developmental state, estimated by one of tke. above 

methods, ic or: visible sv;ellin or starch deposition. Immediately 

after harvest, the stolen tin (tcrminaJ. I or;) material was divided 



into samples each consisting of one developmental category 

(except in the first comparison, see below). 	The samples, after 

being weighed, were freeze-dried overnight to constant weight 

with a vacuum freeze-drying apparatus, using a miature of solid 

carbon dioxide and acetone as the coolant. 	They were then kept 

in sealed bottles at _2000 until assay. 

Various methods for extraction and assay of gibberellins were 

inves C. isat ed 	Dctrcctions were carried out using organic 

solvents, end also aqueous buffers as primary solvents; the 

latter have several advantages (see Jones, 1968). 	Extracts 

were further extracted with ethpl acetate, evaporated down and 

taken up in methanol, 

Extraction and separation by thin layer silica gel chromato-

graphy (geevaart, 1966, with modifications by Dale and Felippe, 

1968) was followed, by assay by a lettuce hyocotyi bioassay 

(Ian-,land and'areing, 1960, with minor variations by Dale and 

Felippo, lc).)") 	No gibbar ell. in activity uws. detected by the 

bioassay, which is sensitive to mowt ;ibboreJ.hins. 	Invosti- 

cation showed some of tia stages at which loma cccurred, and 

improvements were made et anpropriate points, but it was 

subsequently decided that another more sensitive bioassay 

procedure, for which such specific cai;racts of the material were 

not required, would be more suitable, especially for dealing 

with small saap:Lea ci stolen tips. 	Difficulty caused by the 

small amounts of ,ihbercJlin present in stolons was found. by 

NcCorsucdaio and hoorby (ic3), who hioassayed some of their 

cultured material but :ero 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-seed -amylase bioassay (Jones 

and Varner, 1967), which depends upon the fact that gibberellin-

induced -amylase release from barley half-seeds is proportional 

to the log of the concentration of gibberdllin aplied. Trials 

were made using this bioassay with some slight modifications, 

with a series of knovgibbcre11ic acidconcentrations (0.0 jtg/nil 

down to O.000C9t,tgyal). 	Good results were obtained, with 

sensitivity usually down to 0.000/-e/ml and so it was decided 

to adopt this procedure. 	The methods used are detailed below, 

Bxtraction nsccedure 

On the day before assay, each stolon-tip sample was ground in a 

chilled mortar aith ice-cold sterile tris (hydro:yrtiethv1) 

arninomathane buffer, p11 7.2, and the hrei strained through very 

fine nylon cloth. 	The extracts ware shaken gently and kept in 

ice at 1C overnight (for maximum extraction). 	After 1.-16 

hours, the pre-par,-  t ions were centrifuged at 0°C (5000 rpm for 20 

mm), 	The supernatant, made up to an exact volume (6, 7 or 

10 ml) in each case, was used as the final extract for bioassay. 

Barley seed 

Jones and Varner (1967)  used ordo 	vulrare var. :iimalara, which 

is a nal:ed variety; nakedness was desirable to avoid the e:tra 

procedure of dc-husking. 	Host assays in the present work used 

_,=, line c 120 (1967 harvest) kindly provided by the Scottish 

Plant 3reedin; Station at Pentlandfield, Hidlotiiisn, 

3, 	Preparation of assay materials sad assay nroceaure 

Day 1: 	The barley seeds were surface-st cruised (20 in.in  in 20 



in sterile water at 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 2111- hours at 

22.50C 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-seeds with the extract 

solutions to be tested was begun, using 25 ml sterile &leninoyer 

flasks, each containing 10 half-grains, 1 nil sterile phosphate 

buffer (containing 12,00 g KHP01  and 0.676  3 CaC12.61L,0 in a 

final volume of 2 1 of buffer, final pH k.3) and 1 nil of test 

solution. 	After preparation, again in sterile conditions, the 

stoppered flasks were placed in a water bath at 25°C ( 100) and 

shaken at a rate of 40-60 agitations/min for 2+ hours. 	A range 

of gibberellic acid controls was also included, 1 nil of 

gibberellic acid solution (made up with sterile water) at 

concentrations of 0,0,00005, 0,0005, 0.005 and 0.05g/ml  being 

added instead of the test solution. 	Controls were also set up 

without halt-seeds for each test solution, to check on the amount 

of amylase in the extract. 	In most cases, diluted extract 

samples were also assayed. 	5Ci.1 treatment was replicated 

twice. 

Day 4: 	The liguid in each flask was decanted and washings 

ml sterile water) added to it; it was then spun for 10 rain 



FIGURE 36. Apparatus used for cutting barley seed for barley 
half.-seedcL-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 hrass.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 lrge debris, 

and the superrutant (which was fairly clear and the pigmentation 

usually slight) quickly decanted. 

A large number of test tubes was set up, each containing 1 nil 

of a solution of soluble starch, freshly made up by adding 

375 rig of BD1i Analar soluble potato starch to 250  nil boiling 

phosphate buffer (,'V15 P0, 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 occasion 

to another, whores3 soluble starch gave a consistent blue colour. 

The tout tubes were equilibrated (5 min at 5000)  before using 

for the assa/. 	The assay systems were sot up at regular timed 

intervals by addinig 1 nfl extract solution to the starch solution, 

and the reaction stopped after a timed incubation period at 

30°C with I nil iodine/potassium iodide solution (diluted 1 in 

10 with water from a stock solution made by dissolving 6g KI 

and 600 rIg solid iodine in 100 ml water.',later was used to 

make up the a0di0 reaeiit instead of the 0.0511* JIOL of Jones 

and Varn.er's method because the latter again caused varying 

colours with starch; this problem was avoided when water was 

used). 	The first few incubations gave a time schedule for the 

whola experiment; the incubation times were varied, depending 

on the level of .gibberc-lljrjiji:e activity in the extracts, from 

15 soc to 5 min. 

The optical dity (CD) of the blue solution from the assay, 

added to 25 aT water, 'a deteraincai usfng an dP 00 spectra- 

pho Lowoter, roadiru 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, usin; the mean values for each pair of 

duplicate flasks. 	The gross gradient thus obtained for each 

sample was corrected for the amount of aarylase 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 grahm 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 ibberellic 

acid equivalent 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/ kg gibberellic acid (GA) equivalents per 

gramme fresh aeight of the original sample. An example of the 

calculation for a sample of stolon tip material ±rora plants 

grown duwing the experimental period in long days in the 

first comparison (Cl) is given below. 

Gross gradient of OP change for sample = 0.055 

iueylase control gradient 	 = 0.025 

Corrected gradient for as 

GA, euivalesa of corrected gradient 

(obtained from CIa_ controlCalibration 

curve ) 

Fresh wc:Lght 0' original sample 

0,065-0,0 	004O 

= 0,OCO+O 

= O.5525g 
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Total volume in which sample was 

suspended 	 = 10 ml 

Volume of sample used in assay 	= I ml 

Coefficient of gibberellin activity 

in sample 	 = 0. 00,040 x 
0.15523 

10 

= 0.0072,/ GA.. euivalents/ 

g fivt of original sample 

Examples ofgreaha of change in optical density with time for 

the sam-ales and controls and calibration curves for the 

comparisons carried out are shown in Fig-s 3743 e  

C. 	Comparisons of stolon tir material in different develop-' 
mental states 

Using the method described above, six comparisons of stolon tip 

material were carried out. Full details of the samples used 

are given in Table 32, and the results are given in Table 33 and 

3k. 

The first comparison (Cl) used total stolon tip samples (ie all 

the tips on the plants) from plants 49 days old, grown during 

the experimental period in short days or low intensity long days. 

The tips from the plants grown in short days included some which 

were tuberised visibly, but none of the tips from the plants 

grown in long days had tuberised visibly. 	Pore gibbereilin-- 

like activity was found in stolon tips from the plants grown in 

I ong days than in those from the planUs grown in short days, in 

which no gibberellin-like activity was detected. 

This is a similar result to that found by Ck.aa.wa (i0) 

for c:atracts of leaf blades of potato plants groan in long 

or ahor U dayu. 	hootli (196)) has pointed out that Okaasia a 



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 (O.D.) of final assay solution after 
incubation with time of incubation for control solutions 
of GA  (Fig 38) against GA  concentration. 

The O.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 O.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 (O.D.) of final assay 
solution after incubation with time of incubation for 
control solutions of GA 

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 bioassay) of levels 
of gibberellin-like substances (No 1). Graphs showing 
change in optical density (O.D.) of final assay solution 
after incubation with time of incubation for test 
samples and amylase control solutions. 

Points are means of two values unless otherwise indicated. 
Standard errors of means are shown. 
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FIGURE 4O. 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 (O.D.) of final assay solution after 
incubation with time of incubation for control solutions 
of GA  (Fig ) against GA  concentration. 
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FIGURE 1+1.  Comparison (using barley half-seed bioassay) of levels 
of gibberellin-like substances (No. 2). Graphs showing 
change in optical density (O.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 420 Comparison (using barley half-seed bioassay) of levels 
of gibberellin--like substances (No. 2). Graphs- 
showing 

raphs
showing change in optical density (O.D.) of final assay 
solution after incubation with time of incubation for 
test samples. 

Ploints are means of two values unless otherwise 
indicated. Standard errors of means are shown 
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FIGURE 430 Comparison (usinG barley half-seed bioassay) of levels 
of gibberellin-like substances (No. 2). Graphs showing 
chance in optical density (0.1).) of final assay solution 
after incubation with time of incubation for asylase 
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. 	Samples of stolon-tip material used in comparisons of levels of gibberellin-like substances 
using barley half-seed o4-amylase bioassay (Section V (iv) ). - 

Growing conditions Special Developmental Fresh wt.(g) of 
Comparison 

of plants conditions 
category o 	stolon material in 

tips w.r.t. tuberisation stolon tip sample 

Cl 35 HI LD+lk LI LD 051  stolon samples, 0.55 
35 HI LD+11+ SD not divided into develop- 

[mental 
0.58 

categories 

C2 49LILD - NT 0.71 
ff - T 0.79 

49 SD - NT 0.69 
If - T 0.86 

C3 35 HI LD+ 15 SD - NT 0.78 
V  - T 	 . 0.69 

- G(NT) 0.38 
0 35 HI LD+15 LI LD 101-tg GA3/plant 	NT 0.60 

35 HI LD-4-15 SD + 101g GA3/plant 	NT 0.55 
+ lOO,Ltg GA/plant INT 0.21 
all applies on 5 dates  

C5 35 Hf 	BLI LD Last 51 LI LDJ NT/NS 064 
in nutMent 
culture 

NT/S 
T 

0.73 
2.63 

_çT) 	 V 

V 	o.48 
c6 58 HI LD+22 SD The 22 SD in NT/NS 0.14 

nutrient NT/S (2 samples) 0.56 and 0.39 
culture 	' T (2 samples) 1.99 and 1.88 

NT = no visible tubers 
T = visible tubers 
NS = no starch deposition 
S = starch deposition 
G = green 

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



TAB-M- 33. Coefficients of gibberellin-like activity g GA equivalents/g fwt. of original sample), together with 
the figures leading to their calculation, obtainh from comparisons of stolon tip material using the 
barley half-seed 0/_ -amylase bioassay (Section V (iv)). Values for undiluted samples. 

Comparison Stolon Gross (a.) Amylase Corrected GA 	
equivalent Correction factors Final coefficient 

samples gradient control gradient (for corrected of gibberellin- 

of OD (Ac) (c gradient gradient value) For fwt. For like activity 
change gradient minus AC from calibra- (x) volume g/g fwt. of 
graph gradient) tion curve (x) original sample) 

Cl - LD 	- 0.065 0.025 0.04-0 0.0004.0 1/0.5523 10 0.0072 
SD 0.04.4. 0,038 0.006 0 (1/0.5781) (10) 0 

C2 LD NT 0.067 0.019 0.04-5 0,00069 1/0.7139 6 0.0058 
LD T 0.009 - 0.009 0 (1/0.7907) (6) 0 
SD NT 0.009 - 0.009 0(1/0.694.8) (6) 0 
SD  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 
SD T 0,0-06 0.002 0.004 0 (1/0.6922) (7) 0 
SD a. 0.019 0.005 0.014. 0.00075 1/0.3791 7 0.0131 

Li) + 10jgGA 0.148 0 0.14.8 O.061 1/0.6027 6 0.607 
SD + 10gGA 0.116 0 O.116 0.053 1/0.54.69 6 0.581 
SD+100,.ugGA3  0.112 0 0.112 0.052 1/0.2070 6 1.507 

C5 Li) NT/NS 0.072 0 0.072 0.00550 1/0.644 7 0.0598 
Li) NT/S 0.024- 0 0.024. 0 (1/0.725) (7) 0 
LD T 0.030 0.007 0.023 0 (1/2.625) (7) 0 
ID C. 0.071 0 0.071 0.00545 1/0.4-79 7 0.0797 

C6 SDNT/NS 0.038 0.005 - 	0.033 0.0050 1/0.14. 7 0.2500 
SD NT/S(i) 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 0.0628 	

0.0646SD 
1/0.39 7 

T(1) 0.080 o.0i6 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 	0.024-9 

Key on next page 



2iL. (Key) 

LI) = long day 
	

NT = no visible tubers 

SD = short day 
	

T = visible tubers 

NS = no starch deposition 

S = starch deposition 

= green 

TABLE  3)i . 	(key) 

Li) = long day 	NT = no visible tubers 

SD = short day 	P = visible tubers 

NS = no starch deposition 

S = starch deposition 

C. = green 

* = evidence for presence of 
growth inhibitor(s) 

- = no evidence for presence 
of growth inhibitor(s) 



TABLE 34, Coefficients of gibberellin-like activity zg GA equivalents/g fwt. of original sample), together with 
the figures leading to their calculation, obtaind from comparisons of stolon tip material using the 
barley half-seed. -amylase bioassay (Section V (iv)). Values for diluted samples. 

Coina- Dilu- Stolon Gross (G) Amylase Corrected GA 	equivalent Correction factors Final coefficient 
rison tion samples gradient control gradient (far corrected of gibbereflin- 

of OD (Ac) (G gradient gradient value) For fwt. For like activity 
change gradient minus AC from calibra- (x) volume /g fwt. of 
graph gradient) tion curve (x) - original sample) 

Cl No dilutions made 

02 1 in 10 LD NT 0.030 0.010 0.020 0.000067 1/0.7139 60 0.0056 	- 
LD T No dilution made 
SD NT No dilution made 
SD T 0.030 0.007 0.023 0.000080 1/0.864-0 60 0.0056 	* 

03 lin2 SD NT 0.013 0.003 0.010 0,00063 1/1.0920 14- 0.0081 	* 
SD T 0.012 01001 0.011 0.00066 1/0.6922 114. 0.0085. 	* 
SD 0. 0.003 0.003 0 0 (1/0.3791) (i) 0 	- 

04- 1 in 2 LD+ 19igGA 0,098 0 0,098 0,028 1/06027 12 - 0.5576 	- 
SD + 1c5GA3  0.083 0 0.083 0.00324. 1/0.54-69 12 0.738 	* 
SD+100,gGA 0.105 0 0.105 0.045 1/0.2070 12 2.608* 

05 1 in 10 LD NT/NS 0.034. 0 0.034- 0.00054. 1/0.644 70 0.0587 	- 
LD NT/S 0.022 0 0.022 0 (1/0.725) (70) 0 	- 
LI) T 0,044 0.001 0,014.3 0.00071 1/2.625 70 0.0169 	* 
LD 0. 0,030 0 0.030 0.00050 1/0.4-79 70 0.0731 	- 

C6 I in 10 SD NT/NS 0,015, 0.001 0.014. 0.00050 1/0.14. 70 0.2500 	- 
SDNT/S(i) 0.015 0 0.015 0.000541/0.56 70 0.0675 	- 
SD NT/S(2) 0.010 0 0.010 0 (1/0.39) (70) 0 	- 
SDTcI? 0,024- 0,002 0.022 0.00082 1/1.99 70 0.0305 	* 
SDT2, 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, can 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 of 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 

of-amylase from barley half-seeds is thought to be specific 

to gibberellins; neither auxins nor cytokinins have any 

effect (Jones and Varner, 1967). 	Chrispeels and Varner 

(1966), hosever, have shown that abscisic acid can inhibit 

the effect of gibberellic acid in inducing -amylase synthesis, 

although on a molecular basis, approximutely ten times as much 

abscisic acid is required to inhibit the gibbereilin- 

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 enciogenous growth inhibitors 

was higher in stolen tips in long days than in short days. Lai;er 

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 

gibbere:Llin and growth inhibitor is diluted, sensitivity to 

growth inhibitor activity mill decrease much more rapidly and 

will be Jost 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 



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 compared to that in an undiluted extract. 

Jones and Varner (1957) therefore recommend' the use of diluted 

samples to detect the presence of inhibitors, and Smith and 

Rappaport (1959, 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 (02), 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 from both categories were 

divided into those showing visible signs of tuberisation and 

those showing no such signs. 	No gibbereilin-like activity was 

detected in either of the samples from plants grown in short days, 

nor in the sample of tuboriwed tips from plants grown in long 

days. 	It is probable that no activity was found in the 

untuberised tips from plants grown in short days because these 

tips were on the point of tuberising (having received +9 short 

day cycles). 	Some gibberellin-like activity was, however, found 

in the stolons shov;ing no visible signs of tuberisation obtained 

from plants groan in lon' days. 	Th 1:10 dilutions siiov;od 

evidence for the presence of a growth inhibitor or iithibitors 

-L ' 



in the tuborised stolon tips from plants grown in short clays 

(0.56 x 10,qg GA3  equivs/g fwt cf no detectable activity in the 

undiluted extract), but not in the non-tuberised tips from the 

plants grovin in lon days (in which activity was very close to 

that found in the undiluted extract). 	Dilutions were not mace 

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 quickly estimate the final starch-iodine colour 

before fading occurred. 	In later comparisons, assay of more 

samples was made possible by the use of a t?Zipette  automatic 

pipette. 

The next comparison (03)  used stolon tip samples 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 atolons, which do not normally tuberise. 	The 

highest levels of r:lhberell:Lr1-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 nongreen samples, the amount being greater 

in tips which had visibly tubenised than in those which had 

not (0,85 x 10- 	GA3  equivs/g fv;t of zero, and 0.61x io 2  of 

0.51 x 10g C 	ecjuivs/g fat respectively). 	hO evidence for 

growth inhibitor activity was found in green tips. 	It might 

have been expected that the final coefficient of activity for the 

diluted sample of green stolon tip material would have had roughly 

the sane value (or greater) as that for the undiluted sample, but 

in fact the detection of the gibbereflic acid calibration curve 
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only reached about 0.00C4tg CA equivalents in this comparison, 

and the GA... 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 tuherise, there is an accoripaning reduction in the 

balance of naturally occurring gibberellins to naturally occurrin 

growth inhibitors. 	Evidence for the presence of a growth 

inhibitor was found in both the second and third comparisons 

in visibly tuherised 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 received 15 short day cycles. 	The level of gibberellin- 

like activity in these tips was still appreciable, however, not- 

withstanding the anpearance of a growth inhibitor. 	This lends 

support to the idea that it is the balance between endogenous 

gibberellins and growth inhibitors viaich controls tuberisation. 

The levels of gibbereiJ.inlikc# 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 being in C2 as discussed above), and short day (Comparison 1) 

and tuberised. (Comparisons 2 and 3) samples all showed no activity. 

During ihe progress of this work, d.aith and. Pawneaport (1969) 

reported findings in agreement with these for the variety 

Red Pontiac, with samples cc.msiwting of tubers and of stolons 
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without visible signs of tubarisation. 	It appears that the 

whole stolon, not only the tip, was included in the 

untuberised samples, but this is not clear. 	Smith and 

Pappaport showed, using the dwarf pea and maize mutant bio-

assays, that non-tuberised Melons contained high levels of 

endogenous gibberellin activity and developing tubers low 

activity. 	Assay of diluted extracts showed that low 

gibborellin-like activity may have been due to the presence of 

j 	rowth inhibitor. 

The levels of gibberellin activity found by these workers were 

somewhat higher than those found in the first three comparisons 

described here, but were of the same order as those found in the 

fifth and sixth comparisons. This is probably because they used 

material grown under field conditions, whereas the present 

experiments used material grown in controlled environment 

conditions from small tuber pieces which sholess vigorous 

growth. 	The material used in the fifth and sixth comparisons 

was grown during part of its deve3opriient in nutrient culture, 

which produced sore vigorous plants than those grown completely 

in sand in pots, and this may be an explanation for the higher 

overall giuberdlln levels found in these coanarisons. 

If gibberellic acid saplied to the anex 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 cc'ssrison NO investigated this 

point using stolon tip material from plants which had received 

repeated apical applications, of solutions containing 10 or 13f7c 

gibberellic acid per plant (see Table 2). 	The highest 



gibberellin-like activity was found in the sample from plants 

grown in short days and given 109g gibberellic acid per plant, 

and lower values in the samples from plants grown in short or 

long days and given 10/Lg gibberellic acid per plant. 	All values 

obtained were a great deal higher (x 10 1  x 100) than those found 

in any of the other comparisons, and this suggests that gibbereflin 

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 gibberel:Lic 

acid. 	Dilution indicated the presence of a growth inhibitor in 

the stolon tips from plants grown in short days (2,61 cf 1.5 'Cg 

GA cquivs/g fwt in those given 100J-.g CA,/p]ant and 0.74 cf 
3 	 / 	-) 

GA er:juivs/g fwt in those given 17Lg GA3/piant), 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 gibbercilin does not act 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 possibility was considered of dividing stolon 

tips into categories giving a more accurate assessilent of their 

stage of development towards tuberisation; the histological 

study described in Section VI was accordingly carried out. 

Jhile it was found, as expected, that visibly swollen stolon tips 

had laid down large amounts of starch throu1iout their tisanes, 

a consistent progression of starch de;caition in v- Pious tissues 
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was also found prior to visible swelling. 	Allowing this study, 

toion 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 (05),  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 NO 51 of these being 

in nutrient culture (see Section II (ii) a). 	By harvest, tuber- 

isation had begun in these plants, and the stolon tips were 

divided into the categories described in the previous paragraph, 

plus a fourth, green stolons. 	Green atolons again had the highest 

levels of gibherellin-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 starch 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 10 , g GA  euivs/g fwt of zero in the 

undiluted extract). 

The sixth comparison (05) was aLmilar to the fifth in the 

categories used, but without green stolons. 	The parent plants 

were grown 02 58 days in high intensity long days in sand, and 

then tranaierLod for 22 short days to nutrient culture. 	The 

highest levels of gibberellin-like activity were found in stolon 

tips showing no visible signs of tuberisation and no starch 

deposits, intermediate levels in those which had not visibly 

tuberised but which had laid 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 tuherisad 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 probably found for the same reason as that suggested 

in the case of the diluted sample of green stolon tips in Comparison 

3; the expected value of the GA.., equivalent would be about 

0.00035, and the limit of detection from the gibberellic acid 

control calibration curve in this coniparison was around the same 

value. 

As mentioned abo'ie, the coefficients of gibberellin activity in the 

last two comparisons (05 and 06) were much 'higher tbu those in the 

first three comnsr sons (C'iC3), although of the same order of 

magnitude as each other s  probably because the plants acre grown 

in nutrient culture and wore more vigorous than those gro,m in 

pots. 	The results of cornparj.sons 5 and 6, however, confirm those 

from comparisons 1-3,  in that tuberisation appears to be 

correlated with a lowering of the ratio of endogenous gibbeaeJldns 

to endogenous growth inhibitors; the results furUher show that 

the value of this ratio fails before visible tuberisation begins, 

the fall being correlated with the derosition of starch in the 

tissues of the tip prior to visible swelling. 

The results of 2ooth (1963) and of Smith and hapranort (199)  are 

consinh:. eat v:ith these findings, 'out no other worhor has yet tried 

to demonstrate a correlat-ion between the very first stages o  

tuberisation (starch deposiicn) and the levels of endcg;enous 

growth substances. 
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d, 	Suamary 

Assay of aqueous extracts of stolon tip material using the barley-

half-seed d._au-.iylase 

arley

half-seed-anylase bioassay of Jones and Varner (1967) for 

gibberellins gave the following results- 

Green stOlons, which do not Collerally tuberise, show the 

highest levels of gibberellin-like activity. 

The stolons of plants grown in long days have higher overall 

levels of gibberellin-like activity than those of plants 

grown in short days. 

Stolon tips which show no visi'ule signs of tuiierivation have 

higher gibberellin-like levels than visibly tubcrisec'i tips. 

1+. 	Of. stolon tips shoviing no visible signs of tuberisation., 

those which have bcun to deposit-  starch have lower levels 

of gibberellis-like activity than those ir, which no starch 

has been laid down. 

5. 	Application of gibbereilic acid to the apex of the parent 

plant, which treatment delays tuberisation, leads to an 

increac in the love], of gibbereliin.. lihe act ivity in the 

stolon tip.. 

It therefore anpears that tuberisation is associated with low levels 

of gibherellin.-ii1ce activity in the stolon tip0 	The first stages 

of tubarisation,ic the deposition of starch in the sub-apical 

region are correlated w:Lrs a fail in the gibcrellan level, and 

this frill continues as tuberisation progresses, tile lowest levels 

of activitp ain' ±ound in tips with visible signs of tuberisation. 

Extracts ±'ros visibly tuherised stolon tips, or from tips which 

might be expected to be shout to tuaerise, mostly showed evidence 

for the presence of a growth inhibitor or .ni'uibitors (see Table 3'); 
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an increase in the growth innibitor level therefore seems to 

accompany the fall in gibborellin level. 

These studies provide support for the theory of control of 

tuberisation by changes in the balance of endogenous gibberellins 

to endogenous growth inhibitors. 	The results of Comparison 

suggest that arplied gibberellic acid does not exert its effect 

by preventing the production of endogenous growth inhibitors, but 

by increawin; the gibbcrelJ.in  level at the stolon tip; the 

changes in the levels of these to types of substance may there-

fore be to some extent independent. It appears that dayicngth 

may control the levels of both endogenous gibberellins and growth 

inhibitors, short days lowering the level of the formar and 

probably raising the level of the latter an: thus causing hastened 

tuber initiation. 
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SECTION VI INVESTIGATION OF STARCH DEPOSITION_IN_hTOLON TIPS 
II:!DIATLY PRIOR TO AND IUCI.dJDINN iNS Bh:1NNING OY VIAIhLD S:.'EI'LING 

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 various 

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 developmental 

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 tubcrisation (from youngplants 

grown in long days), tips which would be expected to be about to 

tuberice, but which showed no visible swelling (from plants 

grown in short days and on which several stolons had already 

tubeniseci) and visibly tuberised stolon tips. 

Transverse sections were cut from the region approx:urstely 

0.5 cm behind the tip of a large number of such types of stolons. 

Hand sections were found to be quite adequate for determining 

the level of starch desosition after staining' with iodine (the 

stock solution used in Section V (iv) ). 	For photographing 

the various stases of starch deposition (see figures in this 

nect.i.ou), sections were cut using a Cryostat (SLEE Freezing 

Nicrotome). 	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 examination, developmental stages 

of tuberisation earlier than visible swelling could be detected. A 

very few etolons contained no starch grains whatever (see Figs 44 a 

and b), but this condition was a very unusual one among the stolon 

tips examined. 

Almost all 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). Fig 1+5  b 

shows the very beginnings of this deposition of starch, activity 

having begun in about 6 cells. 	Due to the impossibility 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 cell contents during section-

ing. Such grains are indicated in all the figures by arrows. 

Figs 45 c and d show parts of an almost complete ring of enclo-

dorsal cells containing starch grains. In the cells where the 

process has begun, large numbers of starch grains may be seen 

(marked ISH in Pig 45 a), although there are still a few cells 

n the ring in which no grains are present. 	to starch deposition 

has taken place in any of the other tissucs. 	Pigs 215  e and f 

show the final condition of the development of the ring of starch-

containin cello in the endoclers.-1 region, :Lnwhich all the cells 

have begun to lay don March. 	After this st:gc, starch 
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FIGURE ++. a. 	Distribution diagram of transverse section of 
sto]on containing no starch deposition in any tissue. 

	

b. 	Part of transverse section of stolon showing no 
starch deposition in any tissue. 
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FIGURE,  45. a. 	Distribution diagram of transverse section of stolon 
showing the beginning of starch deposition in the 
"endodermis", immediately outside the stele. 

	

b. 	Part of transverse section of stolen showing the 
very first stages of starch deposition in the "endo-
dermis". 

	

C* 	Part of an almost complete ring of "endodermal" 
cells containing starch grains. 

High power detail of another part of the almost 
complete ring of starch-containing "endodermal" cells 
shown in (c). S = cells containin large numbers of starch grains 

Part of complete ring of starch-containing 
cells. 

High power detail of part of complete ring of 
starch-containin"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 stoics tip. 	For 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 

tuberiseci material. 

Starch deposition first appears (after the establishment of the 

ring of starch-containing cells in the endodermis) in the cortex, 

and in the inijer cortical cells before the outer ones 	Fig 1+5 

shows the stage in which the cells of the inner cortex begin to 

lay clown starch. 

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, c and d show deposition throughout the cortex. 

After starch deposition has taken place throughout the cortex, it 

begins in the medulla. 	Sections were nester found with deposition 

in the medulla and not in the cortex 	The first signs of 

deposition in the medulla may be seen. in Pig 47 b, in which 4 

cells in the centre of this tissue have begun to produce starch 

grains; these cells are identified in the smell accompanying 

diagram. 	A larger nuahar of meclullary cells (17 as opposed to 

4), again in the centre of the tissue, have begun to icy down 

starch in the section sho:m in Fig 47 c. 	Fig 43 a shows the 

next stage, in which starch deposition increases in the medulla, 

1)elflg alroacsr well established in the endodermal and cortical 

L: asues. nq 1+3 b shots starch deposition throughout the cortex, 
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.FIGURE 46. Ditrjbutjon 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 +7. a. 	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 diagram). 
C. 	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. a. 	Distribution diagram of transverse section of stolon 
showing starch deposition far advanced in cortex and now 
also taking place in medulla. 

	

b. 	Stolon showing starch deposition throughout cortex 
and some deposition in the medulla. 

	

C* 	Starch deposition throughout cortex, and now having 
extended also to almost every medullary cell. 

	

d. 	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 1+8  c 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 deposition in the very young 

visibly-swollen tuber. 

The pattern of starch deposition described above 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 .eernal than 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 tuhenise 

under normal congitions, contained no starch grains; exceptions 

to this were found in which starch deposition had taken place 

throughout enc)da.iii1is, cc.rte:: and medulla, but this was never 

correlated Sill visible aieJ.lin. 	Pon-green stolon.w were found 

in all stages of the sequence described above. 	On branched 

stolons which had some visibly tubcnised parts, other parts 

sho'.n.ng, no visible sins of tuhsrisation 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 
massive starch deposition throughout cortex and 
medulla. 
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have a high lcvel of stcrcli deposition. 	Parts of the main stolon 

adjacent to visibly tuberised side buds wore also uwually full of 

starch. 

Mien visible swelling commences, cell divisions begin to take place 

in all directions in medulla and cortex (see Fig 50, especially 

50 c). 	Fig' 50 b hovs a high-pooer transect through a transverse 

section of 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. 

histological examination of stolon tips from plants grown in 

different claylength rgimes showed that developmental stages of 

tuberication 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 cortex and then to the 

medulla, first in the centre and later throughout this tissue. 

.'Jhen visible swelling commenced, starch was also laid down in the 

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). 

	

b. 	High power transect of transverse section of 
young tuber shown in (a). 

	

. 	High power detail of part of young tuber showing 
"random" directions of cell division (arrows). 
I) products of recent cell divisions - note new cell 

walls orientatcd in many different directions. 
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SECTION VII GENERAL DISCUSSION 

Synopsis of the ajument and development of this section: 

(1) 	Discussion of the results of the light break experiments 

described in Section IV, leading to the corciusion. that it is likely 

that tuberisation is controlled by astimulus of a hormonal nature. 

Summary of the consideration of the growth substances which 

might possibly be involved as part of the tuberising stimulus (as 

discussed in Section V (i) )• 

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 the results of the 

extraction studies on stolon tips (Section V (iv) ), together with 

the results of other workers, divided as follows:- 

Discussion of the possible role of auxin in the control 

of tuberisation. 

Discussion of the possible role of gibberellins. 

Discussion of the possible involvement of growth 

inhibitors, in particular abscisic acid. 

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 which has been 

proposed for the control of dormancy in the buds of woody 

species0  

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. 

(1) Conclusions from light break experiments 

It is generally agreed (see Section I) that in cultivated varieties 

of Solanum tuberosum L. the initiation of tuberisation is hastened 

by growing the plants in short day conditions and delayed by 

growing the plants in long day conditiors (see eg Gregory, 1965). 

The response to daylength is quantitative, not qualitative. 	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. 	One of these experiments m(iv) ) also 

showed, as found by Gregory (1956), that the greater the number of 

short day cycles given, the more tuberisation was promoted (see 

Fig 1k). 

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 topsvias detected (Table 6). Tuber 

number, number of tuberising stolons, tuber fresh weight and 

percentage of plants tuberised 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 

2ero, 	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 dayiengths, and with light break treatments given to 

plants of S.tuberosum grown in short days (see Section IV (1) ). 

Slater concluded from the results of the first experiment that 

the photoperiodic effect found on tuberisation occurs independ- 

ently of differences in total daily radiation. 	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 

The second and third light break experiments in Section IV again 

showed that tuberisation could be partially inhibited in plants 

Crown in short days by light breaks given in the middle of the 

long night period. 	This effect was found 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 that 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 genuine 

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 inhibitory 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 of the 

blue light break on tuberisation may be due to a photoreceptor such 

as that proposed by Mohr (1959,  196-f) and still evoked by Esashi 

(1969) instead of or as well as phytoc}irome; it seems unlikely, 

however, that such a photoreceptor only is involved, since tuber-

isation is also inhibited by a red light breaks  which Nohr (1969) 

now considers to he exclusively phytochrome-mediated. 	It appears 

most likely, since similar effects can be achieved by light breaks 

in the red and in the blue regions of the spectrum, and since 

piytochrone 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- 

chrome0 	The only inconsistency with this explanation is the 

failure to reverse the red effect by far-red, which would have 

conclusively demonstrated the involvement of phytwchrome, but, as 

mentioned before, this was probably caused by practical difficulties. 

In any case, although it was not found possible to conclusively 

demonstrate phytochrorne involvement, the light break experiments 
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described in Section IV did show1  in agreement with those of 

Slater (1963)  and bkronosov and Lundina (1959)2 thnt 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 daylcngth 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 supplied 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 available 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 very brief light break treatment, 

since both treated and untreated plants 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 distribution of the available photosynthate 

within the plant, less being sent to the stolons and more to the 

tops, as proposed by workers such as Borah and IIilthorpe (19ID 2) - 

see Section L 	It is possible thot this is what happens when 

light break treatments are given to plants grown in short days. 

If this were the case, hewevor, 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 about an increase in the growth and 

dry weight of the tops. 

/hile 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 likely that 

the explanation of the effect lies in the operation 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 stDges, 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; 

Nadec 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
1.
)Suunaryofconsiderat ion of_growth 	stances oscibly 

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 it action, 	As 
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discussed in detail in Section V (1), 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 more of 

the changes knovn to take place at the stolon tip-prior to and 

at the time of tuber initiation. 	Ioposod substances 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 

he involved in the control of tuberisation are endogenous auxins, 

gibberellins, cytokinins and growth inhibitors, 

(iii) Discussion of the results of experiments with rowth.- 
active substances 	 - 

a. 	The possible role of auxin 

It was found (GA 7/1AA 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 stolors 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- 

isation 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 

effect to be inhibitory. 	On the other hand, the work of Dostl 

(1945) with Ficaria and Ito and Kato (1951) with potato suggests 

that auxin is not specifically involved in the control of 

tuberisation. 	The GA3/1AA experiment (Section V (ii) ) lends 

support to the views of this second group of workers and nugçests 

that auxin is not involved in the control of tuberisation, at 



least in S.tuberosum, variety Up-to-Date. 

b. 	Thjossibleroleof gibberellin 

Positive results have, however, been found in the course of the 

present studies for 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 

GA/1AA.experiment). 	Tuherisation in terms of tuber number, 

number of tuberiwing stolons and tuber fresh weight, was round 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 

gibbLrell:ln 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 latter 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 gibborellic 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 apclications, it would be 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 riot, however, a certain level of top height response 

above which gibberellin is automatically bent to th 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 accompanied by a partial inhibitory effect 

on tuberisation. 	The inhibitory effect on tuberisationis never- 

theless, generally greater in the plants given higher levels of 

gibberellic acid treatment and exhibiting a greater top height 

response, 	This shows that the distribution effect of applied 

gibberellic acid is perhapa acre 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 gibbereilin level in 

the plant, may also be important. 

It is strange in view of the above results that Dyson 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 planUng for 1 hour in a 50 mg/i 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, 1967;  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 endop:enous gibberellins are actually involved in 

this way in the control of tuherisatiorj. in the normal plant was 

obtained from the result of further experiments in which the 

inhibitor of gibberellin biosynthesis, CO,' was applied as a soil 

drench to whole plants. 	It was found that if CCC were applied 

just before the differential daylength period, when the plants 

were soon to be about to produce tubers, treatmant brought about 

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). 	VJhcn applied earlier 

in the life of the plant, however, when stolons were forming, the 

effect of CCC on tuherisation 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 promotive of 

stolon outgrowth). 	In the case of the plants grown 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 planes (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 'evel of endogenous gibberellins that long 

days exert, at least in part, their inhibit-ion. 

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 long days, in which no tuber- 

isation at all was found (Table 23)4 	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 gibberdllins. (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 t:he 

promotive effect of CCC treatment on tuberisation see Tables 21, 

22, 23), 	There was, however, no significant effect of CCC 

treatment on top dry weight by the time of harvest in experiments 

2 and 3 (although such an effect was 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, 196?; 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 gibberellins exerts an effect on tuber-

isation in the potato plant, low levels of these substances being 

more conducive to tuberisation than high levels. 

It is not clear from the results 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 those substances were fed directly to 

the stolen 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 Noorhy 

(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 Noorby have also interpreted their results to 

mean that gibberellic acid exerts 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 tuberisation. 

Further experiments of the stolon feeding type were carried out 

using CCC in the bottles applied 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-

isat on by CCC treatment, again without any effect on tops or 

untreated stolons. These results suggest that some gibbereilin 

synthesis, enough to affect the progress of t:ubcrisation, 

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 soion 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 stolen 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. 	bssible reasons 

for this discrepancy between the two sets of results 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 material, groan under 

different coadii;ions. 

The role of gibbereilins in tuberisation (as an inhibitory 

influence) is further supported by the work of Okazawa (1960) on 

extraction of erogenous gibberellin-..like substances froii potato 

plant tops uier clifi'erent environmental conditions (see Section 

V (i) ) 	'hile these findin -s indicate a correlation of low 
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gibberellin levels throughout the plant with conditions which are 

promotive of tuberisation, the extraction studies described in 

Section V (iv) 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. 	Also, 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. Those 

results have been confirmed by Smith and Rappaport (1969) in the 

variety of Stuberosum 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 visible swelling. 

Lovell and Booth (1967) found that starch dcpoaiion occurred 

in the stolen 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). 	Stolono on the point 

of tuberisation, then, are found to possess deposits of starch 

in the cortex or in the cortex and medulla. 	Extractions of 

stolen tips which had not visibly tuberised, and which were in 
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different developmental statcs 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 

gihberellin.like substances than those in which starch deposition 

had begun, thô 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 gbberellins have some role in controlling the process. 

It was also found that stolons from plants which had received 

repeated apical applications of gibberellic acid had higher levels 

of gibberellinlike substances; this seems to indicate that 

gibberellic acid applied to the tops does indeed, u:rectly or 

indirectly, raise the level of gibborellin in the stolon tips. 

These results show that the level of gibborellin-like substances 

in stolon 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 extraction studios of 

stolon tips, it therefore appears that gidbe roll in level in the 

stolons of the potato plant is inversely correlated with the 

progress of tuberisation, and that tuberisation may be brought 

about by reducing the level of gibberellins at the stolon tips, 

either by cutting down the supply from the tops, or by inhibiting 

synthesis at the tip itself. 	If tibberellin level in the tops 

is boosted beyond that which can he readily ued in the growth of 

the shoot apex itself, tuberisation may be retarded by the export 
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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 CCC; 

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 Sectiorilil (vii) ) is that which would he expected if 

gbberellins acted to inhibit tuberisation. 	The tip of short 

unhranched stolons tuberised before the tips of long, branched 

stolons. 	The work of Lovell and Booth (1969) has demonstrated 

that stolon growth shows an initial lag phase, and. the later 

formed the stolon, the longer the log phase. 	Their work also 

suggests that the short, unbranched stolons 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 earlier, and which are in their 

phase of rapid growth at the beginning of tuberisation in the 

plant. 	The short stolons will therefore receive la3S gibberellin 

from the tops, and in addition, since they are growing noro 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 he 

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 axis; 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 tuberisation in 

different types of stolon tip was that expected from the above 

predictions, is therefore consistent with the hypothesis 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 

tuherisation, also lends support to an inhibitory role of 

gibberellir.s, since these compounds have hcen shown to be produced 

in stem apices and young leaves (Jones and Phillips 1966), 

c 	The possible :invoivementarowthinhibitors 

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 gihbereflin.iike 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). Most of the extracts oing evidence for growth- 

inhibitor activity were those from visiblytu'oerised 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 tuborisation. It has been 

suggested that this inhibitor is abscisic acid (El Antably et al, 

196?). 	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 gi.hbereJ.:!.ins in many 

different physiological processes (see Section V (1) ). Evidence 

for the presence of abscisic acid in potato tissues has been 

presented in Sections V (i). 

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 initat.ion or 

maintenance of dormancy or the cessation of extension growth, 

the situation which is found in the stolen tip at tuber initiation 

"eg Eagles and Wareing (1964.), IM-An tably et al (1967), Aspinall, 

Paler and Addicott (196?) ), 

In one of the present studies (Section V (ii) ')t  abscisic acid 

treatment of' the apical growing poi at was found to have no 

effect on the top or stolon growi:.h or tuberisatioa. of plants 

grown in short days during the differential daylength 

(experimont*i) period (Tnhlo 24) 	In plants grown in long days 



during this period, however, although there was no effect on 

top height, node number and top dry weight were slightly 

decreased by treatment; an increase was found in tuber number, 

number of tuberising stolons and the number of pa rts tuberised 

(Table 2+ and Fig 21). 

This result is in agreement with that of EL-Antably et al 

(1967) who found (see Section V (1) ) 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 Ea-Antabiy et al with potatoes of S.tuberosum, 

variety White Rose, 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 Stuberosum Katadhin, confirms the findings 

of SmiIh and Rappaport 	Claver found 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, although this effect was smaller in "old" sprouts, 

which had been left attached to the mother tuber for 1 

weeks before use than in 'young" sprouts, which had been 

separated from the mother tuber promptly after sprouir 

Smith and Rappaport 0969) have commented that they find 

the results of fl...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 

treated plants. 	The last two 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 Rntiac chromatographed according to the method of 

Mitchell (1958), they observed that the bulk of inhibitor 

activity migrated to the Rf range 0..4-O5. 	Since the 

Rf of abscisic acid in Mitchell's developing solvent is 

0.69 they consider this to be further evidence against 

abscisic acid being the inhibitor responsible for tuber 

formation. 

Although there was a small effect of abscisic 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. 	Nor' 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, perhaps due to a reduction in the level of 

endogenous gibbereliins0 

The results of the abscisic acid stolen feeding experiment 

(Section V (iii) ) suggest that this was in fact the case, 

180. 



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 concentration, 

and an inhibitory effect at the higher concentration (Pigs 30 

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 NcCorquodale and Moorby (1968) with cultured 

stolon tips in vitro, in which abscisic acid was supplied 

in the culture medium at concentrations up to I ppm. They 

found that abscisic acid stopped growth of the stolons, 

although their appearance was quite 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 I 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 solution of 1 mg/i abscisic acid, and 

in nnothor 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 aromotion 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 tip. 

My ,little is knoabout how abscisic acid causes its 

grdwth inhibiting effect on plants, although various 

suggestions have been put forward. 	Wareing, Good and 

i'nuel (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 gibbereilin antagonist in vivo, although 

in other tests, the two substances appear to act independently 

(Robinson and Wareing, 1961+; 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 macic of action of abscisic acid as an inhibitor of gaboerellin 
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biosynthesis would be consistent 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 that abscisic acid exerts its effect by 

inhibiting gibberellin synthesis, it might be expected that a 

promotion 	of tuberisation would also 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. 	It-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 

gibberelli.c acid (marked promotion of elongation), presumably 

because of its action on cell division in the sub-apical rneristem. 

The action of abscisic acid at the stolon tip, therefore, may be 

twofold, operating on both gibberellin metabolism 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 supported 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 vihat possible effects it may have at 

the stolon tip, that abscisic acid is directly involved in the 

control of tuberisation in the normal plant. 	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). 

d. 	Possible davlencth control of the balance between 
Libbpynillry and Crooth irLibitars  

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 (in short clays) and with 

lowered levels of endogenous gibberellins (Okazawa, 1950; 
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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 nutural growth inhibitor 

or inhibitors (acting to promote or hastcn tub 	ion) would 

be consistent with the results of the topping experiment 

(Section III) and the results obtained by Okazawa and Chapman 

on pruning of potato plants with forked stems, 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 (V/arcing, 1954; V/axman, 

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 control 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 \Jareing, 1954;  Digby 

and Wareing, 1966). 	Vareing (1969)  considers that the 

evidehce 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 transfer 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 

days, of all or some of the leaves which have received the 

induction by short days. Perennec has also found that the 

stimulating effect of gibbcrelJ.ic 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 act-Jon appears to 

be antagonistic to that of the gibberellins, and that its 

properties imply that it must form a part or the whole of 

the tuberisation stimulus. 

It has been proposed (Gaiston. and Davies 1969) that under natural 

conditions, the balance of the levels of these two types of 

compound may result from a divergent phytochromecontrolled 

isoprenoid pathway, which produces predominantly gibberellic acid 

in long rhotoperiods and predominantly abscisic acid, or some 

other inhibitor or inhibitors, in short photoperiods, although 

this is disputed by Iohr 	 From the evidence presented 

above, it seems likely that this typo of control, brought about 



by the above 9  or some other similar type of mechanism, may be 

involved in tuberisation in the potato. 	Long days, which are 

less inductive of tuberisation1  may cause the formation of high 

levels of gibberellins and low levels of growth inhibitors 

(which probably do not include abscisic acid) and short 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 gibbcreilic 

acid does not act by lowering the level of endogenous growth 

inhibitors; plants treated with exogenous gibberellic acid 

have stolons which have very high levels of gihbcrellin-like 

substances, and which may also have quite high levels of growth-

inhibitors (see Table +). 

It therefore seems most likely that the effec 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 nature 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 gibhcreilin/rowth inhibitor levels promote it. 

Any factor 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 

gibbordilin 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 gibbercilin is again produced for top 

growth but, since less total gibberellin is produced, less is 

left to be sent to the stolons, so that the delaying influence 

of gibbereflins is less strongly felt. Under these conditions, 

tuberisation will be promoted by short days (because of the lower 

gibberellin/growth inhibitor ratio) and delayed by long days. 

Also, even though the same amount of gibbercilin 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 tailor 

than those grown in short days because of the higher growth 

inhibitor levels in the latter, 

Another possibility would be that the same amounts of gbherellin 

are produced in both short days and long days, butt that a LcreJ;er 

proportion of them is diverted to the stolons in long days. The 

tops, ho.;evor, could still sake as great or graater 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 vies of Okazawa r s  (1960) results on the different 

levels of gibhcrcliinlike 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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e. 	The  ossibl e contribution of c[iOkifliflS 

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 31), and very little effect 

on treated stolons (Figs 32.-35) 	There was a slight inhibitory 

effect on tuberisation of treated stolons with concentrations of 

10 	and 1014 at the stolen 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 effect on 

total tuberisation was found. There was no effect of the lowest 

concentration 1o_64 (experiment 1). 	There was certainly no 

evidence for any promotive effect of kinetin on tuberisation. in 

the system used. 

These results do not agree with those of Palmer and Smith 

(palmer and Smith 1969  a and b, 1970, Smith and Pslscr, 1970), 

who consider that they have deriionstrated a requirement for cyto-

kinins in Che tuberisation of isolated stolons grown in vitro 

(see Section V W1 Possible reasons for the difference 

between the present results and those of Palmer and Smith are 

given in Section V (iii) the most likely of which appears to 

be that it is caused by the different systems used in the two 

grcups of cxrerament a. It is considered that in the stolen 

fcc'dirg s'stci used j.-ci the presen work sufficicrd cytokinins 

to allow normal tuber formation to occur are au52lied from the 

parent plant, to which 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 Palner and Smith, however, it is considered 

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, or to allow normal cell 

division,, because there is no cytokinin supaly 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 systems 

also. 	With a few exceptions, however (eg the studies on growth 

of Wittwer arid Dedolnh, 1963), the effects of the two groups of 

compounds have been found to be parallel (see Letham, 1967), eg 

the work on flowering of Michniewics and Kamienaka. (1964, 1965) 

with cytokinin, and of Lang and Reinhard (1961) with gibberellic 

acid. It is, however, possible that gibberellins and cytokinins 

may act on different stages of the tuberisation process. 

Palmer and Smith (1969 b) have proposed that 'in potato the 

importance of abscisic acid and other endogenous growth inhibitors 

may be to inhibit the activity of gibbarellins ani arrest stolon 

elongation, allowing the tuber inducing hormones, cytokinins, to 

exert their 	 It is possible to rephrase this: "In 

potato the balance of abscisic acid and other endogenous growth 

inhibitors and gibberellins may determine the type of growth at 

the stolon tie, 	'Then this is arrested, tuberisation will take 

place, provided that an adequate sunaly of factors for cell 

division and enlargement (including cytokinins and photosynthate) 

is available," 	On the basis of the present work, it is thought 

190. 



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. 

iv)Susted_scheme of action for daylenth arowth 
substances 

a. 	How manv i rowth substances are involved 

As discussed in Section V (1), 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 one or more of the microscopically visible changes 

which occur at the tuberising stolon 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 hormones automatically 

leads to the sequence of events observed. 

From what is known about the hormonal control of other physio-

logical processes in plants (see, for example, (3aiston and 

Davies, 1969), it would seem more likely that more than one 

growth substance is involved; work on dormancy in buds in 

particular would sugpst that tuberisation is likely to he 

controlled by a balance of growth promoting and growth 

inhibiting hormones, and the work deccried here naucars to 

confirm that this ie probably the case, gibbercilins bcinH the 
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growth promoting hormones involved and the growth inhibitor(s) 

being inhibitor(s) other than abscisic acid. 	The identity of 

the growth inhibitor involved is completely unknown, but it is 

perhaps relevant that a new class of inhibitors, the batatasins, 

have very recently been isolated from yam hulbils 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 meristeris 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 to do. 

As mentioned above, it is possible that the control of tuber-

isation is carried out by such a balance of gibberellins and 

iihibitors alone, or that this balance merely stops extension 

growth of the stolon, allowing some other stimulus, perhaps a 

cytokinin, to exert its effect; further work is need to 

clarify this points 

It is envisaged that when thse charigs are brought about at 

the stolon tips by the combined actions of the growth 

substances involved, the characteristics of the stolon tip 

minks 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 tuberication and comes about entirely as a 

result of tuber initiation. 

b. 	gested_schemeof action 

A suggested scheme to explain and summarise the effects on 

tuberisation of the various factors investigated in the course 

of the present work is presented in Fig 1; the action of the 

various factors is nternreted in terms of their proposed effects 

on the balance of gibborellins and naturally occurring growth 

inhibitors both in the plant as a whole, and at the stolon tips 

in particular 

In the potato, S.therosum, tuherisation 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 

difforen environ: ntui conditions. 

While carbohydrates and perhaps cytokinins are required for 

tuherisat ion, among other compounds, it appears frou the results 

of the present studies that neither of these classes of compound 

is the true tuberising stimulus. 

It seem-s more likely that the stimulus consists of a balance 

between endogenous gihbereilins and endogenous growth inhibitors 

(although probably not abscisic acid). 	Tuberisation aupoars to 

be brought about by environmental conditions or treatments which 

cause a lowering of this ratio of gibberellins to endoenous 

growth inhibitors at the stolen 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; 	= level lowered; 
Pi = level unaffected 
GAs = endogenous gibbereflins; 
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 stolen tips them-

selves with CCC); it has also been proposed that the mother tuber 

exerts an influence proactive of tuberisation, perhaps because it 

adds to the supply of endogenous growth inhibitors. 

The hypothesis proposed above is supported by studies, in the 

present work andt by other workers, in which various growth-active 

substances have been applied to whole plants, to individual otolon 

tips still attached to the parent plant, or to isolated stolen 

tips in vitro. It is also supported by the measurements which 

have been made of the levels of endogenous giberellin--like 

substances arid growth inhibitors in tops and stolon tips subjected 

to different environmental conditions, or in different develop- 

mental states with respect to tuberisation. 	Although the control 

of tuberisation, by daylength in particular, appears to he 

mediated by a change in the level of the endogenoun gihbereliiri/ 

growth inhibitor ratio, the requirements found generally 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 cytokinns is far from clear. 
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SECTION VIII APPENDIX 

Sil  Analysjj to determine whethor there was an; elfftt of the 
source of tuber _material on the Parameters measured at harvest 

Figs 52-5 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 sou'ce of the tuber 

material on these parameters, and therefore if there was any 

variation between experiments which was caused by the source of 

material. 	Each experiment, as mentioned in Section II, used 

material from a single source, so that such variation, if it did 

exist, was never involved within exnerirnents. 	Attempts have 

been made on the graphs to delimit areas containing all the 

points obtained 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) that some separation of points 

based on source of material is possible for these parameters,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, however (Figs 5+ and 55), no such separation 

appeared possible, thus indicating that the tuberisation response 

of plants is largebjS.ndependent of the source of the tuber material 

from which they are grown. 

This study, therefore demontrates that, while top and stolon 

growth are to some extent affected by the source of the tuber 

material, tuber:Loat ion is apparentJ.y largely independent of this. 

195. 



FIGURE 52. Results of analysis to determine effect of source of 
tuber material on parameters measured at harvest 
(Section VIII (1) ). 	Graph of top dry weight 
against age of plants from planting for plants. grown 
from material 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/1168 = 	material from plants grown in the 
glass house at the Botany 
Department, Edinburgh and harvested 
in 1968. 

ex G/1169 = 	material similarly grown and 
harvested in 1969. 

EC I = 	first supply of material obtained 
from the A.S.S. Station, East 
Craigs, Edinburgh. 

EC2 = second supply from East Craigs. 

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 5'+. Results of analysis to determine effect of source of 
tuber material on parameters measured at harvest 
(Section VIII (1) ). 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 (1) ). 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 exDected to show differences caused 

by the source of muterial. 

(ii) Nutrient solution 

The make up of the nutrient solution used throughout the 

experiments is given in Table 35(below). 

1Ai3Lf35 	Composition of iloagland's No I solution (after 

Hoagland and Amen (1938). 

I-Lajor mitrents g/1 of administered solution):- --Vion) ion):-  

101 2 PO 
 4 	 0.1361 

K140 
	 0.5056 

Ca(NO3)2 	1.805 

MgS0 	 0.4930 

+ FeEDTA 

llicronutrjent.s(nw/1 of administered solution: 

IL 
3 
1307  

.) 	
28,6 

MnCL2,1+H20 	18.1 

ZnSOLf ?H20 	2.2 

CuSO1,51120 	0,8 

II2MoOH2Q 	0.9 
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The following is a key to the abbreviations used in all the Tables 

in which harvest data are presented. 

Abbreviations  Jc JL 	for  J 
rneasu.rd at harvest 

Top ht. (cm) 	 Height of tops (cm) 

Node no. 	 = Number of nodes on stems of tops 

Top dwt.(g) 	 = Dry weight of tops (g) 

Root dwt.(g) 	= Dry weight of roots (g) 

Stolon no. 	 = Total number of stolons produced 

Tuber no. 	 = Number of tubers (visibly swollen 'stolon 

tips and side buds) 

Tub. stolon no. 	= Number of stolons bearing visible tuber(s) 

Tuber fwt.(g) 	= Total fresh weight (g) of tubers 

lion-tub. stolons 	= Stolons which have not visibly tuberised 

With starch 	 = Number of non-visibly tuberised stolons 

which have starch deposits in their tissues. 

No starch 	 ' Number of non-visibly tuberised stolons 

which have no signs of starch deposition 

(see Section VI) in their tissues 

% with starch 	 Percentage of non-visibly tuberised stolons 

which 'have starch deposits 

No. plants tub. 	= Number 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 

yemen) 
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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 MILD) 	 = Long days (low intensity long days) 

SDC 	 Short day controls 

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 bf days from the beginning 

of the differential daylength (experimental) period, 
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ABSTRACT OF THESIS 

Tuber initiation in a late maincrop variety of cultivated potato (olanum 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 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 liht 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. 

tudies on the nature of the proposed hormonal timulus 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 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 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 
evidence to support the augestion that cytokiriins promote tuberisation. 

The present work provides support for the theory that the tubrising 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 gibberellina 
to growth inhibitors at the stolon tips, although other factors may also be involved. 

Use other side if necessary. 


